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Abstract

Background: Neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's disease are
characterized by a progressive loss of neuronal function and loss of synaptic capacity. Physical exercise (PE) is
one of the non-clinical techniques for the management of brain health and neurodegeneration. Mechanisms:
PE enhances the body's metabolic functions through cellular and molecular changes. It trades off metabolic
functions, energy expenditure, and signalling processes to ensure physiological homeostasis and defence
against disease. Exercise produces cascades, at the molecular level, including neurotrophic signalling, similar
to those generated by drugs. It increases the levels of the brain-derived neurotrophic factor (BDNF), insulin-
like growth factor 1 (IGF-1), and vascular endothelial growth factor (VEGF). These elements favour the growth
of new neurons, vascular enlargement, and synaptic plasticity. PE also induces microglial cells to attain a
neuroprotective, anti-inflammatory phenotype, reduces detrimental cytokines, promotes cellular clearance
through autophagy, restores neurotransmitter homogenisation, and induces hippocampal cell formation.
Collectively, it acts as a powerful modulator of health and brain activity. Implications: The aggregate processes
enhance neuronal vulnerability to harm, aid cognitive functioning, and ensure the stability of neural networks.
Conclusion: PE is an exciting additive therapy for preventing and treating various neurodegenerative disorders
by orchestrating a diverse array of cellular and molecular responses.

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Physical exercise (PE) has been recognized as an effective non-pharmacological treatment that has far-
reaching therapeutic implications on the physical (corporeal) and the neural systems [1]. Biologically, PE can be
defined as a specialised type of physical activity, which is premeditated, designed and repetitive and is
performed primarily to improve and maintain physical fitness and general well-being. [2]. The World Health
Organization (WHO) reliably emphasizes that regular PE is a cost-effective and accessible means of preventing
chronic diseases, which act as a keystone for a healthy life. Along with the effects on musculoskeletal,
cardiovascular, and metabolic health improvement, exercise has increasingly been recognised as a systemic
regulator of health, influencing endocrine balance, immune function and brain physiology [3].

Patients incur a significant health burden in the world in case of neurodegenerative diseases like Alzheimer's
disease, Parkinson's disease (PD), epilepsy and Huntington's disease (HD). The conditions result in the gradual
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deterioration of the cognitive functions, motor impairment and worsening of the quality of life [4,5]. They are
primarily defined by the loss of neurons, impairment of synapses, mitochondrial injury, aggregation of proteins
and chronic neuroinflammation, which collectively disrupt brain homeostasis [6]. Existing pharmacological
treatments provide symptomatic relief and, in most cases, are not effective at preventing disease progression [7].
Thus, it has become more urgent to identify non-pharmacological treatment methods that can regulate these
harmful mechanisms and keep the brain healthy. Physical exercise (PE) is an inexpensive, readily available, and
powerful neuroprotective intervention that has attracted considerable interest [8]. Various research findings
indicate that aerobic and resistance training can reduce cognitive impairment, lower the risk of dementia, and
slow the progression of neurodegenerative diseases [9].

The last twenty years have provided strong evidence from literature reviews, pre-clinical studies, and
randomized clinical trials that regular PE has neuroprotective effects [10,11]. In addition to slowing the disease,
this type of exercise maintains cognitive and neuro-resilience across a variety of cellular and molecular proces-
ses. PE can improve neurotrophic signalling at the cellular and molecular level by upregulating brain-derived
neurotrophic factor, vascular endothelial growth factor (VEGF) and insulin-like growth factor-1 (IGF -1) [12]. All
these together favour neurovascular integrity, neurogenesis, and synaptic plasticity, thus favouring memory
and learning. In addition, PE also enhances mitochondrial activity and antioxidant adaptations through the PGC1
alpha pathway, thus reestablishing redox balance and relieving oxidative stress [13]. Besides these, PE reduces
neuroinflammation through suppression of pro-inflammatory cytokines and creation of an anti-inflammatory
environment [14,15]. In addition to having direct effects on the nervous system, PE promotes vascular health,
including angiogenesis, improved endothelial activity, and maintenance of the blood-brain barrier (BBB)
integrity [11,16]. Such changes in vascularity help supply metabolic substrates and improve the clearance of
neurotoxic by-products, which are vital for sustaining neurons. In addition, exercise-induced neurogenesis and
synaptic reorganisation enhance cognitive resilience and prevent neurodegeneration [17]. These benefits
extend systemically through the "exercise responsome," a coordinated response involving communication
among multiple organs. Various signalling molecules such as myokines, adipokines, hepatokines, and
osteokines, collectively known as exerkines, regulate metabolism and even influence brain function [18].
Notably, some exerkines can cross the BBB and activate protective signals in the brain, including IGF 1/PI3K/AKT
or AMPK/SIRT1/PGC 1 1 axis, to induce cellular survival and neuroprotection [19,20].

The overall effects of these processes imply that PE provides a multifactorial neuroprotective cover and
works through the convergence of various mechanisms that maintain cerebral health. Unlike pharmaco-
logical treatments that usually focus on a single molecular pathway, PE leads to system-wide effects by
simultaneously rhythmizing neurotrophic signalling, mitochondrial dynamics, oxidative stress response,
inflammatory processes, vascular health and synaptic connections. All these pleiotropic effects make exercise
a top-ranking lifestyle intervention for delaying and reducing, or even avoiding, the development of
neurodegenerative diseases. The goal of the review is to evaluate the current evidence about the
neuroprotective cellular and molecular processes triggered by PE, and more specifically, in reference to the
applicability of these processes in relation to neurodegenerative diseases. To ensure methodological
transparency and rigour, a full search of the PubMed, Scopus, and Web of Science databases was performed,
selecting literature published between the years 2015 and 2025.

Physiological responses to physical exercise

PE acts as a multisystemic therapeutic agent by coordinating responses across the skeletal muscles, adipose
tissue, and the CNS [3]. In the skeletal muscle, it acts as a potent remodelling ligand, driving a fibre-type switch
toward oxidative phenotypes with increased mitochondrial biogenesis, vascularisation, glucose uptake, and
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insulin sensitivity, thereby improving systemic metabolic efficacy. In adipose tissue, exercise acts as a metabolic
adjuvant, converting white adipose tissue into a more oxidative, mitochondria-rich, and endocrine-active state,
while brown adipose tissue (BAT) remains a thermogenic catalyst with less defined contributions [21]. Beyond
peripheral metabolism, PE exerts neuroactive pharmacodynamics, enhancing hippocampal neurogenesis,
synaptic plasticity, and long-term potentiation while upregulating a repertoire of growth factors (BDNF, IGF-1,
VEGF), neurotransmitters (GABA, dopamine, glutamate, serotonin), and transcriptional regulators (Sox2, FoxOs,
NeuroD, Pax6, Neurog2, KIf9) [22]. These molecular and cellular mediators act as endogenous co-therapeutics,
conferring both neuroprotection and cognitive enhancement, with human studies showing increases in brain
volume after aerobic exercise in older adults. Understanding the variables of exercise “dosing” (intensity,
duration, modality) alongside the development of exercise mimetics holds promise for replicating these
systemic and CNS-targeted actions pharmacologically [23].

Physical exercise and the brain

PE is a neuropharmacological modulator with a broad-spectrum effect on the health of the brain and on
cognitive performance [24]. Exercise is an endogenous drug delivery system that increases neurotrophins,
such as IGF, nerve growth factor (NGF) and BDNF [25]. These molecules are neurotrophic agonists that
promote neurogenesis, synaptic receptor plasticity, neuronal survival pathways, and finally protect cognitive
pharmacodynamics (Figure 1). Simultaneously, exercise improves cerebral perfusion (dose-dependent
augmentation of blood flow), neuroinflammatory signalling cascades, and fortifies synaptic networks of
communication [26]. Exercise is neuroprotective and is able to reduce the effects of an ageing brain by
improving the structural integrity of the hippocampus and receptor responsiveness [27].
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Figure 1. Schematic representation of the systemic and neural mediators activated by physical exercise (PE).
PE increases the release of hormones and antioxidants, contributing to neuroprotection and improved redox balance.
It upregulates neurotrophins and myokines that support cognition, angiogenesis, and neuronal growth. Additionally,
exercise modulates cytokine profiles, thereby reducing neuroinflammation and promoting overall brain health

Further, exercise leads to the secretion of endorphins, which are mood-stabilising neuromodulators that
decrease stress levels and increase affective tone. Both preclinical and clinical studies indicate that PE

elevates grey and white matter volumes, axonal connectivity, and dose-responsive improvements in
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cognitive functions [24]. For example, Lu et al. studied the effects of treadmill exercise in STZ-induced AD rat
models. Treadmill exercise significantly reduced neuronal apoptosis in the hippocampus region and improved
cognitive functions [28]. A meta-analysis of 29 randomised controlled trials (n = 2049) found that aerobic
exercise improved executive functions, memory, attention, and processing speed [29].

Functional neuroimaging reveals that even acute moderate-intensity exercise enhances dorsolateral
prefrontal cortex activation, thereby improving executive function as measured by the Stroop cognitive test.
In addition, prolonged training interventions, such as eight weeks of taekwondo practice, have been
associated with persistent improvement in cognitive performance, as verified through Stroop task
assessments [30]. Other well-established cognitive paradigms, such as the Go/No-Go and Flanker tasks, have
similarly been utilized to assess the nootropic potency of exercise.

Physical exercise and neurogenerative disease

The exact causes of neurodegenerative disorders are not fully understood, but they often involve a
combination of different phenomena. The pathogenesis of neurodegeneration can be summarised as the
influence of multiple factors, including genetic alterations and mutations, environmental factors, insulin
resistance in the brain, oxidative stress, neuroinflammation, protein aggregation, and stress [31]. Figure 2
shows a schematic of the factors responsible for neurodegeneration. The following section discusses each
factor of neurodegeneration.
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Figure 2. Schematic representation of the major factors contributing to neurodegenerative disorder; like oxidative
stress, protein misfolding, neuroinflammation, stress, genetics, environmental factors, and insulin resistance, that
interact and collectively drive neuronal damage and degeneration. These interconnected pathways highlight the
multifactorial nature of neurodegenerative disorders

The most prevalent type of dementia is AD, a progressive neurodegenerative disorder affecting around
50 million people worldwide, with cases expected to triple by 2050 [32]. Currently, there is no cure for AD,
and treatment mainly involves medications and supportive therapies to slow disease progression. Several
hypotheses, including decreased cholinergic activity, accumulation of Amyloid-B (AB) plaques, and
hyperphosphorylated tau, etc., are proposed to explain the pathophysiology of AD [33]. PE is regarded as an
effective non-pharmacologic strategy to prevent cognitive impairment, reduce the risk of AD, and improve
brain health by enhancing cognitive function, reducing neuropsychiatric symptoms, and providing anti-
inflammatory and neuroprotective effects [34, 35]. Pre-clinical studies have shown that PE prevents obesity-
induced brain damage by reducing inflammation and enhancing vascular function [36] (Table 1).
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Aerobic exercise increases ABCA1 gene expression, which may improve cognitive performance [37,38].
Exercise has been found to stimulate neurotrophic factors, reduce inflammation, promote blood vessel
formation, and decrease the aggregation of AB plaques and tau protein in the brain [39,40].

Table 1. Neuroprotective effects of physical exercise in experimental models of different neurodegenerative disorders

Neurodegenerative

Experimental

Exercise

disorders model intervention Primary molecular target Alteration by physical exercise Ref.
Decrease tau and amyloid beta
STZ-induced AD  Treadmill exercise Amyloid-p and tau disposition by upregulating the [91]
rat model for 13 weeks protein expression of tripartite motif-
containing 9 (TRIM9)
. . Improved memory, mood, and
Resistance exercise cytokine expression in AD animals
2xTg-AD mice (5 sessions per Amyloid-B Y P . 7 [92]
also reduced amyloid beta
week for 7 weeks) . L
disposition
. . Reduced cognitive deficits,
Treadmill exercise . ; A .
. REV-ERBa proteinand  neuroinflammation, and improved
APP/PS1 mice (8 weeks, . A L [93]
. TFEB pathways mitochondrial biogenesis in the
4 sessions/week) . . .
hippocampal region of the mice
Alzheimer’s disease . . . Increased gut microbial diversity and
Transgenic AD  Treadmill exercise . . .
. Gut microbiota the development of dominant [94]
mice for 12 weeks . -
strains of probiotics
Transgenic old Improved cognitive function and
male E’uice and  Treadmill exercise Micro RNA-3473e, synaptic plasticity by suppressing
. NMDA/AMPA receptor miR-3473e and upregulating EphB2- [95]
double transgenic for 12 weeks . . . .
AD mice signalling NMDA/ AMPA receptor signalling
pathway in the early stage of AD
Wild-type Treadmill exercise Improved meningeal lymphatic
transgenic AD (Twice a day for 1 Amyloid-B peptide vessel plasticity, mitigated Ad-like  [96]
mice month) pathophysiology.
APP/PS1 and Treadmill exercise . . Improved cognitive function by
C57BL/6 AD mice for 20 weeks Gut microbiota altering the gut microbiome in mice [57]
Treadmill exercise Cannabinoid receptor
6-OHDA-induced . type 1 (CB1) and type 2  Promote the antinociceptive effect
(3 times a week for JE . [98]
PD rat model 40 minutes) (CB2), and p-opioid in PD rats
receptor (MOR)
Reduced neuronal apoptosis, loss of
MPTP-induced PD . . dopaminergic pathway; dopaminergic neurons, and also
mice model Aerobic exercise AMPK/Sirtl pathway improved motor function and [99]
mitochondrial fission in PD mice
M1/M2 microglial Reduced motor symptoms, anti-
Rotenone- . . - . .
. Treadmill exercise polarisation pathway and inflammatory cytokines IL-4 and IL-
induced PD . . . - [100]
for 21 days inflammatory cytokine 10, and increased pro-inflammatory
mouse model . j .
signalling cytokines TNF-a and IL-B
6-OHDA-induced Treadmill exercise PGC-1a, NRF-1 and TFAM Enhanced dopamlnerglt.: system in (101]
. o PD rat model for 4 weeks the PD rat brain
Parkinson’s disease - - - - -
6-OHDA-induced Treadmill exercise AMPK-PGC-10 pathwa Reduced loss of dopaminergic (102]
PD rat model for 16 weeks P Y neurons in the PD brain
6-OHDA-induced Treadmill exercise  Brain and muscle lipid Improved m.Otor function a.nq
. restored brain and muscle lipid [103]
PD rat model for 10 weeks remodelling I
profile in PD rats
Protected dopaminergic neurons in
MPTE—lnduced PD Treadmill exercise Irisin/AMPK/SIRT1 PI? mice by d.ecreasmg .mlcrgglla— (104]
mice model pathway driven neuroinflammation via the
Irisin/AMP/Sirt1 signalling pathway
. Aerobic exercise  Neurofilament light chain Improved motor impairment in PD
6-OHDA-induced ;i - e -
(40min/session, 3x  and glial fibrillary acidic rats; decreased serum level of [105]
PD rat model . .
per week) protein biomarkers of PD
6-OHDA-induced Treadmill exercise Synaptic vesicle Protected nigral and striatal synaptic (106]
PD rat model for 15 days glycoprotein 2A plasticity in PD rats
Treadmill exercise Improved short-term memory by
Huntington’s Quinolinic acid- (30 minutes once a BDNF-TrkB signalling promoting hippocampal cell (107]

disease

induced HD rats

day for 14 days) pathway

proliferation through increasing
BDNF expression in HD rats

The second most prevalent neurodegenerative disease, PD, is characterized by the degeneration of dopa-

minergic neurons and the accumulation of aberrant a-synuclein protein due to a malfunctioning autophagy-
lysosomal system [41,42]. Studies have shown that exercise improves motor dysfunction and cognitive impair-
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ment. In general, high-intensity exercise is the most effective mechanism for improving motor symptoms| ,44].
Pre-clinical studies demonstrate that PE preserves dopaminergic function, suppresses a-synuclein pathology, and
may delay the advancement of PD, supporting its role as a disease-modifying intervention (Table 1).

HD is a genetic, progressive, and chronic neurodegenerative disease, which involves motor dysfunction,
cognitive impairment, and psychiatric disturbances [45]. PE shows a significant impact on the treatment and
progression of HD. It helps in improving motor function, balance and mobility. PE provides both physical
benefits as well as mental health and cognitive function in HD patients [46]. Research demonstrates that PE
alleviates anxiety and depression and also enhances mood. It also delays the progression of motor symptoms
and decreases the risk of falls by improving muscle strength, coordination, and cardiovascular fitness [47]. It
also helps in preserving brain volume and neuroplasticity in the regions affected by HD, offering
neuroprotective benefits.

Mechanisms involved in neuroprotection

PE plays a central role in preventing and halting the disease progression. The key mechanisms involved in
this process include structural and functional mechanisms, pathological mechanisms, molecular mechanisms,
neuroimmune and inflammatory mechanisms.

Structural and functional mechanisms

PE demonstrates neuroprotective effects through various structural and functional modifications in
different brain regions and time scales, thereby enhancing neuronal flexibility, which also plays an essential
role in preventing neurodegenerative diseases.

Synaptic plasticity

The capacity to modify the strength and effectiveness of synaptic transmission from pre-existing neural
connections is known as synaptic plasticity, and it is an inherent characteristic of neurons [13]. Most
important for memory, learning, and the development of the brain's reaction to injury, synaptic plasticity
shifts synaptic strength from milliseconds to hours or days [48]. Synaptic plasticity leads to long-term poten-
tiation (LTP), which increases synaptic strength, and to long-term depression (LTD), a continuous decrease in
synaptic strength [49, 50]. PE increases structural plasticity and synaptic proteins such as synapsin | and
postsynaptic protein 95 [51]. Pre-clinical research suggests that regular PE improves brain health by
improving learning and memory function and countering cognitive decline with ageing [52]. In a pre-clinical
study on 4-month-old mice, a 12-week aerobic exercise training program significantly increased synaptic
plasticity and improved hippocampal ultrastructure, including the preservation of mitochondria,
neurofilaments, and microtubules [53]. PE enhances dendritic remodelling in the hippocampus and cortical
neurons by increasing dendritic length, complexity, and spine density [49,54]. These structural and functional
modifications provide enhanced cognitive function. Tsai et al. reported that trade mill exercise has a
significant neuroprotective effect, reducing dendritic length and decreasing the number of spines in CAl
neurons [55]. It also increases hippocampal synaptic plasticity and preserves dendritic complexity.

Hippocampal neurogenesis

PE enhances the hippocampal neurogenesis, or the production of neurons in the dentate gyrus of the
hippocampus [56]. It has been demonstrated through animal research that exercise enhances the growth,
survival, and maturation of neuronal cells that shield the activities of the hippocampus [57]. Neurogenesis
linked to exercise is dose-dependent and confers beneficial effects through neurotrophic factor signalling and
increased blood flow to the brain, as well as decreased neuroinflammation [58]. Increased hippocampal
neurogenesis is a compensatory mechanism for neuronal loss, and thus, cognitive deficiency is minimised.
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Cerebrovascular adaptation

Regular PE involves angiogenesis (formation of new blood vessels) in the hippocampus and cortex of the
brain [59,60]. It improves the supply of oxygen and nutrients to the brain, the elimination of metabolic waste
products, and the vascular density. PE enhances BBB permeability by reducing the infiltration of inflammatory
mediators and neurotoxic substances. PE increases the permeability of the BBB by slowing the process of
infiltration of inflammatory mediators and neurotoxic substances. It protects against neurodegeneration and
cognitive impairment by improving cerebrovascular activity via the generation of endothelial nitric oxide,
improving cerebral blood flow, and cerebrovascular responsiveness. Exercise has cerebrovascular benefits in
ageing because vascular dysfunction becomes more frequent, leading to neurodegeneration [61].

Network connectivity changes

Modern neuroimaging evidence demonstrates that PE enhances the large-scale connectivity of brain networks
and enhances communication in sensorimotor and cognitive control functions. PE particularly influences the
default mode network (DMN) that is functionally connected in neurodegenerative diseases [62]. Aerobic exercise
partially restores DMN connectivity in older adults, suggesting a reversal of pathological alterations through
activity-dependent synaptic strengthening and enhanced neurovascular coupling [63]. Likewise, exercise
enhances the interconnection of the cortical memory system of the hippocampus, which promotes memory
performance through augmentation of network integration and LTP-mediated synaptic efficacy. Structurally, PE
strengthens white matter integrity by promoting myelin plasticity and axonal density [7]. These changes are
supported by exercise-driven VEGF upregulation and angiogenesis, leading to improved cerebral blood flow and
metabolic support for engaged neuronal networks. So, all these cellular and molecular mechanisms collectively
converge to reinforce brain network connectivity, thereby improving memory and cognitive performance.

Pathological mechanism

PE prevents the progression of neurodegenerative diseases by affecting their pathological mechanism.

Tau pathology and the amyloid-B hypothesis

Hyperphosphorylated tau proteins and amyloid-B (AB) plaques are hallmark pathological indicators of
AD [64,65]. Regular PE mitigates these processes through multiple mechanisms. PE reduces tau hyperphos-
phorylation by modulating key enzymes, such as protein phosphatase 2A (PP2A) and glycogen synthase kinase-
3B (GSK-3B), and enhances autophagy, thereby facilitating the clearance of abnormal tau aggregates from the
brain [66]. Pre-clinical trials have consistently demonstrated that PE reduces hippocampal and cortical A levels,
decreases soluble A2 levels, enhances A2 clearance, and reduces A2 production and brain proteostasis [67]
(Table 1). PE also enhances glymphatic and CBF functions by increasing cerebral blood flow, mitigating
neuroinflammation, stimulating microglial phagocytosis of A2, and reducing toxic inflammatory reactions [57].
Moreover, exercise enhances the activity of A2-degrading enzymes like neprilysin and insulin-degrading
enzyme [68,69]. Human studies show that physically active people tend to have lower levels of amyloid and tau
proteins, as detected by brain imaging and fluid biomarkers [70-72]. Although direct evidence of exercise
reducing AD pathology in humans is limited, findings from animal studies suggest that regular exercise may help
slow the progression of AD by targeting its underlying disease mechanisms.

a-synuclein aggregation

a-synuclein aggregation represents the primary pathological aetiology of PD. Accumulation of a-synuclein
disrupts neuronal function and contributes to neurodegeneration, particularly in the dopaminergic region of
the substantia nigra in the midbrain [23]. Pre-clinical studies demonstrate that regular PE reduces a-synuclein
accumulation and associated neuroinflammation in these brain regions (Figure 3). Leem et al. reported that
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rotarod walking exercise reduced neuroinflammation and a-synuclein oligomerization in a mouse model of
MPTP-induced PD [73]. The protective effects of exercise are largely attributed to its capacity to enhance
cellular proteostasis mechanisms. Specifically, exercise upregulates protein-folding chaperons such as heat
shock proteins (HSPs), activates the autophagy-lysosomal pathway, and strengthens the ubiquitin-
proteasome system, thereby facilitating the clearance of misfolded a-synuclein [74,75]. Beyond proteostasis,
exercise also protects dopaminergic neurons by decreasing oxidative stress, improving mitochondrial
function, and increasing the availability of neurotrophic factors such as GDNF and BDNF [76,77]. Clinical
evidence further supports these findings, showing that regular PE improves motor symptoms and enhances
dopaminergic signalling in PD patients [78]. Although direct human evidence on a-synuclein pathology
remains limited, converging insights from animal studies and clinical benefits strongly support exercise as a
promising strategy to slow PD progression.
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Figure 3. Illustration showing the neuroprotective mechanisms of physical exercise. Exercise enhances enzymatic activity
(GSK-3B, PP2A, IDE, and Neprilysin), boosts autophagy and heat shock proteins (HSP), and promotes mitochondrial
biogenesis, while reducing oxidative stress and protein aggregation. These processes collectively decrease
hyperphosphorylated tau, amyloid-beta plaques, and alpha-synuclein aggregation, thereby promoting neuroprotection

Mitochondrial function

Mitochondrial dysfunction is a primary determinant contributing to the pathogenesis of neurodegene-
rative diseases, which causes oxidative stress, loss of cellular energy reserves, and eventually leads to
neuronal apoptosis [79]. By enhancing the physiological capabilities of mitochondrial organelles, regular PE
maintains neuronal energy homeostasis and mitigates this detrimental cascade [80]. A key process involves
the activation of peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1a) the overall
regulator of mitochondrial genesis [81]. This pathway leads to upregulation of mitochondrial enzymes by
exercise, increases efficiency of oxidative phosphorylation, and enhances the production of adenosine
triphosphate (ATP) [82]. In addition to biogenesis, physical activity has pharmacodynamic-like effects on the
overall quality control of mitochondria, inducing mitophagy to eliminate dysfunctional mitochondria and
altering mitochondrial dynamics through balanced regulation of fusion and fission processes, thus
maintaining mitochondrial integrity [83,84]. In a pre-clinical model, exercise restores hippocampal mito-
chondrial function and attenuates oxidative stress in AD rat models. It also improves ETC activity and

dopaminergic resilience in PD models (Table 1).
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Excitotoxicity and oxidative stress

Excitotoxicity and oxidative stress represent key pathological pathways underlying many neurodegenerative
disorders [85]. PE modulates glutamatergic transmission by regulating N-methyl-D-aspartate (NMDA) receptor
activity, enhancing astrocyte-mediated glutamate uptake, and strengthening inhibitory gamma-aminobutyric
acid (GABA) signalling, thereby limiting excitotoxic neuronal injury [86]. In addition, regular PE enhances the
brain’s antioxidant activity by upregulating enzymes such as superoxide dismutase (SOD), catalase, and
glutathione peroxidase, which collectively contribute to the reduction of oxidative stress [87-89]. Regular PE
reduces the death of neurons by lowering lipid peroxidation, protein oxidation, and DNA damage in areas of
the brain that are highly susceptible to neurodegeneration (Figure 3) [11]. The exercise-induced neuropro-
tection against excitotoxicity and oxidative stress can be seen in several diseases, such as amyotrophic lateral
sclerosis and Huntington's disease [90].

Molecular mechanisms
Neuroendocrine regulation

PE acts as a significant physiological stressor, capable of activating the neuroendocrine system. It stimulates
the hypothalamic—pituitary—adrenal (HPA) axis, elevating glucocorticoid levels, which support cognitive function
and enhance neuroplasticity [108,109]. Over time, regular exercise improves the regulation of the HPA axis,
helping buffer the undesirable effects of chronic stress on the brain, which are known contributors to
neurodegenerative diseases. Adrenocorticotropic hormone, vasopressin, cortisol, B-endorphin, and several other
hormones are altered by PE from resting levels [110] (Table 2). It functions as a potent stimulant for the HPA axis.
The type of exercise (intensity, aerobic, duration, and strength), the time of day, the meal consumed, and the
subject's attributes (gender and prior training) all influence the nature of the stimulus.

Table 2. Hormone regulation by physical exercise

Hormone regulation Functions of the hormone Ref-

Releases hormones from the hypothalamus
and controls AMPK and mTOR signalling

Increase coordination between the muscle-brain axis. [49,122]

Increases glucose uptake by muscles, prevents glycaemic

Increases insulin sensitivity neurotoxicity, and reduces the risk of diabetes-induced cognitive [114]
impairment.
Releases beta-endorphin Increase neurogenesis and reduce neuroinflammation. [115]

Increase hippocampal synaptic plasticity and prevent AB-induced
cognitive impairment.
It acts as a stress hormone, reducing neuroinflammation and
oxidative stress in the brain.

Release vasopressin [116]

Release cortisol from the adrenal gland. [123]

The hypothalamus, in the brain, acts as a control centre during exercise (Table 2). In response to PE, the hypo-
thalamus exhibits a metabolic response like that of muscle tissue. Hypothalamic tissues show an increase and
decrease in AMP-activated protein kinase (AMPK) and mammalian Target of Rapamycin (mTOR) signalling, which
increases coordination within the muscle-brain axis and improves the systemic response to PE [111].

The endocrine pancreas secretes insulin and glucagon, both of which are necessary regulators of glycaemia.
Exercise has been shown to increase insulin sensitivity, thereby enhancing glucose uptake by skeletal muscle
cells [112, 113] (Table 2). A stable glucose level prevents glycaemic neurotoxicity and reduces the risk of
diabetes-induced cognitive impairment [114]. Pre-clinical research suggests that both insulin and glucagon
decrease CSF glutamate levels in the brain and exhibit neuroprotective effects in diabetic rats.

Beta-endorphins are endogenous opioids, neuropeptides released from the pituitary gland and
hypothalamus in response to various stimuli, including exercise [115]. PE increases the level of circulating
beta-endorphins in the body. Beta-endorphin acts as a natural analgesic, reducing pain perception, and can
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have mood-enhancing effects. It also shows neuroprotective effects, including neurogenesis and reduced
inflammation (forming new neurons) in certain brain regions [115] (Table 2).

Vasopressin is a neuropeptide hormone released in the hypothalamus that regulates water balance, blood
pressure, and stress responses [116]. During exercise, vasopressin secretion may increase to help maintain
water and electrolyte balance, especially during strenuous or prolonged PE. Vasopressin enhances
hippocampal synaptic plasticity and prevents amyloid-B-induced impairment of LTP [117]. In rat hippocampal
slices, vasopressin supports excitatory postsynaptic potentials and promotes LTP in the CA1/subiculum and
the dentate gyrus [118]. It exhibits both anticonvulsant and proconvulsant effects, and its metabolites
enhance memory by aiding in consolidation and retrieval (Table 2).

Several key stress mediators, including cortisol released during high-intensity exercise, negatively affect
hippocampal plasticity by inhibiting neurogenesis due to extreme activation of the hypothalamic-pituitary-
adrenal (HPA) axis [119,120]. The cortisol spurt caused by activity, on the other hand, elicits adaptive
mechanisms that increase the brain's ability to withstand stress and potentially produce neuroprotective
effects [121].

Neurotransmitter regulation

PE broadly modulates central monoaminergic networks, particularly the dopaminergic, serotonergic, and
noradrenergic systems [124]. Several research studies indicate that PE influences the synthesis and metabolic
processing of monoamine neurotransmitters, including dopamine, serotonin, and noradrenaline, thereby
affecting their neural activity [125]. PE promotes the release of neurotransmitters and plays a key role in mood
regulation, stress reduction, and overall psychological well-being. Through its neurochemical effects, PE
supports mental health by modulating neurotransmitter activity. Exercise-induced increases in circulating
calcium can influence brain function by activating the enzyme tyrosine hydroxylase, a calcium- and calmodulin-
dependent process that contributes to dopamine (DA) synthesis [25]. Exercise decreases the release of
norepinephrine, thereby hyperpolarising noradrenergic neurons and reducing their firing frequency [126]. In
comparison to sedentary people, PE increases the level of NE in the spinal cord and pons-medulla. It also boosts
norepinephrine's endogenous activity. These results suggest a possible connection between norepinephrine
and enhanced cognitive function. It regulates 5-HT levels in the brain, enhancing neuroprotection by increasing
the synthesis and release of 5-HT, particularly in the hippocampus and prefrontal cortex, thereby regulating
mood, cognition and stress. Increased 5-HT during PE promotes neurogenesis and synaptic plasticity, reduces
inflammation and oxidative stress, and protects against neurodegeneration [127,128]. Consequently, exercise
enhances brain well-being, elevates mood, and helps prevent disorders such as AD and PD [129]. Nonetheless,
a major change in hippocampal 5-HT level occurred after seven days of intensive treadmill exercise.

Neurotrophins and neurotropic factor

The neurotrophins are the primary mediators of the positive effects of PE in the brain (Figure 4).
Neurotrophins are essential for maintaining neurogenesis, cognitive, structural, and functional brain
plasticity [130]. These growth factors control neuronal growth, differentiation, and survival and axon,
dendrite, and synaptic plasticity development in diverse regions of the brain. Regular PE also induces the
production of neurotrophins that protect cognitive functioning, promote neurogenesis, and fight age-related
cognitive impairments [131,132]. PE regulates important neurotrophic factors like NGF, BDNF, VEGF, GDNF,
IGF, neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) (Table 3) [133].
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Figure 4. Schematic representation of role of Neurotrophins in Physical Exercise-Induced Neuroprotection through
cellular and molecular pathways. PE increases key neurotrophic factors, like BDNF, NGF, IGF, VEGF, and NT-3 and NT-
4, promoting neurogenesis, myelination, angiogenesis, and synaptic plasticity. These combined effects strengthen
brain resilience and contribute to overall neuroprotective outcomes

Table 3. Summary of major clinical trials investigating the neuroprotective effects of physical exercise in different
neurodegenerative diseases

Trial name/ID Sponsor Disease Exercise type/duration  Study duration  No. of population Current stage
University of . , .
NCT02384993 Wisconsin, Alzhelmer s 26 weeks of_ Aerobic 2015-04-28 to 24 Completed
. disease exercise 2016-07-19
Madison
. , 150 minutes a week
NCT01128361 Jeff Burns, MD Alzhelmer S of aerobic exercise over 2010-05 to 76 Completed
disease 2015-04
3-5days.
Alzheimer’s . . 2010-05 to
NCT01129115 Jeff Burns, MD disease Aerobic exercise 2014-04 101 Early phase 1
Alzheimer’s Aerobic exercise
Intermountain disease; 2006-10 to
NCT00403507 Health Care, Inc. Memory programmg a.nd 2009-10 79 Phase 2
. strength training.
disorder
Rutgers, The 1 cimer’s  aerobic cardio-dance  2023-04-20 to
NCT05597124  State University . . - 280 Phase 2
disease fitness exercise 2027-08-31
of New Jersey
NCT01681602 Rigshospitalet, Alzhelmer S 12 weeks of aerobic 2012-01to 200 Phase 3
Denmark disease exercise 2014-06
Federal Alzheimer’s Exercise trainin 2010-07 to
NCT01183806 University of . J 40 Phase 3
. disease program 2012-03
Bahia
Teachers
College, Parkinson’s . L 2018-05-21 to Phase 1 and
NCT03696589 (- lumbia disease Physical Activity 2019-04-12 13 phase 2
University
VA Office of . ,
NCT03808675 Researchand -2t€ Parkinson’s —, ic walking 2019-07-01 to 57 Phase 2 and
disease 2024-09-30 phase 3
Development
University of . ,
NCT01257945  Colorado, Parkinson’s Aerobic exercise 2003-04 to 163 Phase 2
disease 2010-07
Denver
Oxford Brookes Parkinson’s . 2011-09 to
NCT01439022 University disease Exercise programme 2014-09 105 Phase 2

BDNF controls angiogenesis, cognition, and neuroplasticity, which are necessary for the development of
learning and memory functions [134,135]. BDNF is broadly expressed in the central nervous system (CNS),
within the hippocampus and cortex. Evidence from multiple research projects shows that both acute and
sustained aerobic exercise enhances circulating BDNF levels [136]. Moderate-intensity aerobic exercise has
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been shown to elicit similar BDNF elevations in old age people, reinforcing the role of aerobic exercise in
modulating BDNF production [137].

PE stimulates the expression of fibronectin type Ill domain-containing protein 5 (FNDC5), a membrane
protein in muscles, which is cleaved to release a key myokine, called irisin [138]. Irisin crosses the blood-brain
barrier (BBB) and increases BDNF in the hippocampal region of the brain [139]. BDNF is a neurotrophin that
plays a crucial role in neurogenesis, synaptic plasticity, learning, and memory. The FNDC5/irisin-BDNF pathway
is considered a vital molecular link between PE and improved brain function and neuroprotection [140].

Pre-clinical research has demonstrated that exercise enhances BDNF expression, particularly in the
hippocampus [141]. The exercise-induced expression of FNDC5 has been demonstrated in the brain and
muscles, indicating a potential role for it. BDNF mRNA and protein levels in the brain and skeletal muscle
were enhanced because of the exercise [110]. However, BDNF from muscles was not released into the
bloodstream, whereas about 70 to 80 % of BDNF from the brain reaches the blood.

Sleiman et al. [142] reported that PE stimulates epigenetic modifications that enhance BDNF gene
expression. For instance, B-hydroxybutyrate (DBHB), a metabolite elevated during exercise, inhibits histone
deacetylases-2 (HDAC2) and histone deacetylases-3 (HDAC3), leading to the transcriptional activation of
BDNF [143]. Another key metabolite, lactate, crosses the BBB and boosts hippocampal BDNF expression, a
process dependent on sirtuin (SIRT1) activity and linked to the PGC-1a/FNDC5 pathway [144]. Blocking
lactate transport or SIRT1 activity diminishes BDNF expression.

NGF, a protein that is involved in the development, maturation, and proliferation of sympathetic and sensory
neurons, affects adult inflammatory hyperalgesia [145]. NGF exerts neuroprotective effects by binding to the
CNS's tropomyosin receptor kinase (Trk) A and p75 neurotrophins receptor (p75NTR). Nerve growth factor (NGF)
activates the phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway, thereby supporting neuroplasticity,
neuronal survival, and intracellular calcium regulation. Experimental studies have shown that NGF overexpression
reduces neuronal apoptosis and improves learning and memory performance [146]. In line with these findings,
preclinical evidence indicates that moderate-intensity treadmill exercise modulates PI3K/Akt signalling and
increases NGF levels in the hippocampus of aged rats [147].

EGF is a hypoxia-responsive protein that is expressed by various cell types such as endothelial cells, glial
cells, MACs and skeletal myofibres [148]. VEGF is a key regulator of angiogenesis and vasculogenesis,
increasing cerebral blood flow and vascular development. A growing body of evidence shows that physical
activity increases brain-derived VEGF levels, stimulates neurogenesis and angiogenesis, and alleviates
cognitive impairments in ischemic conditions by promoting progenitor cell growth and neuronal
development [149]. Additionally, exercise-induced lactate accumulation activates the hydroxycarboxylic acid
receptor 1 (HCAR1), leading to ERK1/2 and Akt pathway activation and further upregulation of VEGF
expression in the hippocampus [150]. In the skeletal muscle-specific VEGF knockout model, PE enhances
VEGEF levels in the hippocampus, suggesting that muscle-derived VEGF may cross the BBB and promote brain
angiogenesis and neurogenesis [112].

A protein called IGF shares structural similarities with insulin. In the adult hippocampus, serum IGF-1 serves
as a growth factor that regulates neurogenesis, synaptic plasticity, and neurotransmission [151]. Cognitive
decline is linked to age-related decreases in IGF-1 gene expression, whereas cognitive impairment and
depressed behaviour are caused by low serum IGF-1 levels. Muscle-derived IGF raises IGF-1 in the hippocampus
region and improves mitochondrial function [152]. Serum IGF-1 can penetrate the brain due to the high
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permeability of IGF-1 across the blood-brain barrier and enhances IGF-1 uptake compared to other neuro-
trophic factors [153]. PE restores IGF-1 by altering cytokine production and decreasing neurodegeneration.

GDNF is a 134-amino-acid protein that was first discovered for its capacity to ensure the lifespan of dopa-
minergic and motor neurons in the midbrain [154]. This neurotrophic factor acts by binding to the GDNF family
receptor (GFR co-receptors) and by activating receptor tyrosine kinase, PI3K, Erk, and protein kinase B (Akt)
signalling. GDNF is considered one of the most potent neurotrophins for maintaining neuromuscular function
and enhancing neuroplasticity [154,155). GDNF expression is upregulated during PE. Pre-clinical studies report
an increase in GDNF levels in the spinal cord and muscle of rats by PE [156]. In trained mice, the size of motor
neurons and the number of GDNF-containing vesicles both increased, indicating that exercise had a beneficial
effect on GDNF expression. Human studies have shown elevated GDNF and NGF levels in muscle biopsies after
resistance exercise, accompanied by increased immune cell infiltration [157]. High-intensity exercise is useful
in producing neuromuscular junction plasticity and altering the protein composition of GDNF [158].

NT-3 is an amino acid protein with 257 amino acids, which is highly expressed in the period of embryo
formation and gradually declines in the postnatal stage [159]. NT-3 is also limited in the dentate gyrus of adult
hippocampus and enhances learning and memory through synaptic plasticity. Moreover, NT-3 plays a vital role
in the maturation of the neuromuscular junction, synaptic transmission, and survival, as well as the functioning
of the sensory neurons. According to pre-clinical research, PE restores NT-3 levels and enhances motor and
cognitive behaviour in rats with traumatic brain injury [160]. PE increases NT-4 and Trk-B and promotes their
neuroprotective action. According to clinical research, resistance and combined exercise considerably increase
NT-3 and NT-4 levels, whereas high-intensity exercise shows no significant effect [161]. Overall, all this evidence
emphasises the role of PE in upregulating NT-3 and NT-4, which are key factors in neurogenesis and synaptic
plasticity.

Epigenetic mechanisms

Emerging research highlights that PE induces epigenetic changes that regulate gene expression and
support neuroplasticity [162]. PE influences histone modifications by histone acetylation, which is associated
with a more transcriptionally active chromatin environment. Emerging evidence suggests that PE influences
epigenetic regulation of the BDNF gene by altering promoter DNA methylation, potentially leading to
persistent upregulation of BDNF. These epigenetic changes provide a mechanistic explanation for the long-
term neurofunctional benefits observed following exercise exposure, including enhanced brain resilience
against neurodegenerative disorders [27].

Myokines

Skeletal muscles are recognized as secretory organs that release signalling molecules, including myokines,
cytokines, and peptides, which exert autocrine, paracrine, and endocrine effects. Myokines are composed of a
group of bioactive molecules released by muscle fibres during contraction during PE. Skeletal muscle constitutes
nearly 40 % of human body mass, making it a major contributor to the exercise-induced signalling. Consequently,
PE has a substantial influence on the secretion of myokines. Previous research has shown that PE promotes the
release of various myokines in muscle tissue, including irisin, PGC-1a, and cathepsin B, thereby facilitating
communication between skeletal muscle and the brain [163]. Additionally, fibroblast growth factor 21 (FGF-21),
SPARC, and Interleukin-6 (IL-6) are emerging as novel brain-beneficial myokines [164]. These myokines have
multiple health benefits associated with regular PE, including improved metabolism, increased muscle mass,
reduced inflammation, enhanced neuroplasticity, and better brain health.

PE stimulates the activation of PGC-1a, a central regulatory factor involved in the neuroprotective effects of
exercise [165]. Evidence indicates that PGC-1a is abundantly expressed in tissues with high metabolic demand,
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including neurons, skeletal muscle fibres, and cardiac muscle cells. In the HD models, it mitigates behavioural
and sensorimotor deficits by reducing excitotoxicity and extra-synaptic NMDA receptor expression [166].
Furthermore, PGC-1a exerts neuroprotective effects in PD and other neurodegenerative conditions by
preserving dendritic spine architecture and maintaining synaptic stability in the hippocampus.

PE induces PGC-1a-dependent expression and cleavage of FNDCS5, yielding the circulating hormone irisin.
Irisin facilitates the conversion of white adipose tissue into brown-like, thermogenically active fat, a process
linked to beneficial effects on the brain. Animal studies demonstrate that direct central exposure to irisin limits
neuronal apoptosis, elevates BDNF expression, and improves depression-like behaviours [167]. PE raises plasma
irisin levels, penetrates the BBB, and enhances synaptic plasticity, cognition, and neurogenesis [87].

A PGC-la-regulated myokine, cathepsin B, a lysosomal cysteine protease, is involved in autophagy and
lysosomal brain clearance [168]. The level of cathepsin B increases in both brain microglia and serum. PE
increases cathepsin B levels in muscle and plasma and improves hippocampus-dependent memory [169].
Cathepsin B can penetrate the blood-brain barrier and increase the expression of doublecortin and BDNF,
which are involved in neuronal survival and brain growth, respectively. PE increases Cathepsin B expression
in the brain; this effect is enhanced by peripheral cathepsin acting as a myokine [170].

A bone glycoprotein, osteonectin (SPARC), regulates bone mineralisation and mineral crystal formation.
SPARC, a myokine involved in tissue repair and tissue regeneration, also plays an important role in collagen
production and remodelling [171]. SPARC reduces depressive behaviour and acts synergistically with BDNF
to enhance retinal ganglion cell growth via Akt and Erk1/2 phosphorylation. Although it’s unclear whether
muscle-derived SPARC crosses the BBB, its exercise-dependent secretion makes SPARC a potential candidate.

PE induces the release of interleukin-6 from skeletal muscle. It has both proinflammatory and anti-
inflammatory properties. It is also expressed in the hypothalamus, playing a crucial role in neuro-immune
communication. IL-6 is involved in neurogenesis and neuronal regeneration in the brain. IL-6 knockout mice
reduced neurogenesis [37]. While overexpression in astroglia surprisingly did not enhance new cell
formation, Hyper-IL-6 (a fusion protein of IL-6 and IL-6R) was found to promote neuronal differentiation and
glycogenesis via MAPK/CREB signalling. Along with this, it protects against neuronal apoptosis during
ischemic brain injury, indicating its critical anti-apoptotic and neuroprotective role [172].

Neuroimmune and inflammatory mechanisms

Neuroinflammation plays a central role in the development and progression of neurodegenerative
disorders, making the anti-inflammatory effects of exercise essential for the management of the disease.
Regular PE enhances neuroimmune communication and promotes neuronal survival. By regulating
inflammatory pathways, consistent PE slows disease progression and underscores its value as a therapeutic
approach for brain health and neuroprotection.

Anti-inflammatory mediation

PE exerts anti-inflammatory effects both peripherally and centrally [173]. While acute exercise may
transiently increase pro-inflammatory cytokines, long-term or regular exercise is associated with a reduction
in systemic inflammatory markers, including tumour necrosis factor-a (TNF-a), interleukin-6 (IL-6) and C-
reactive protein (CRP) [174,175]. In the brain, PE demonstrates neuroprotective properties by decreasing
pro-inflammatory cytokine levels in regions such as the hippocampus while promoting anti-inflammatory
signalling [176]. Clinical research indicates that chronic systemic inflammation is a common feature of many
neurological conditions, such as depression, PD, AD, and HD [177]. Chronic inflammation leads to metabolic
and vascular dysfunction, such as endothelial damage, insulin resistance, and neuroinflammation. Chronic
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brain inflammation can commonly be linked to the aggregation of senescent cells, which release pro-
inflammatory cytokines. and are the cause of neuronal dysfunction [178]. Exercise may reduce this
inflammatory burden by limiting senescent cell accumulation or modulating senescence-associated secretory
phenotypes (SASP), thereby enhancing its neuroprotective effects [179]. Overall, PE is increasingly recognised
as a potent non-pharmacological anti-inflammatory intervention. According to some research, PE can directly
modulate inflammatory cytokine production and decrease harmful adipokine levels through muscle-adipose
cross-talk [180]. In addition, exercise activates the sympathetic nervous system, further contributing to its
anti-inflammatory and neuroprotective actions [181]. Animal studies in AD rodent models consistently show
that physical exercise, such as treadmill and swimming protocols, mitigates key pathological features of the
disease. Exercise improves cognition, enhances hippocampal neurogenesis, and reduces neuroinflammation by
lowering the levels of TNF-q, IL-1B, and IL-6. It also restores neurotrophin levels (BDNF, GDNF, NGF, NT-3),
decreases neurotoxic tryptophan metabolites, and reduces AB deposition and tau phosphorylation [182].
Overall, PE provides robust multidimensional neuroprotection in AD models. Exercise strengthens the
HSP70/NF-kB/IL-6/synapsin | axis, preventing inflammation-induced neurological impairments in a traumatic
brain injury model [181]. Exercise increases irisin and adiponectin, which play significant roles in suppressing
inflammation and promoting brain health, particularly in relation to depression and neurogenesis [183].

Controlled and randomized studies examining exercise-induced inflammatory changes in AD patients are
still limited. A two-month aerobic program improved quality of life and reduced systemic TNFa levels. A more
recent 16-week RCT with 198 participants showed mixed results: a slight rise in plasma IL-6, reduced IFNy in
APOE €4 carriers, no significant changes in CSF cytokines, and an unexpected increase in the microglial activation
marker TREM2. These findings underscore the need for future studies to refine exercise duration and modality,
recruit larger cohorts, and evaluate responses across various stages of AD [1].

Antioxidant mediation

PE contributes to neuroprotection by regulating oxidative stress, a key pathological mechanism of many
neurodegenerative diseases. Regular PE improves the body’s endogenous antioxidant capacity, thereby
mitigating oxidative injury within the neural tissues. In particular, PE increases the activity of antioxidant
enzymes, including SOD, CAT, and glutathione, which act to neutralize reactive oxygen species and protect
neurons from cellular injury [184]. Along with this, it also influences neuronal homeostasis by modulating
both intracellular and extracellular heat shock proteins, notably iHSP70 and Ehsp70 [185]. In neurodege-
nerative conditions, impaired iHSP70 responses to oxidative stress and protein misfolding weaken cellular
resilience. Regular physical activity appears to mitigate this vulnerability by strengthening molecular
chaperone systems, with elevated eHSP70 levels providing additional protection, particularly in motor
neurons. Together, these antioxidant and stress-response mechanisms reduce neuronal apoptosis, enhance
neuroplasticity, and decrease the neurodegenerative process, highlighting exercise as a potential strategy to
delay the progression of PD and related disorders.

Clinical trials

Several clinical trials are currently investigating the neuroprotective benefits of PE. individuals affected by
different neurodegenerative conditions to translate promising pre-clinical findings into clinical benefits.
These studies employ different exercise approaches, including aerobic, resistance, and combined training, to
evaluate their effects on cognition, motor functionality, neuroplasticity, and disease progression. In AD, PD,
and other neurodegenerative disorders, published clinical trials especially emphasize the impact of exercise
on the brain structure, neurotrophic factor expression and functional outcomes. Some of these trials also
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explore the underlying cellular and molecular mechanisms responsible for exercise-mediated neuropro-
tection across the different neurodegenerative disorders, which are summarized in Table 3.

Conclusion & future perspective

Regular PE demonstrates a positive effect on the general health and well-being of an individual. Aerobic
exercise maintains the synaptic plasticity and modulates the development of new neurons, and protects the
neural network, causing improved memory, learning and motor functioning. PE helps in the reduction of
oxidative stress and neuroinflammation. PE ameliorates and enhances the insulin sensitivity, levels of
neutrophins and neurotransmitters. In patients with PD and AD, PE slows the rate of progression and improves
motor and cognitive function by reducing protein aggregation and exerting neuroprotective effects.

If the translational point of view is considered, the effective dose, frequency, and duration of exercise should
be optimized for an individual to achieve optimal neuroprotective action. This may lead to precision prescription
for an individual considering his/her genetics, specific disease status and metabolic condition. Similarly,
pharmacological agents with a biosimilar effect to PE need to be designed in the near future to reproduce PE's
cellular and molecular effects. Future research paths should be widened to explore the connection between
peripheral systems, including muscles, metabolism and immunity, with the central nervous system during
exercise. Finally, establishing the connection between PE and clinical practice may help in the integration of PE
into evidence-based, comprehensive strategies to manage neurodegenerative diseases.

Acknowledgment: The authors are thankful to Amity University and Siksha ‘O’ Anusandhan Deemed to be
University for providing the facilities for the review work.

Funding: This work received no specific grant from public, commercial, or not-for-profit funding agencies.
Competing interests: The authors declare that they have no competing interests.

References

[1] S. Ribari¢. Physical exercise, a potential non-pharmacological intervention for attenuating
neuroinflammation and cognitive decline in Alzheimer’s disease patients. International Journal of
Molecular Sciences 23 (2022) 3245. https://doi.org/10.3390/ijms23063245

[2] 1. Reddy, Y. Yadav, C.S. Dey. Cellular and molecular regulation of exercise-A neuronal perspective.
Cellular and Molecular Neurobiology 43 (2023) 1551-1571. https://doi.org/10.1007/s10571-022-01272-x

[3] J. Kong, Y. Xie, R. Fan, Q. Wang, Y. Luo, P. Dong. Exercise orchestrates systemic metabolic and
neuroimmune homeostasis via the brain—muscle-liver axis to slow down aging and
neurodegeneration: a narrative review. European Journal of Medical Research 30 (2025) 475.
https://doi.org/10.1186/s40001-025-02751-9

[4] T.Algahtani, S.L. Deore, A.A. Kide, B.A. Shende, R. Sharma, R.D. Chakole, L.S. Nemade, N.K. Kale, S.
Borah, S.S. Deokar. Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease and amyotrophic lateral sclerosis - an updated review.
Mitochondrion 71 (2023) 83-92. https://doi.org/10.1016/j.mit0.2023.05.007

[5] A.V.Ciurea, A.G. Mohan, R.-A. Covache-Busuioc, H.-P. Costin, L.-A. Glavan, A.-D. Corlatescu, V.M.
Saceleanu. Unraveling molecular and genetic insights into neurodegenerative diseases: advances in
understanding Alzheimer’s, Parkinson’s, and Huntington’s diseases and amyotrophic lateral sclerosis.
International Journal of Molecular Sciences 24 (2023) 10809. https://doi.org/10.3390/ijms241310809

[6] H.Wang, B. Gao, L. Wang, J. Gong, Z. Zhu, Q. Liu, H. Yuan. The interplay between physical exercise
and autophagy signaling in brain health, neurodegenerative diseases and aging. Frontiers in Aging
Neuroscience 17 (2025) 1579208. https://doi.org/10.3389/fnagi.2025.1579208

[7]1 J. Zhang, G. Kong, J. Yang, L. Pang, X. Li. Pathological mechanisms and treatment progression of
Alzheimer’s disease. European Journal of Medical Research 30 (2025) 625.
https://doi.org/10.1186/s40001-025-02886-9

16 (co) T


https://doi.org/10.3390/ijms23063245
https://doi.org/10.1007/s10571-022-01272-x
https://doi.org/10.1186/s40001-025-02751-9
https://doi.org/10.1016/j.mito.2023.05.007
https://doi.org/10.3390/ijms241310809
https://doi.org/10.3389/fnagi.2025.1579208
https://doi.org/10.1186/s40001-025-02886-9

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

8]

[9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

[24]

[25]

A.K. Mitchell, R.R. Bliss, F.C. Church. Exercise, neuroprotective exerkines, and Parkinson’s disease: A
narrative review. Biomolecules 14 (2024) 1241. https://doi.org/10.3390/biom14101241

T. Paillard. Preventive effects of regular physical exercise against cognitive decline and the risk of
dementia with age advancement. Sports Medicine-Open 1 (2015) 20.
https://doi.org/10.1186/s40798-015-0016-x

S. Chieffi, G. Messina, I. Villano, A. Messina, A. Valenzano, F. Moscatelli, M. Salerno, A. Sullo, R. Avola,
V. Monda. Neuroprotective effects of physical activity: evidence from human and animal studies.
Frontiers in Neurology 8 (2017) 188. https://doi.org/10.3389/fneur.2017.00188

B. Mahalakshmi, N. Maurya, S.-D. Lee, V. Bharath Kumar. Possible neuroprotective mechanisms of
physical exercise in neurodegeneration. International Journal of Molecular Sciences 21 (2020) 5895.
https://doi.org/10.3390/ijms21165895

D.-w. Kang, E. Bressel, D.-y. Kim. Effects of aquatic exercise on insulin-like growth factor-1, brain-
derived neurotrophic factor, vascular endothelial growth factor, and cognitive function in elderly
women. Experimental Gerontology 132 (2020) 110842. https://doi.org/10.1016/j.exger.2020.110842

A. Thirupathi, C.T. De Souza. Multi-regulatory network of ROS: the interconnection of ROS, PGC-1
alpha, and AMPK-SIRT1 during exercise. Journal of Physiology and Biochemistry 73 (2017) 487-494.
https://doi.org/10.1007/s13105-017-0576-y

J. Hu, B. Huang, K. Chen. The impact of physical exercise on neuroinflammation mechanism in
Alzheimer’s disease. Frontiers in Aging Neuroscience 16 (2024) 1444716.
https://doi.org/10.3389/fnagi.2024.1444716

0. Mee-Inta, Z.-W. Zhao, Y.-M. Kuo. Physical exercise inhibits inflammation and microglial activation.
Cells 8 (2019) 691. https://doi.org/10.3390/cells8070691

M.A. Matkiewicz, A. Szarmach, A. Sabisz, W.J. Cubata, E. Szurowska, P.J. Winklewski. Blood-brain
barrier permeability and physical exercise. Journal of Neuroinflammation 16 (2019) 1-16.
https://doi.org/10.1186/s12974-019-1403-x

S. Prasad, R.K. Sajja, P. Naik, L. Cucullo. Diabetes mellitus and blood-brain barrier dysfunction: an
overview. Journal of Pharmacovigilance 2 (2014) 125. https://doi.org/10.4172/2329-6887.1000125

J. Heo, E.E. Noble, J.A. Call. The role of exerkines on brain mitochondria: a mini-review. Journal of
Applied Physiology 134 (2022) 28-35. https://doi.org/10.1152/japplphysiol.00565.2022

X. Gao, Y. Chen, P. Cheng. Unlocking the potential of exercise: harnessing myokines to delay
musculoskeletal aging and improve cognitive health. Frontiers in Physiology 15 (2024) 1338875.
https://doi.org/10.3389/fphys.2024.1338875

V. Prasad, J. Samson, V. Parvathi. Exercise and exerkine upregulation: Brain-derived neurotrophic
factor as a potential non-pharmacological therapeutic strategy for Parkinson’s disease. Biocell 48
(2024) 693. http://dx.doi.org/10.32604/biocell.2024.048776

T. Tsiloulis, M.J. Watt. Exercise and the regulation of adipose tissue metabolism. Progress in
Molecular Biology and Translational Science 135 (2015) 175-201.
https://doi.org/10.1016/bs.pmbts.2015.06.016

M.H. Khalil. The BDNF-interactive model for sustainable hippocampal neurogenesis in humans:
Synergistic effects of environmentally-mediated physical activity, cognitive stimulation, and
mindfulness. International Journal of Molecular Sciences 25 (2024) 12924.
https://doi.org/10.3390/ijms252312924

Y. Chen, X. Luo, Y. Yin, E.R. Thomas, K. Liu, W. Wang, X. Li. The interplay of iron, oxidative stress, and
a-synuclein in Parkinson’s disease progression. Molecular Medicine 31 (2025) 154.
https://doi.org/10.1186/s10020-025-01208-3

H. Tian, Z. Wang, Y. Meng, L. Geng, H. Lian, Z. Shi, Z. Zhuang, W. Cai, M. He. Neural mechanisms
underlying cognitive impairment in depression and cognitive benefits of exercise intervention.
Behavioural Brain Research 476 (2025) 115218. https://doi.org/10.1016/j.bbr.2024.115218

P. Bhattacharya, S. Chatterjee, D. Roy. Impact of exercise on brain neurochemicals: a comprehensive
review. Sport Sciences for Health 19 (2023) 405-452. https://doi.org/10.1007/s11332-022-01030-y

doi: https://doi.org/10.5599/admet.3058 17



https://doi.org/10.5599/admet.3058
https://doi.org/10.3390/biom14101241
https://doi.org/10.1186/s40798-015-0016-x
https://doi.org/10.3389/fneur.2017.00188
https://doi.org/10.3390/ijms21165895
https://doi.org/10.1016/j.exger.2020.110842
https://doi.org/10.1007/s13105-017-0576-y
https://doi.org/10.3389/fnagi.2024.1444716
https://doi.org/10.3390/cells8070691
https://doi.org/10.1186/s12974-019-1403-x
https://doi.org/10.4172/2329-6887.1000125
https://doi.org/10.1152/japplphysiol.00565.2022
https://doi.org/10.3389/fphys.2024.1338875
http://dx.doi.org/10.32604/biocell.2024.048776
https://doi.org/10.1016/bs.pmbts.2015.06.016
https://doi.org/10.3390/ijms252312924
https://doi.org/10.1186/s10020-025-01208-3
https://doi.org/10.1016/j.bbr.2024.115218
https://doi.org/10.1007/s11332-022-01030-y

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

H. Shi, L. Huang, Q. Wang, N. Zhang, C. Lv, C. Lin, L. Shao, D. Xia, Z. Zhao, G. Yang. The role of exercise
in enhancing brain and cerebrovascular health via the bone-brain axis: implications for surgical and
clinical interventions. International Journal of Surgery 111 (2025) 8363-8401.
https://doi.org/10.1097/s9.0000000000003030

A.R. Tari, T.L. Walker, A.M. Huuha, S.B. Sando, U. Wisloff. Neuroprotective mechanisms of exercise
and the importance of fitness for healthy brain ageing. The Lancet 405 (2025) 1093-1118.
https://doi.org/10.1016/50140-6736(25)00184-9

Y. Lu, Y. Dong, D. Tucker, R. Wang, M. E. Ahmed, D. Brann, Q. Zhang. Treadmill exercise exerts
neuroprotection and regulates microglial polarization and oxidative stress in a streptozotocin-
induced rat model of sporadic Alzheimer’s disease. Journal of Alzheimer’s Disease 56 (2017) 1469-
1484. https://doi.org/10.3233/JAD-160869

P.J. Smith, J.A. Blumenthal, B.M. Hoffman, H. Cooper, T.A. Strauman, K. Welsh-Bohmer, J.N.
Browndyke, A. Sherwood. Aerobic exercise and neurocognitive performance: a meta-analytic review
of randomized controlled trials. Psychosomatic Medicine 72 (2010) 239-252.
https://doi.org/10.1097/psy.0b013e3181d14633

A. Guarino, G. Forte, J. Giovannoli, M. Casagrande. Executive functions in the elderly with mild
cognitive impairment: A systematic review on motor and cognitive inhibition, conflict control and
cognitive flexibility. Aging & Mental Health 24 (2020) 1028-1045.
https://doi.org/10.1080/13607863.2019.1584785

D.M. Teleanu, A.-G. Niculescu, L.I. Lungu, C.I. Radu, O. Vladacenco, E. Roza, B. Costachescu, A.M.
Grumezescu, R.l. Teleanu. An overview of oxidative stress, neuroinflammation, and
neurodegenerative diseases. International Journal of Molecular Sciences 23 (2022) 5938.
https://doi.org/10.3390/ijms23115938

A. Rahman, A. Jaiswal, P. Keshari, D.K. Singh, Alzheimer’s: Epidemiology, Pathophysiology, Diagnosis,
and Treatments, in Proteostasis: Investigating Molecular Dynamics in Neurodegenerative Disorders,
Springer 2025, p. 39-72. https://doi.org/10.1007/978-981-96-6202-9 2

S. Pattanaik, A. Ghose, K. Pakeeraiah, S.K. Paidesetty, S.K. Prusty, P.K. Sahu. Repurposing Drugs: A
Promising Therapeutic Approach against Alzheimer’s Disease. Ageing Research Reviews 106 (2025)
102698. https://doi.org/10.1016/j.arr.2025.102698

T. Deng, W. Yu, Y. Li. Different physical exercise in the treatment of Alzheimer's disease.
Psychogeriatrics 25 (2025) e13207. https://doi.org/10.1111/psyg.13207

S.L. da Silva Rodrigues, J.M. da Silva, M.C.C. de Oliveira, C.M.F. de Santana, K.M. Carvalho, B.J.A.P.
Barbosa. Physical exercise as a non-pharmacological strategy for reducing behavioral and
psychological symptoms in elderly with mild cognitive impairment and dementia: a systematic review
of randomized clinical trials. Arquivos de Neuro-Psiquiatria 79 (2021) 1129-1137.
https://doi.org/10.1590/0004-282x-anp-2020-0539

L.C. Graham, W.A. Grabowska, Y. Chun, S.L. Risacher, V.M. Philip, A.J. Saykin, S.J.S. Rizzo, G.R. Howell,
I. Alzheimer's Disease Neuroimaging. Exercise prevents obesity-induced cognitive decline and white
matter damage in mice. Neurobiology of Aging 80 (2019) 154-172.
https://doi.org/10.1016/j.neurobiolaging.2019.03.018

H. McGurran, J.M. Glenn, E.N. Madero, N.T. Bott. Prevention and treatment of Alzheimer’s disease:
biological mechanisms of exercise. Journal of Alzheimer’s Disease 69 (2019) 311-338.
https://doi.org/10.3233/JAD-180958

Z. Sarlak, M. Moazzami, M.A. Hosseini, R. Gharakhanlou. The effects of aerobic training before and
after the induction of Alzheimer’s disease on ABCA1 and APOE mRNA expression and the level of
soluble AB1-42 in the hippocampus of male Wistar rats. Iranian Journal of Basic Medical Sciences 22
(2019) 399. https://doi.org/10.22038/ijbms.2018.32911.7860

K.S. Frederiksen, L. Gjerum, G. Waldemar, S.G. Hasselbalch. Effects of physical exercise on
Alzheimer’s disease biomarkers: a systematic review of intervention studies. Journal of Alzheimer’s
Disease 61 (2017) 359-372. https://doi.org/10.3233/JAD-170567

18

(co) T


https://doi.org/10.1097/js9.0000000000003030
https://doi.org/10.1016/S0140-6736(25)00184-9
https://doi.org/10.3233/JAD-160869
https://doi.org/10.1097/psy.0b013e3181d14633
https://doi.org/10.1080/13607863.2019.1584785
https://doi.org/10.3390/ijms23115938
https://doi.org/10.1007/978-981-96-6202-9_2
https://doi.org/10.1016/j.arr.2025.102698
https://doi.org/10.1111/psyg.13207
https://doi.org/10.1590/0004-282x-anp-2020-0539
https://doi.org/10.1016/j.neurobiolaging.2019.03.018
https://doi.org/10.3233/JAD-180958
https://doi.org/10.22038/ijbms.2018.32911.7860
https://doi.org/10.3233/JAD-170567

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

[40]

(41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

S. Lopez-Ortiz, J. Pinto-Fraga, P.L. Valenzuela, J. Martin-Hernandez, M.M. Seisdedos, O. Garcia-Lépez,
N. Toschi, F. Di Giuliano, F. Garaci, N.B. Mercuri. Physical exercise and Alzheimer’s disease: effects on
pathophysiological molecular pathways of the disease. International Journal of Molecular Sciences 22
(2021) 2897. https://doi.org/10.3390/ijms22062897

P. Calabresi, A. Mechelli, G. Natale, L. Volpicelli-Daley, G. Di Lazzaro, V. Ghiglieri. Alpha-synuclein in
Parkinson’s disease and other synucleinopathies: from overt neurodegeneration back to early synaptic
dysfunction. Cell Death & Disease 14 (2023) 176. https://doi.org/10.1038/s41419-023-05672-9

J. Lu, M. Wu, Z. Yue. Autophagy and Parkinson’s disease. Autophagy: Biology and Diseases: Clinical
Science (2020) 21-51. https://doi.org/10.1007/978-981-15-4272-5 2

S.C. Andrews, D. Curtin, Z. Hawi, J. Wongtrakun, J.C. Stout, J.P. Coxon. Intensity matters: high-
intensity interval exercise enhances motor cortex plasticity more than moderate exercise. Cerebral
Cortex 30 (2020) 101-112. https://doi.org/10.1093/cercor/bhz075

I.G.D. Sena, A.V.d. Costa, I.K.d. Santos, D.P.d. Aradjo, F.T.d.S. Gomes, J.R.L.d.P. Cavalcanti, M.I.
Knackfuss, M.F.d. Andrade, P.K.M. Melo, I.A.T. Fonseca. Feasibility and effect of high-intensity
training on the progression of motor symptoms in adult individuals with Parkinson’s disease: a
systematic review and meta-analysis. PLoS One 18 (2023) e0293357.
https://doi.org/10.1371/journal.pone.0293357

S.M. Mueller, J.A. Petersen, H.H. Jung. Exercise in Huntington’s disease: current state and clinical sig-
nificance. Tremor and Other Hyperkinetic Movements 9 (2019) 601. https://doi.org/10.7916/tm9j-f874

M. Al-Wardat, T. Schirinzi, H. Hadoush, M. Kassab, M.A. Yabroudi, J. Opara, A. Nawrat-Szottysik, H.
Khalil, M. Etoom. Home-based exercise to improve motor functions, cognitive functions, and quality
of life in people with Huntington’s Disease: a systematic review and meta-analysis. International
Journal of Environmental Research and Public Health 19 (2022) 14915.
https://doi.org/10.3390/ijerph192214915

B. Trovato, B. Magri, A. Castorina, G. Maugeri, V. D’Agata, G. Musumeci. Effects of exercise on
skeletal muscle pathophysiology in Huntington’s disease. Journal of Functional Morphology and
Kinesiology 7 (2022) 40. https://doi.org/10.3390/jfmk7020040

P. Mateos-Aparicio, A. Rodriguez-Moreno. Calcium dynamics and synaptic plasticity. Calcium
Signaling 2019, p. 965-984. https://doi.org/10.1007/978-3-030-12457-1 38

M. Mansoor, A. Ibrahim, A. Hamide, T. Tran, E. Candreva, J. Baltaji. Exercise-Induced neuroplasticity:
adaptive mechanisms and preventive potential in neurodegenerative disorders. Physiologia 5 (2025)
13. https://doi.org/10.3390/physiologia5020013

Y. Murai, A. Goto. Diverse synaptic mechanisms underlying learning and memory consolidation.
Current Opinion in Neurobiology 92 (2025) 102996. https://doi.org/10.1016/j.conb.2025.102996

J. Nie, X. Yang. Modulation of synaptic plasticity by exercise training as a basis for ischemic stroke
rehabilitation. Cellular and Molecular Neurobiology 37 (2017) 5-16. https://doi.org/10.1007/s10571-
016-0348-1

M.G. Caruso, S. Nicolas, P.J. Lucassen, J.D. Mul, O.F. O’Leary, Y.M. Nolan. Ageing, cognitive decline,
and effects of physical exercise: complexities, and considerations from animal models. Brain Plasticity
9 (2024) 43-73. https://doi.org/10.3233/BPL-230157

E. De Domenico, G. D’Arcangelo, I. Faraoni, M. Palmieri, V. Tancredi, G. Graziani, P. Grimaldi, L.
Tentori. Modulation of GDF11 expression and synaptic plasticity by age and training. Oncotarget 8
(2017) 57991. https://doi.org/10.18632/oncotarget.19854

A.M. Mahalakshmi, B. Ray, S. Tuladhar, T.A. Hediyal, P. Raj, A.G. Rathipriya, M.W. Qoronfleh, M.M.
Essa, S.B. Chidambaram. Impact of pharmacological and non-pharmacological modulators on
dendritic spines structure and functions in brain. Cells 10 (2021) 3405.
https://doi.org/10.3390/cells10123405

S.-F. Tsai, N.-W. Ku, T.-F. Wang, Y.-H. Yang, Y.-H. Shih, S.-Y. Wu, C.-W. Lee, M. Yu, T.-T. Yang, Y.-M.
Kuo. Long-term moderate exercise rescues age-related decline in hippocampal neuronal complexity
and memory. Gerontology 64 (2018) 551-561. https://doi.org/10.1159/000488589

doi: https://doi.org/10.5599/admet.3058 19



https://doi.org/10.5599/admet.3058
https://doi.org/10.3390/ijms22062897
https://doi.org/10.1038/s41419-023-05672-9
https://doi.org/10.1007/978-981-15-4272-5_2
https://doi.org/10.1093/cercor/bhz075
https://doi.org/10.1371/journal.pone.0293357
https://doi.org/10.7916/tm9j-f874
https://doi.org/10.3390/ijerph192214915
https://doi.org/10.3390/jfmk7020040
https://doi.org/10.1007/978-3-030-12457-1_38
https://doi.org/10.3390/physiologia5020013
https://doi.org/10.1016/j.conb.2025.102996
https://doi.org/10.1007/s10571-016-0348-1
https://doi.org/10.1007/s10571-016-0348-1
https://doi.org/10.3233/BPL-230157
https://doi.org/10.18632/oncotarget.19854
https://doi.org/10.3390/cells10123405
https://doi.org/10.1159/000488589

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

M.S. Nokia, S. Lensu, J.P. Ahtiainen, P.P. Johansson, L.G. Koch, S.L. Britton, H. Kainulainen. Physical
exercise increases adult hippocampal neurogenesis in male rats provided it is aerobic and sustained.
The Journal of Physiology 594 (2016) 1855-1873. https://doi.org/10.1113/JP271552

T. Toda, S.L. Parylak, S.B. Linker, F.H. Gage. The role of adult hippocampal neurogenesis in brain health
and disease. Molecular psychiatry 24 (2019) 67-87. https://doi.org/10.1038/s41380-018-0036-2

P.Z. Liu, R. Nusslock. Exercise-mediated neurogenesis in the hippocampus via BDNF. Frontiers in
Neuroscience 12 (2018) 52. https://doi.org/10.3389/fnins.2018.00052

H.J. Ballard. Exercise makes your brain bigger: skeletal muscle VEGF and hippocampal neurogenesis.
The Journal of Physiology 595 (2017) 5721. https://doi.org/10.1113/JP274658

R.W.P. Kissane, S. Egginton. Exercise-mediated angiogenesis. Current Opinion in Physiology 10 (2019)
193-201. https://doi.org/10.1016/j.cophys.2019.06.005

E.S. Bliss, R.H.X. Wong, P.R.C. Howe, D.E. Mills. Benefits of exercise training on cerebrovascular and
cognitive function in ageing. Journal of Cerebral Blood Flow & Metabolism 41 (2021) 447-470.
https://doi.org/10.1177/0271678X20957807

C.E. Sexton, J.F. Betts, N. Demnitz, H. Dawes, K.P. Ebmeier, H. Johansen-Berg. A systematic review of
MRI studies examining the relationship between physical fitness and activity and the white matter of
the ageing brain. Neuroimage 131 (2016) 81-90. https://doi.org/10.1016/j.neuroimage.2015.09.071

C. Toader, M. Serban, O. Munteanu, R.-A. Covache-Busuioc, M. Enyedi, A.V. Ciurea, C.P. Tataru. From
synaptic plasticity to Neurodegeneration: BDNF as a transformative target in medicine. International
Journal of Molecular Sciences 26 (2025) 4271. https://doi.org/10.3390/ijms26094271

G. Gallardo, D.M. Holtzman. Amyloid-f and Tau at the Crossroads of Alzheimer’s Disease. Tau Biology
2020, p. 187-203. https://doi.org/10.1007/978-981-32-9358-8 16

S. Pattanaik, S.K. Prusty, P.K. Sahu. Exploring DPP IV inhibitors for Alzheimer’s disease: Bridging
diabetes and neurodegeneration. Brain Research 1848 (2025) 149342.
https://doi.org/10.1016/j.brainres.2024.149342

S.M. Algahtani, H.M. Al-Kuraishy, A.l. Al-Gareeb, M.M. Abdel-Fattah, A.A. Alsaiari, M. Alruwaili, M.
Papadakis, A. Alexiou, G.E.-S. Batiha. Targeting of PP2 A/GSK3B/PTEN Axis in Alzheimer Disease: The
Mooting Evidence, Divine, and Devil. Cellular and Molecular Neurobiology 45 (2025) 36.
https://doi.org/10.1007/s10571-025-01554-0

L. Alves, D. Hashiguchi, C.M. Loss, H. van Praag, B.M. Longo. Vascular dysfunction in Alzheimer's
disease: Exploring the potential of aerobic and resistance exercises as therapeutic strategies. Journal
of Alzheimer’s Disease 104 (2025) 963-979. https://doi.org/10.1177/13872877251321118

N. Kaur, K.R. Aran. Uncovering the intricacies of IGF-1 in Alzheimer’s disease: new insights from
regulation to therapeutic targeting. Inflammopharmacology 33 (2025) 1311-1330.
https://doi.org/10.1007/s10787-025-01641-0

Z.-X.Tan, F. Dong, L.-Y. Wu, Y.-S. Feng, F. Zhang. The beneficial role of exercise on treating
Alzheimer’s disease by inhibiting B-amyloid peptide. Molecular Neurobiology 58 (2021) 5890-5906.
https://doi.org/10.1007/s12035-021-02514-7

N. Ali, U. Sayeed, S.M.A. Shahid, S. Akhtar, M.K.A. Khan. Molecular mechanisms and biomarkers in
neurodegenerative disorders: a comprehensive review. Molecular Biology Reports 52 (2025) 1-19.
https://doi.org/10.1007/s11033-025-10463-w

B.M. Brown, J. Peiffer, S.R. Rainey-Smith. Exploring the relationship between physical activity, beta-
amyloid and tau: a narrative review. Ageing Research Reviews 50 (2019) 9-18.
https://doi.org/10.1016/j.arr.2019.01.003

S.R. French, B.P. Meyer, J.C. Arias, S.R. Levendovzsky, C.C. Weinkauf. Biomarkers of blood—brain
barrier and neurovascular unit integrity in human cognitive impairment and dementia. Alzheimer's &
Dementia 21 (2025) e70104. https://doi.org/10.1002/alz.70104

Y.-H. Leem, J.-S. Park, J.-E. Park, D.-Y. Kim, H.-S. Kim. Suppression of neuroinflammation and a-synuclein
oligomerization by rotarod walking exercise in subacute MPTP model of Parkinson's disease.
Neurochemistry International 165 (2023) 105519. https://doi.org/10.1016/j.neuint.2023.105519

20

(co) T


https://doi.org/10.1113/JP271552
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.3389/fnins.2018.00052
https://doi.org/10.1113/JP274658
https://doi.org/10.1016/j.cophys.2019.06.005
https://doi.org/10.1177/0271678X20957807
https://doi.org/10.1016/j.neuroimage.2015.09.071
https://doi.org/10.3390/ijms26094271
https://doi.org/10.1007/978-981-32-9358-8_16
https://doi.org/10.1016/j.brainres.2024.149342
https://doi.org/10.1007/s10571-025-01554-0
https://doi.org/10.1177/13872877251321118
https://doi.org/10.1007/s10787-025-01641-0
https://doi.org/10.1007/s12035-021-02514-7
https://doi.org/10.1007/s11033-025-10463-w
https://doi.org/10.1016/j.arr.2019.01.003
https://doi.org/10.1002/alz.70104
https://doi.org/10.1016/j.neuint.2023.105519

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

R. Bonavita, F. Vitale, L.V. Verdicchio, S.V. Williams, M.G. Caporaso, A. Fleming, M. Renna. Small HSPs at
the crossroad between protein aggregation, autophagy and unconventional secretion: clinical impli-
cations and potential therapeutic opportunities in the context of neurodegenerative diseases. Frontiers
in Cell and Developmental Biology 13 (2025) 1538377. https://doi.org/10.3389/fcell.2025.1538377

P. Kaur, A.A.A. Asea, The chaperokine activity of heat shock proteins, in Chaperokine Activity of Heat
Shock Proteins, Springer 2019, p. 3-22. https://doi.org/10.1007/978-3-030-02254-9 1

J.Li, Y. Xu, T. Liu, Y. Xu, X. Zhao, J. Wei. The role of exercise in maintaining mitochondrial proteostasis
in Parkinson’s disease. International Journal of Molecular Sciences 24 (2023) 7994.
https://doi.org/10.3390/ijms24097994

A. Romero Garavito, V. Diaz Martinez, E. Judrez Cortés, J.V. Negrete Diaz, L.M. Montilla Rodriguez.
Impact of physical exercise on the regulation of brain-derived neurotrophic factor in people with
neurodegenerative diseases. Frontiers in Neurology 15 (2025) 1505879.
https://doi.org/10.3389/fneur.2024.1505879

A. Oliveira de Carvalho, E. Murillo-Rodriguez, N.B. Rocha, M.G. Carta, S. Machado. Physical exercise
for Parkinson’s disease: Clinical and experimental evidence. Clinical Practice and Epidemiology in
Mental Health 14 (2018) 89-98. http://dx.doi.org/10.2174/1745017901814010089

A. Jurcau. Insights into the pathogenesis of neurodegenerative diseases: Focus on mitochondrial
dysfunction and oxidative stress. International Journal of Molecular Sciences 22 (2021) 11847.
https://doi.org/10.3390/ijms222111847

I. Marques-Aleixo, E. Santos-Alves, M.M. Balca, D. Rizo-Roca, P.l. Moreira, P.J. Oliveira, J. Magalhaes,
A. Ascensdo. Physical exercise improves brain cortex and cerebellum mitochondrial bioenergetics and
alters apoptotic, dynamic and auto (mito) phagy markers. Neuroscience 301 (2015) 480-495.
https://doi.org/10.1016/j.neuroscience.2015.06.027

A.A. Palabiyik, E. Palabiyik. Pharmacological approaches to enhance mitochondrial biogenesis: focus
on PGC-1A, AMPK, and SIRT1 in cellular health. Molecular Biology Reports 52 (2025) 270.
https://doi.org/10.1007/s11033-025-10368-8

M. Fiorenza, A.K. Lemminger, M. Marker, K. Eibye, F. Marcello laia, J. Bangsbo, M. Hostrup. High-
intensity exercise training enhances mitochondrial oxidative phosphorylation efficiency in a
temperature-dependent manner in human skeletal muscle: implications for exercise performance.
The FASEB Journal 33 (2019) 8976-8989. https://doi.org/10.1096/j.201900106RRR

M.I. Nilsson, M.A. Tarnopolsky. Mitochondria and aging—The role of exercise as a countermeasure.
Biology 8 (2019) 40. https://doi.org/10.3390/biology8020040

T. Tanaka, A. Nishimura, K. Nishiyama, T. Goto, T. Numaga-Tomita, M. Nishida. Mitochondrial
dynamics in exercise physiology. Pfliigers Archiv-European Journal of Physiology 472 (2020) 137-153.
https://doi.org/10.1007/s00424-019-02258-3

W.-I. Wu, X.-x. Gong, Z.-h. Qin, Y. Wang. Molecular mechanisms of excitotoxicity and their relevance
to the pathogenesis of neurodegenerative diseases—an update. Acta Pharmacologica Sinica 46
(2025) 3129-3142. https://doi.org/10.1038/s41401-025-01576-w

R. Baskerville, T. McGrath, L. Castell. The effects of physical activity on glutamate neurotransmission
in neuropsychiatric disorders. Frontiers in Sports and Active Living 5 (2023) 1147384.
https://doi.org/10.3389/fspor.2023.1147384

K. Jomova, S.Y. Alomar, S.H. Alwasel, E. Nepovimova, K. Kuca, M. Valko. Several lines of antioxidant
defense against oxidative stress: antioxidant enzymes, nanomaterials with multiple enzyme-
mimicking activities, and low-molecular-weight antioxidants. Archives of Toxicology 98 (2024) 1323-
1367. https://doi.org/10.1007/s00204-024-03696-4

Q. Meng, C.-H. Su. The impact of physical exercise on oxidative and nitrosative stress: balancing the
benefits and risks. Antioxidants 13 (2024) 573. https://doi.org/10.3390/antiox13050573

J.C. Wibawa, N. Febrianto, M.S. Fudin, Y. Ockta, R. Festiawan. The mechanism of physical exercise
increases glutathione peroxidase as an endogenous antioxidant: a systematic review. Retos 63 (2025)
610-619. https://doi.org/10.47197/retos.v63.108856

doi: https://doi.org/10.5599/admet.3058 21



https://doi.org/10.5599/admet.3058
https://doi.org/10.3389/fcell.2025.1538377
https://doi.org/10.1007/978-3-030-02254-9_1
https://doi.org/10.3390/ijms24097994
https://doi.org/10.3389/fneur.2024.1505879
http://dx.doi.org/10.2174/1745017901814010089
https://doi.org/10.3390/ijms222111847
https://doi.org/10.1016/j.neuroscience.2015.06.027
https://doi.org/10.1007/s11033-025-10368-8
https://doi.org/10.1096/fj.201900106RRR
https://doi.org/10.3390/biology8020040
https://doi.org/10.1007/s00424-019-02258-3
https://doi.org/10.1038/s41401-025-01576-w
https://doi.org/10.3389/fspor.2023.1147384
https://doi.org/10.1007/s00204-024-03696-4
https://doi.org/10.3390/antiox13050573
https://doi.org/10.47197/retos.v63.108856

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

G. Siciliano, L. Chico, A. Lo Gerfo, C. Simoncini, E. Schirinzi, G. Ricci. Exercise-related oxidative stress
as mechanism to fight physical dysfunction in neuromuscular disorders. Frontiers in Physiology 11
(2020) 451. https://doi.org/10.3389/fphys.2020.00451

X.-Y. Zhang, J.-H. Zhang, X.-C. Li, H. Lu, T.C.-Y. Liu. Exercise-induced upregulation of TRIM9 attenuates
neuroinflammation in Alzheimer’s disease-like rat. International Immunopharmacology 144 (2025)
113676. https://doi.org/10.1016/].intimp.2024.113676

E.A. da Silva, J. Faber, A.R. Penitente, J. Fernandes, P.H.F. Bertolucci, B.M. Longo, R.M. Arida. Effects
of resistance exercise on behavioral and molecular changes in transgenic female mice for Alzheimer's
disease in early and advanced stages. Experimental Neurology 388 (2025) 115217.
https://doi.org/10.1016/j.expneurol.2025.115217

G.P. Morais, I.V. de Sousa Neto, A.S.C. Veras, G.R. Teixeira, L.O. Paroschi, A.P. Pinto, J.R. Dos Santos,
L.C. Alberici, D.E.C. Cintra, J.R. Pauli. Chronic Exercise Protects Against Cognitive Deficits in an
Alzheimer’s Disease Model by Enhancing Autophagy and Reducing Mitochondrial Abnormalities.
Molecular Neurobiology 62 (2025) 12791-12810. https://doi.org/10.1007/s12035-025-05066-2

Z. Zhao, X. Wu, W. Liu, L. Zheng, C. Tang. Effects of Treadmill Exercise on Gut Microbiota in
Alzheimer’s Disease Model Mice and Wild-Type Mice. Microorganisms 13 (2025) 1765.
https://doi.org/10.3390/microorganisms13081765

X. Tong, Z. Tong, W. Wu, J. Yang, J. Wang, Y. Wang, D. Chen, Y. Wang, F. Zeng, Q. Du. Aerobic exercise
rescues synaptic plasticity in early-stage Alzheimer’s disease by suppressing miR-3473e to activate
EphB2-dependent NMDA/AMPA receptor signaling. Neurochemistry International 189 (2025) 106023.
https://doi.org/10.1016/j.neuint.2025.106023

Y. Chen, J. Cai, Y. She, X. He, H. Feng, X. Li, Y. Wei, Y. Fan, W.-e. Zhao, M. Yin. Long-term exercise
enhances meningeal lymphatic vessel plasticity and drainage in a mouse model of Alzheimer's disease.
Translational Neurodegeneration 14 (2025) 37. https://doi.org/10.1186/s40035-025-00497-2

C. Wei, X. Wu, C. Li, Y. Zhang, Q. Yuan, R. Huang. Aerobic exercise regulates gut microbiota profiles
and metabolite in the early stage of Alzheimer's disease. The FASEB Journal 39 (2025) e70327.
https://doi.org/10.1096/fj.202402572R

K.H. Binda, C.C. Real, A.F.F. Ferreira, L.R. Britto, M. Chacur. Antinociceptive effects of treadmill
exercise in a rat model of Parkinson's disease: the role of cannabinoid and opioid receptors. Brain
Research 1727 (2020) 146521. https://doi.org/10.1016/j.brainres.2019.146521

B. Wang, N. Li, Y. Wang, X. Tian, J. Lin, X. Zhang, H. Xu, Y. Sun, R. Zhao. Exercise Ameliorates
Dopaminergic Neurodegeneration in Parkinson’s Disease Mice by Suppressing Microglia-Regulated
Neuroinflammation Through Irisin/AMPK/Sirt1 Pathway. Biology 14 (2025) 955.
https://doi.org/10.3390/biology14080955

D. Kumar, R. Kumar, S. Janrao, V. Sharma, N. Begum, V. Fernandes, D.K. Khatri. Treadmill exercise
mitigates rotenone-induced neuroinflammation and a-synuclein level in a mouse model of
Parkinson’s disease. Brain Research 1854 (2025) 149540.
https://doi.org/10.1016/j.brainres.2025.149540

A.F.F. Ferreira, K.H. Binda, M.P. Singulani, C.P.M. Pereira, G.D. Ferrari, L.C. Alberici, C.C. Real, L.R.
Britto. Physical exercise protects against mitochondria alterations in the 6-hidroxydopamine rat
model of Parkinson’s disease. Behavioural brain research 387 (2020) 112607.
https://doi.org/10.1016/j.bbr.2020.112607

Z. Rezaee, S.M. Marandi, H. Alaei, F. Esfarjani, S. Feyzollahzadeh. Effects of preventive treadmill
exercise on the recovery of metabolic and mitochondrial factors in the 6-hydroxydopamine rat model
of Parkinson’s disease. Neurotoxicity Research 35 (2019) 908-917. https://doi.org/10.1007/s12640-
019-0004-x

B. Panunggal, T.-H. Yeh, S.-P. Tsao, C.-H. Pan, W.-T. Shih, Y.-T. Lin, A. Faradina, C.-L. Fang, H.-Y. Huang,
S.-Y. Huang. Treadmill intervention attenuates motor deficit with 6-OHDA-induced Parkinson’s
disease rat via changes in lipid profiles in brain and muscle. Aging (Albany NY) 17 (2025) 232-250.
https://doi.org/10.18632/aging.206181

22

(co) T


https://doi.org/10.3389/fphys.2020.00451
https://doi.org/10.1016/j.intimp.2024.113676
https://doi.org/10.1016/j.expneurol.2025.115217
https://doi.org/10.1007/s12035-025-05066-2
https://doi.org/10.3390/microorganisms13081765
https://doi.org/10.1016/j.neuint.2025.106023
https://doi.org/10.1186/s40035-025-00497-2
https://doi.org/10.1096/fj.202402572R
https://doi.org/10.1016/j.brainres.2019.146521
https://doi.org/10.3390/biology14080955
https://doi.org/10.1016/j.brainres.2025.149540
https://doi.org/10.1016/j.bbr.2020.112607
https://doi.org/10.1007/s12640-019-0004-x
https://doi.org/10.1007/s12640-019-0004-x
https://doi.org/10.18632/aging.206181

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

N. Li, B. Wang, Y. Wang, X. Tian, J. Lin, X. Sun, Y. Sun, X. Zhang, H. Xu, M. Li. Exercise ameliorates
dysregulated mitochondrial fission, mitochondrial respiration, and neuronal apoptosis in Parkinson’s
disease mice via the irisin/AMPK/SIRT1 pathway. Molecular Neurobiology 62 (2025) 8843-8856.
https://doi.org/10.1007/s12035-025-04801-z

E.A. Kasanga, I. Soto, A. Centner, R. McManus, M.K. Shifflet, W. Navarrete, Y. Han, J. Lisk, T. Ehrhardt,
K. Wheeler. Moderate intensity aerobic exercise alleviates motor deficits in 6-OHDA lesioned rats and
reduces serum levels of biomarkers of Parkinson's disease severity without recovery of striatal
dopamine or tyrosine hydroxylase. Experimental Neurology 379 (2024) 114875.
https://doi.org/10.1016/j.expneurol.2024.114875

K.H. Binda, T.P. Lillethorup, C.C. Real, S.L. Baerentzen, M.N. Nielsen, D. Orlowski, D. Brooks, M.
Chacur, A. Landau. Exercise protects synaptic density in a rat model of Parkinson's disease.
Experimental Neurology 342 (2021) 113741. https://doi.org/10.1016/j.expneurol.2021.113741

Y.-M. Kim, E.-S. Ji, S.-H. Kim, T.-W. Kim, |.-G. Ko, J.-J. Jin, C.-J. Kim, T.-W. Kim, D.-H. Kim. Treadmill
exercise improves short-term memory by enhancing hippocampal cell proliferation in quinolinic acid-
induced Huntington’s disease rats. Journal of Exercise Rehabilitation 11 (2015) 5-11.
https://doi.org/10.12965/jer.150182

M. Daniela, L. Catalina, O. llie, M. Paula, I. Daniel-Andrei, B. loana. Effects of exercise training on the
autonomic nervous system with a focus on anti-inflammatory and antioxidants effects. Antioxidants
11 (2022) 350. https://doi.org/10.3390/antiox11020350

A. Li, S.-y. Yau, S. Machado, P. Wang, T.-F. Yuan, K.-F. So. Enhancement of hippocampal plasticity by
physical exercise as a polypill for stress and depression: a review. CNS & Neurological Disorders-Drug
Targets-CNS & Neurological Disorders 18 (2019) 294-306.
https://doi.org/10.2174/1871527318666190308102804

N. Athanasiou, G.C. Bogdanis, G. Mastorakos. Endocrine responses of the stress system to different
types of exercise. Reviews in Endocrine and Metabolic Disorders 24 (2023) 251-266.
https://doi.org/10.1007/s11154-022-09758-1

X. Zheng, X. Liu, Y. Guo, Y. Lv, C. Lin, D. Wang, S. Wang, Y. Liu, X. Hu. Physical exercise and epigenetic
modifications in skeletal muscle, brain, and heart. Epigenetics & Chromatin 18 (2025) 12.
https://doi.org/10.1186/s13072-025-00576-8

I. Reddy, C.S. Dey. Exercise-induced signalling in alleviating neuronal insulin resistance. The Journal of
Physiology (2025). https://doi.org/10.1113/JP287750

E.A. Richter, P.J. Bilan, A. Klip. A comprehensive view of muscle glucose uptake: regulation by insulin,
contractile activity, and exercise. Physiological Reviews 105 (2025) 1867-1945.
https://doi.org/10.1152/physrev.00033.2024

S.P. Pradhan, A. Behera, P.K. Sahu. Effect of vildagliptin conjugated monometallic nanoparticles and
bimetallic nanocomposites on diabetes-induced cognitive deficit. Experimental Neurology 383 (2025)
115026. https://doi.org/10.1016/j.expneurol.2024.115026

A. Pilozzi, C. Carro, X. Huang. Roles of B-endorphin in stress, behavior, neuroinflammation, and brain
energy metabolism. International Journal of Molecular Sciences 22 (2020) 338.
https://doi.org/10.3390/ijms22010338

D.A. Baribeau, E. Anagnostou. Oxytocin and vasopressin: linking pituitary neuropeptides and their
receptors to social neurocircuits. Frontiers in Neuroscience 9 (2015) 335.
https://doi.org/10.3389/fnins.2015.00335

P. Moreno-Castilla, L.F. Rodriguez-Duran, K. Guzman-Ramos, A. Barcenas-Femat, M.L. Escobar, F.
Bermudez-Rattoni. Dopaminergic neurotransmission dysfunction induced by amyloid-f transforms
cortical long-term potentiation into long-term depression and produces memory impairment.
Neurobiology of Aging 41 (2016) 187-199. https://doi.org/10.1016/j.neurobiolaging.2016.02.021

C. Yang, X. Zhang, J. Gao, M. Wang, Z. Yang. Arginine vasopressin ameliorates spatial learning
impairments in chronic cerebral hypoperfusion via V1a receptor and autophagy signaling partially.
Translational psychiatry 7 (2017) e1174-e1174. https://doi.org/10.1038/tp.2017.121

doi: https://doi.org/10.5599/admet.3058 23



https://doi.org/10.5599/admet.3058
https://doi.org/10.1007/s12035-025-04801-z
https://doi.org/10.1016/j.expneurol.2024.114875
https://doi.org/10.1016/j.expneurol.2021.113741
https://doi.org/10.12965/jer.150182
https://doi.org/10.3390/antiox11020350
https://doi.org/10.2174/1871527318666190308102804
https://doi.org/10.1007/s11154-022-09758-1
https://doi.org/10.1186/s13072-025-00576-8
https://doi.org/10.1113/JP287750
https://doi.org/10.1152/physrev.00033.2024
https://doi.org/10.1016/j.expneurol.2024.115026
https://doi.org/10.3390/ijms22010338
https://doi.org/10.3389/fnins.2015.00335
https://doi.org/10.1016/j.neurobiolaging.2016.02.021
https://doi.org/10.1038/tp.2017.121

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

R.R. Kraemer, B.R. Kraemer. The effects of peripheral hormone responses to exercise on adult
hippocampal neurogenesis. Frontiers in Endocrinology 14 (2023) 1202349.
https://doi.org/10.3389/fendo.2023.1202349

J. Trivifo-Paredes, A.R. Patten, J. Gil-Mohapel, B.R. Christie. The effects of hormones and physical
exercise on hippocampal structural plasticity. Frontiers in Neuroendocrinology 41 (2016) 23-43.
https://doi.org/10.1016/j.yfrne.2016.03.001

M. Nowacka-Chmielewska, K. Grabowska, M. Grabowski, P. Meybohm, M. Burek, A. Matecki. Running
from stress: neurobiological mechanisms of exercise-induced stress resilience. International journal
of molecular sciences 23 (2022) 13348. https://doi.org/10.3390/ijms232113348

K. Ibeas, L. Herrero, P. Mera, D. Serra. Hypothalamus-skeletal muscle crosstalk during exercise and its
role in metabolism modulation. Biochemical Pharmacology 190 (2021) 114640.
https://doi.org/10.1016/j.bcp.2021.114640

C. Phillips, A. Fahimi. Immune and neuroprotective effects of physical activity on the brain in
depression. Frontiers in Neuroscience 12 (2018) 498. https://doi.org/10.3389/fnins.2018.00498

A. Ruiz-Tejada, J. Neisewander, C.S. Katsanos. Regulation of voluntary physical activity behavior: A
review of evidence involving dopaminergic pathways in the brain. Brain Sciences 12 (2022) 333.
https://doi.org/10.3390/brainsci12030333

R. Gharakhanlou, L. Fasihi. The role of neurotransmitters (serotonin and dopamine) in central
nervous system fatigue during prolonged exercise. New Approaches in Exercise Physiology 5 (2023)
138-160. https://doi.org/10.22054/nass.2024.76636.1148

S. Gupta, A. Bharatha, D. Cohall, S. Rahman, M. Haque, M.A.A. Majumder. Aerobic exercise and
endocannabinoids: a narrative review of stress regulation and brain reward systems. Cureus 16
(2024) e55468. https://doi.org/10.7759/cureus.55468

M. Kondo, Y. Nakamura, Y. Ishida, S. Shimada. The 5-HT3 receptor is essential for exercise-induced
hippocampal neurogenesis and antidepressant effects. Molecular Psychiatry 20 (2015) 1428-1437.
https://doi.org/10.1038/mp.2014.153

A. Pietrelli, L. Matkovié, M. Vacotto, J.J. Lopez-Costa, N. Basso, A. Brusco. Aerobic exercise
upregulates the BDNF-Serotonin systems and improves the cognitive function in rats. Neurobiology
of Learning and Memory 155 (2018) 528-542. https://doi.org/10.1016/j.nlm.2018.05.007

X. Lan, M. Zhang, W. Yang, Z. Zheng, Y. Wu, Q. Zeng, S. Liu, K. Liu, G. Li. Effect of treadmill exercise on
5-HT, 5-HT1A receptor and brain derived neurophic factor in rats after permanent middle cerebral
artery occlusion. Neurological Sciences 35 (2014) 761-766. https://doi.org/10.1007/s10072-013-
1599-y

T. Yang, Z. Nie, H. Shu, Y. Kuang, X. Chen, J. Cheng, S. Yu, H. Liu. The role of BDNF on neural plasticity
in depression. Frontiers in Cellular Neuroscience 14 (2020) 82.
https://doi.org/10.3389/fncel.2020.00082

T. Numakawa, H. Odaka. The role of neurotrophin signaling in age-related cognitive decline and
cognitive diseases. International Journal of Molecular Sciences 23 (2022) 7726.
https://doi.org/10.3390/ijms23147726

F. Sanaeifar, S. Pourranjbar, M. Pourranjbar, S. Ramezani, S.R. Mehr, A.-H.S. Wadan, F. Khazeifard.
Beneficial effects of physical exercise on cognitive-behavioral impairments and brain-derived
neurotrophic factor alteration in the limbic system induced by neurodegeneration. Experimental
Gerontology 195 (2024) 112539. https://doi.org/10.1016/j.exger.2024.112539

P.G.C. da Silva, D.D. Domingues, L.A. De Carvalho, S. Allodi, C.L. Correa. Neurotrophic factors in
Parkinson's disease are regulated by exercise: evidence-based practice. Journal of the Neurological
Sciences 363 (2016) 5-15. https://doi.org/10.1016/j.jns.2016.02.017

L. Colucci-D’Amato, L. Speranza, F. Volpicelli. Neurotrophic factor BDNF, physiological functions and
therapeutic potential in depression, neurodegeneration and brain cancer. International journal of
Molecular Sciences 21 (2020) 7777. https://doi.org/10.3390/ijms21207777

24

(co) T


https://doi.org/10.3389/fendo.2023.1202349
https://doi.org/10.1016/j.yfrne.2016.03.001
https://doi.org/10.3390/ijms232113348
https://doi.org/10.1016/j.bcp.2021.114640
https://doi.org/10.3389/fnins.2018.00498
https://doi.org/10.3390/brainsci12030333
https://doi.org/10.22054/nass.2024.76636.1148
https://doi.org/10.7759/cureus.55468
https://doi.org/10.1038/mp.2014.153
https://doi.org/10.1016/j.nlm.2018.05.007
https://doi.org/10.1007/s10072-013-1599-y
https://doi.org/10.1007/s10072-013-1599-y
https://doi.org/10.3389/fncel.2020.00082
https://doi.org/10.3390/ijms23147726
https://doi.org/10.1016/j.exger.2024.112539
https://doi.org/10.1016/j.jns.2016.02.017
https://doi.org/10.3390/ijms21207777

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

M. Miranda, J.F. Morici, M.B. Zanoni, P. Bekinschtein. Brain-derived neurotrophic factor: a key
molecule for memory in the healthy and the pathological brain. Frontiers in Cellular Neuroscience 13
(2019) 472800. https://doi.org/10.3389/fncel.2019.00363

A.T. Piepmeier, J.L. Etnier. Brain-derived neurotrophic factor (BDNF) as a potential mechanism of the
effects of acute exercise on cognitive performance. Journal of Sport and Health Science 4 (2015) 14-
23. https://doi.org/10.1016/j.jshs.2014.11.001

C.-L. Tsai, C.-Y. Pan, Y.-T. Tseng, F.-C. Chen, Y.-C. Chang, T.-C. Wang. Acute effects of high-intensity
interval training and moderate-intensity continuous exercise on BDNF and irisin levels and
neurocognitive performance in late middle-aged and older adults. Behavioural brain research 413
(2021) 113472. https://doi.org/10.1016/j.bbr.2021.113472

R. Waseem, A. Shamsi, T. Mohammad, M.I. Hassan, S.N. Kazim, A.A. Chaudhary, H.A. Rudayni, M. Al-
Zharani, F. Ahmad, A. Islam. FNDC5/Irisin: physiology and pathophysiology. Molecules 27 (2022)
1118. https://doi.org/10.3390/molecules27031118

X. Xu, R. Zhou, J. Ying, X. Li, R. Lu, Y. Qu, D. Mu. Irisin prevents hypoxic-ischemic brain damage in rats
by inhibiting oxidative stress and protecting the blood-brain barrier. Peptides 161 (2023) 170945.
https://doi.org/10.1016/j.peptides.2023.170945

J.-W. Choi, R. Balakrishnan. Aerobic exercise—induced myokine irisin release: A novel strategy to
promote neuroprotection and improve cognitive function. Neural Regeneration Research 21 (2026)
306-307. https://doi.org/10.4103/NRR.NRR-D-24-01034

B.J. Baranowski, G.C. Hayward, D.M. Marko, R.E.K. MacPherson. Examination of BDNF treatment on
BACE1 activity and acute exercise on brain BDNF signaling. Frontiers in Cellular Neuroscience 15
(2021) 665867. https://doi.org/10.3389/fncel.2021.665867

S.F. Sleiman, J. Henry, R. Al-Haddad, L. El Hayek, E. Abou Haidar, T. Stringer, D. Ulja, S.S.
Karuppagounder, E.B. Holson, R.R. Ratan. Exercise promotes the expression of brain derived
neurotrophic factor (BDNF) through the action of the ketone body B-hydroxybutyrate. eLife 5 (2016)
€15092. https://doi.org/10.7554/elife.15092

H. Maejima, M. Kitahara, Y. Takamatsu, H. Mani, T. Inoue. Effects of exercise and pharmacological
inhibition of histone deacetylases (HDACs) on epigenetic regulations and gene expressions crucial for
neuronal plasticity in the motor cortex. Brain Research 1751 (2021) 147191.
https://doi.org/10.1016/j.brainres.2020.147191

X. Xue, B. Liu, J. Hu, X. Bian, S. Lou. The potential mechanisms of lactate in mediating exercise-
enhanced cognitive function: a dual role as an energy supply substrate and a signaling molecule.
Nutrition & Mtabolism 19 (2022) 52. https://doi.org/10.1186/s12986-022-00687-z

S.D. Skaper. Nerve growth factor: a neuroimmune crosstalk mediator for all seasons. Immunology
151 (2017) 1-15. https://doi.org/10.1111/imm.12717

LY. Cao, Y. Lin, Y.F. Han, S.H. Ding, Y.L. Fan, Y.H. Pan, B. Zhao, Q.H. Guo, W.H. Sun, J.Q. Wan.
Expression of nerve growth factor carried by pseudotyped lentivirus improves neuron survival and
cognitive functional recovery of post-ischemia in rats. CNS Neuroscience & Therapeutics 24 (2018)
508-518. https://doi.org/10.1111/cns.12818

Y.-P. Hong, H.-C. Lee, H.-T. Kim. Treadmill exercise after social isolation increases the levels of NGF,
BDNF, and synapsin | to induce survival of neurons in the hippocampus, and improves depression-like
behavior. Journal of Exercise Nutrition & Biochemistry 19 (2015) 11.
https://doi.org/10.5717/jenb.2015.19.1.11

M. Grunewald, S. Kumar, H. Sharife, E. Volinsky, A. Gileles-Hillel, T. Licht, A. Permyakova, L. Hinden, S.
Azar, Y. Friedmann. Counteracting age-related VEGF signaling insufficiency promotes healthy aging
and extends life span. Science 373 (2021) eabc8479. https://doi.org/10.1126/science.abc8479

Y. Zhao, Q. Pang, M. Liu, J. Pan, B. Xiang, T. Huang, F. Tu, C. Liu, X. Chen. Treadmill exercise promotes

neurogenesis in ischemic rat brains via caveolin-1/VEGF signaling pathways. Neurochemical Research
42 (2017) 389-397. https://doi.org/10.1007/s11064-016-2081-z

doi: https://doi.org/10.5599/admet.3058 25



https://doi.org/10.5599/admet.3058
https://doi.org/10.3389/fncel.2019.00363
https://doi.org/10.1016/j.jshs.2014.11.001
https://doi.org/10.1016/j.bbr.2021.113472
https://doi.org/10.3390/molecules27031118
https://doi.org/10.1016/j.peptides.2023.170945
https://doi.org/10.4103/NRR.NRR-D-24-01034
https://doi.org/10.3389/fncel.2021.665867
https://doi.org/10.7554/elife.15092
https://doi.org/10.1016/j.brainres.2020.147191
https://doi.org/10.1186/s12986-022-00687-z
https://doi.org/10.1111/imm.12717
https://doi.org/10.1111/cns.12818
https://doi.org/10.5717/jenb.2015.19.1.11
https://doi.org/10.1126/science.abc8479
https://doi.org/10.1007/s11064-016-2081-z

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

X. Meng, W. Wu, Y. Tang, M. Peng, J. Yang, S. Yuan, Z. Hu, W. Liu. Lactate/Hydroxycarboxylic acid
receptor 1 in Alzheimer’s disease: Mechanisms and therapeutic implications-exercise perspective.
Molecular Neurobiology 61 (2024) 7717-7731. https://doi.org/10.1007/s12035-024-04067-x

A.H. Dyer, C. Vahdatpour, A. Sanfeliu, D. Tropea. The role of Insulin-Like Growth Factor 1 (IGF-1) in
brain development, maturation and neuroplasticity. Neuroscience 325 (2016) 89-99.
https://doi.org/10.1016/j.neuroscience.2016.03.056

J. Zegarra-Valdivia, H. Arana-Nombera, L. Perez-Fernandez, M. del Rocio Casimiro, V. Gallegos-
Manayay, M. del Rosario Oliva-Piscoya, R. Alamo-Medina, E. Abanto-Saldafia, M.C. Cruz-Ordinola, C.
Paredes-Manrique. Insulin-like growth factor 1 impact on Alzheimer’s disease: role in inflammation,
stress, and cognition. Current Issues in Molecular Biology 47 (2025) 233.
https://doi.org/10.3390/cimb47040233

I.K.H. Hadem, R. Sharma. Differential regulation of hippocampal IGF-1-associated signaling proteins
by dietary restriction in aging mouse. Cellular and Molecular Neurobiology 37 (2017) 985-993.
https://doi.org/10.1007/s10571-016-0431-7

A.F. Cintrén-Colén, G. Almeida-Alves, A.M. Boynton, J.M. Spitsbergen. GDNF synthesis, signaling, and
retrograde transport in motor neurons. Cell and Tissue Research 382 (2020) 47-56.
https://doi.org/10.1007/s00441-020-03287-6

K. Kawai, M. Takahashi. Intracellular RET signaling pathways activated by GDNF. Cell and tissue
research 382 (2020) 113-123. https://doi.org/10.1007/s00441-020-03262-1

M.J. McCullough, A.M. Gyorkos, J.M. Spitsbergen. Short-term exercise increases GDNF protein levels
in the spinal cord of young and old rats. Neuroscience 240 (2013) 258-268.
https://doi.org/10.1016/j.neuroscience.2013.02.063

T. Numakawa, R. Kajihara. The role of brain-derived neurotrophic factor as an essential mediator in
neuronal functions and the therapeutic potential of its mimetics for neuroprotection in neurologic
and psychiatric disorders. Molecules 30 (2025) 848. https://doi.org/10.3390/molecules30040848

M.H. Khalil. The Impact of Walking on BDNF as a Biomarker of Neuroplasticity: A Systematic Review.
Brain Sciences 15 (2025) 254. https://doi.org/10.3390/brainsci15030254

R. Bonanni, I. Cariati, U. Tarantino, G. D’Arcangelo, V. Tancredi. Physical exercise and health: a focus
on its protective role in neurodegenerative diseases. Journal of Functional Morphology and
Kinesiology 7 (2022) 38. https://doi.org/10.3390/jfmk7020038

H.M. Koo, S.M. Lee, M.H. Kim. Spontaneous wheel running exercise induces brain recovery via
neurotrophin-3 expression following experimental traumatic brain injury in rats. Journal of Physical
Therapy Science 25 (2013) 1103-1107. https://doi.org/10.1589/jpts.25.1103

M.A. Dominguez-Sanchéz, R.H. Bustos-Cruz, G.P. Velasco-Orjuela, A.P. Quintero, A. Tordecilla-
Sanders, J.E. Correa-Bautista, H.R. Triana-Reina, A. Garcia-Hermoso, K. Gonzalez-Ruiz, C.A. Pefa-
Guzman. Acute effects of high intensity, resistance, or combined protocol on the increase of level of
neurotrophic factors in physically inactive overweight adults: the BrainFit study. Frontiers in
physiology 9 (2018) 741. https://doi.org/10.3389/fphys.2018.00741

A. leraci, A. Mallei, L. Musazzi, M. Popoli. Physical exercise and acute restraint stress differentially
modulate hippocampal brain-derived neurotrophic factor transcripts and epigenetic mechanisms in
mice. Hippocampus 25 (2015) 1380-1392. https://doi.org/10.1002/hipo0.22458

S. Kim, J.-Y. Choi, S. Moon, D.-H. Park, H.-B. Kwak, J.-H. Kang. Roles of myokines in exercise-induced
improvement of neuropsychiatric function. Pfliigers Archiv-European Journal of Physiology 471
(2019) 491-505. https://doi.org/10.1007/s00424-019-02253-8

Y. Wang, Z. Wu, D. Wang, C. Huang, J. Xu, C. Liu, C. Yang. Muscle-brain communication in pain: The
key role of myokines. Brain Research Bulletin 179 (2022) 25-35.
https://doi.org/10.1016/j.brainresbull.2021.11.017

X. Bi, J. Fang, X. Jin, A. Thirupathi. The interplay between BDNF and PGC-1 alpha in maintaining brain
health: role of exercise. Frontiers in Endocrinology 15 (2024) 1433750.
https://doi.org/10.3389/fendo0.2024.1433750

26

(co) T


https://doi.org/10.1007/s12035-024-04067-x
https://doi.org/10.1016/j.neuroscience.2016.03.056
https://doi.org/10.3390/cimb47040233
https://doi.org/10.1007/s10571-016-0431-7
https://doi.org/10.1007/s00441-020-03287-6
https://doi.org/10.1007/s00441-020-03262-1
https://doi.org/10.1016/j.neuroscience.2013.02.063
https://doi.org/10.3390/molecules30040848
https://doi.org/10.3390/brainsci15030254
https://doi.org/10.3390/jfmk7020038
https://doi.org/10.1589/jpts.25.1103
https://doi.org/10.3389/fphys.2018.00741
https://doi.org/10.1002/hipo.22458
https://doi.org/10.1007/s00424-019-02253-8
https://doi.org/10.1016/j.brainresbull.2021.11.017
https://doi.org/10.3389/fendo.2024.1433750

ADMET & DMPK 14 (2026) 3058 Mechanisms of physical exercise on neurodegenerative diseases

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

F. D’Egidio, V. Castelli, A. Cimini, M. d’Angelo. Cell rearrangement and oxidant/antioxidant imbalance
in Huntington’s disease. Antioxidants 12 (2023) 571. https://doi.org/10.3390/antiox12030571

D. Jo, J. Song. Irisin acts via the PGC-1a and BDNF pathway to improve depression-like behavior.
Clinical Nutrition Research 10 (2021) 292. https://doi.org/10.7762/cnr.2021.10.4.292

A. Vainshtein, L.D. Tryon, M. Pauly, D.A. Hood. Role of PGC-1a during acute exercise-induced
autophagy and mitophagy in skeletal muscle. American Journal of Physiology-Cell Physiology 308
(2015) C710-C719. https://doi.org/10.1152/ajpcell.00380.2014

A. De la Rosa, E. Solana, R. Corpas, D. Bartrés-Faz, M. Pallas, J. Vina, C. Sanfeliu, M.C. Gomez-Cabrera.
Long-term exercise training improves memory in middle-aged men and modulates peripheral levels of
BDNF and Cathepsin B. Scientific Reports 9 (2019) 3337. https://doi.org/10.1038/s41598-019-40040-8

Q. Yu, Z. Zhang, F. Herold, S. Ludyga, J. Kuang, Y. Chen, Z. Liu, K.I. Erickson, B.H. Goodpaster, B.
Cheval. Physical activity, cathepsin B, and cognitive health. Trends in Molecular Medicine 31 (2025)
595-609. https://doi.org/10.1016/j.molmed.2024.12.010

S. Mathes, A. Fahrner, E. Luca, J. Krutzfeldt. Growth hormone/IGF-I-dependent signaling restores
decreased expression of the myokine SPARC in aged skeletal muscle. Journal of Molecular Medicine
100 (2022) 1647-1658. https://doi.org/10.1007/s00109-022-02260-w

Q. Feng, Y.l. Wang, Y. Yang. Neuroprotective effect of interleukin-6 in a rat model of cerebral
ischemia. Experimental and Therapeutic Medicine 9 (2015) 1695-1701.
https://doi.org/10.3892/etm.2015.2363

D. da Luz Scheffer, A. Latini. Exercise-induced immune system response: Anti-inflammatory status on
peripheral and central organs. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease 1866
(2020) 165823. https://doi.org/10.1016/j.bbadis.2020.165823

C.S. Jensen, J.M. Bahl, L.B. @stergaard, P. Hggh, L. Wermuth, A. Heslegrave, H. Zetterberg, N.H.H.
Heegaard, S.G. Hasselbalch, A.H. Simonsen. Exercise as a potential modulator of inflammation in
patients with Alzheimer's disease measured in cerebrospinal fluid and plasma. Experimental
Gerontology 121 (2019) 91-98. https://doi.org/10.1016/j.exger.2019.04.003

J.-H. Koo, Y.-C. Jang, D.-J. Hwang, H.-S. Um, N.-H. Lee, J.-H. Jung, J.-Y. Cho. Treadmill exercise
produces neuroprotective effects in a murine model of Parkinson’s disease by regulating the
TLR2/MyD88/NF-kB signaling pathway. Neuroscience 356 (2017) 102-113.
https://doi.org/10.1016/j.neuroscience.2017.05.016

E.J.R. de Almeida, H.J. Ibrahim, M.R. Chitolina Schetinger, C.M. de Andrade, A.M. Cardoso.
Modulation of Inflammatory Mediators and Microglial Activation Through Physical Exercise in
Alzheimer’s and Parkinson's Diseases. Neurochemical Research 47 (2022) 3221-3240.
https://doi.org/10.1007/s11064-022-03713-x

C. Cervellati, A. Trentini, A. Pecorelli, G. Valacchi. Inflammation in neurological disorders: the thin
boundary between brain and periphery. Antioxidants & Redox Signaling 33 (2020) 191-210.
https://doi.org/10.1089/ars.2020.8076

A. Falvino, R. Bonanni, U. Tarantino, V. Tancredi, |. Cariati. Which approach to choose to counteract
musculoskeletal aging? A comprehensive review on the multiple effects of exercise. International
Journal of Molecular Sciences 26 (2025) 7573. https://doi.org/10.3390/ijms26157573

L.S.M. Dos Santos, M. Trombetta-Lima, B.J.L. Eggen, M. Demaria. Cellular senescence in brain aging
and neurodegeneration. Ageing Research Reviews 93 (2024) 102141.
https://doi.org/10.1016/j.arr.2023.102141

M.T. Paris, K.E. Bell, M. Mourtzakis. Myokines and adipokines in sarcopenia: understanding cross-talk
between skeletal muscle and adipose tissue and the role of exercise. Current Opinion in
Pharmacology 52 (2020) 61-66. https://doi.org/10.1016/j.coph.2020.06.003

E. Ortega. The “bioregulatory effect of exercise” on the innate/inflammatory responses. Journal of
Physiology and Biochemistry 72 (2016) 361-369. https://doi.org/10.1007/s13105-016-0478-4

C.-C. Chio, H.-J. Lin, Y.-F. Tian, Y.-C. Chen, M.-T. Lin, C.-H. Lin, C.-P. Chang, C.-C. Hsu. Exercise
attenuates neurological deficits by stimulating a critical HSP70/NF-kB/IL-6/synapsin | axis in traumatic

doi: https://doi.org/10.5599/admet.3058 27



https://doi.org/10.5599/admet.3058
https://doi.org/10.3390/antiox12030571
https://doi.org/10.7762/cnr.2021.10.4.292
https://doi.org/10.1152/ajpcell.00380.2014
https://doi.org/10.1038/s41598-019-40040-8
https://doi.org/10.1016/j.molmed.2024.12.010
https://doi.org/10.1007/s00109-022-02260-w
https://doi.org/10.3892/etm.2015.2363
https://doi.org/10.1016/j.bbadis.2020.165823
https://doi.org/10.1016/j.exger.2019.04.003
https://doi.org/10.1016/j.neuroscience.2017.05.016
https://doi.org/10.1007/s11064-022-03713-x
https://doi.org/10.1089/ars.2020.8076
https://doi.org/10.3390/ijms26157573
https://doi.org/10.1016/j.arr.2023.102141
https://doi.org/10.1016/j.coph.2020.06.003
https://doi.org/10.1007/s13105-016-0478-4

S.S. Sahoo et al. ADMET & DMPK 14 (2026) 3058

[183]

[184]

[185]

brain injury rats. Journal of Neuroinflammation 14 (2017) 90. https://doi.org/10.1186/s12974-017-
0867-9

W. Villamil-Parra, L. Moscoso-Loaiza. Effects of physical exercise on Irisin and BDNF concentrations,
and their relationship with cardiometabolic and mental health of individuals with Metabolic
Syndrome: a Systematic Review. Experimental Gerontology 198 (2024) 112640.
https://doi.org/10.1016/j.exger.2024.112640

N. Chandimali, S.G. Bak, E.H. Park, H.-J. Lim, Y.-S. Won, E.-K. Kim, S.-I. Park, S.J. Lee. Free radicals and
their impact on health and antioxidant defenses: A review. Cell death discovery 11 (2025) 19.
https://doi.org/10.1038/s41420-024-02278-8

F.L. Orsatti, A.C. de Queiroz Freitas, A.V.B.e. Borges, A.S. Santato, C. de Oliveira Assumpcdo, M.V.C.
Souza, M.V. da Silva, C.L. Orsatti. Unveiling the role of exercise in modulating plasma heat shock

protein 27 levels: insights for exercise immunology and cardiovascular health. Molecular and Cellular
Biochemistry 480 (2025) 1381-1401. https://doi.org/10.1007/s11010-024-05089-8

©2026 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article distributed under the terms and
conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/) | {e=) AN

28

(co) T


https://doi.org/10.1186/s12974-017-0867-9
https://doi.org/10.1186/s12974-017-0867-9
https://doi.org/10.1016/j.exger.2024.112640
https://doi.org/10.1038/s41420-024-02278-8
https://doi.org/10.1007/s11010-024-05089-8
http://creativecommons.org/licenses/by/4.0/

