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Abstract

Research suggests that physical exercise is associated with prevention and management of chronic diseases. The influence of
physical exercise on brain function and metabolism and the mechanisms involved are well documented in the literature. This
review provides a comprehensive overview of the potential implications of physical exercise and the molecular benefits of
exercise in Parkinson’s disease, Alzheimer’s disease, and epilepsy. Here, we present an overview of the effects of exercise on
various aspects of metabolism and brain function. To this end, we conducted an extensive literature search of the PubMed, Web
of Science, and Google Scholar databases to identify articles published in the past two decades. This review delves into key
aspects including the modulation of neuroinflammation, neurotrophic factors, and synaptic plasticity. Moreover, we explored the
potential role of exercise in advancing therapeutic strategies for these chronic diseases. In conclusion, the review highlights the
importance of regular physical exercise as a complementary non-pharmacological treatment for individuals with neurological
disorders such as Alzheimer’s, Parkinson’s disease, and epilepsy.
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Introduction

The impact of physical exercise on an individual’s
overall health and well-being is well established, and
regular physical exercise is necessary to prevent and treat
numerous chronic diseases. Researchers have gained a
substantial understanding of the cellular mechanisms of
neurological diseases and revealed that both acute and
chronic physical exercise can change brain function
through several molecular mechanisms that regulate
cellular processes through specific signaling pathways that
affect and are affected by the redox and metabolic states of
the cell (1). Recent studies clarified how physical exercise
modulates neuroinflammatory processes (2,3), promotes
the production of neurotrophic factors (4), increases
synaptic plasticity (5,6), and controls redox balance.

The neuroprotective effects of exercise are evident
in several neurological diseases, such as Parkinson’s
disease (PD), Alzheimer’s disease (AD), and epilepsy,
highlighting how physical exercise influences cellular
neuromechanisms. Despite their different pathophysiology,

these neurological disorders exhibit common molecular
and redox responses to physical exercise. The impact of
physical exercise on brain function and disease is
influenced by several factors, including intensity, type,
frequency, and duration. For instance, in healthy young
adults, a 12-week moderate-intensity continuous training
intervention improved cerebral blood flow and executive
function more effectively than high-intensity interval training
(7). These physical exercise parameters combined with
individual biological differences determine how exercise
interacts with different brain mechanisms (8). Considering
the beneficial impact of exercise on brain health and in
various neurological conditions, our primary aim was to
provide a comprehensive overview of the potential impli-
cations of physical exercise on molecular benefits in
Parkinson’s disease, Alzheimer’s disease, and epilepsy.

We conducted a literature search of the PubMed,
Web of Science, and Google Scholar databases to identify
manuscripts published within the past two decades.
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The search strategy involved a combination of keywords
and Medical Subject Heading terms. The keywords used
included ‘‘physical exercise’’, ‘‘brain metabolism’’, ‘‘Par-
kinson’s disease’’, ‘‘Alzheimer’s disease’’, ‘‘epilepsy’’,
‘‘neurodegenerative diseases’’, ‘‘neurological disorders’’,
and ‘‘chronic diseases’’. Boolean operators (AND and
OR) were utilized to refine the search results and ensure a
comprehensive collection of relevant studies. We included
peer-reviewed articles published in English within the past
25 years (except in some specific cases in which no up-to-
date literature was available) that were studies focusing
on the impact of physical exercise on brain metabolism
and function, research related to specific chronic dis-
eases, and reviews. Articles that did not directly address
the connection between physical exercise and brain
function, that were not published in English, or were
conference abstracts, editorial notes, and commentaries
were excluded.

Parkinson’s disease

Pathophysiological context
PD is a progressive neurodegenerative disease

characterized by motor symptoms, such as tremors,
rigidity, and bradykinesia, and non-motor symptoms, such
as sleep disturbances and cognitive impairment (9).
Characteristics of PD include the destruction of dopami-
nergic neurons in the substantia nigra (the basic nucleus
responsible for producing dopamine in the brain) and
consequent cytoplasmic inclusions of a-synuclein (a-syn)
misfolded aggregates forming Lewy bodies (10). Aggre-
gation and propagation of a-syn in the central nervous
system and peripheral tissues play essential roles in the
pathogenesis of PD (10).

Pathological mechanisms are strongly associated with
several molecular processes including genetic variants,
neuroinflammation, and mitochondrial dysfunction. Inflam-
matory changes are related to the activation of microglia
and immune cells in the central nervous system and the
release of pro-inflammatory cytokines, chemokines, and
other immune mediators leading to the degeneration of
dopaminergic neurons (11). Genetic variants associated
with PD vary in frequency and risk factors. Several rare
variants in single genes, including SNCA, which encodes
a-syn implicated in Lewy body formation, Parkinson
disease protein 7 (PARK7), which encodes the protein
deglycase DJ-1 involved in oxidative stress protection,
and PRKN, which encodes parkin, an E3 ubiquitin ligase
crucial for maintaining mitochondrial quality control. These
and other genetic variants form crucial links between
metabolism, inflammation, and mitochondrial dysfunction,
all of which contribute to the development of PD (12).

The complex crosstalk between inflammatory pro-
cesses and mitochondrial dysfunction induces increased
oxidative stress associated with PD pathogenesis (13).
Immune cell activation within the brain initiates a

biochemical cascade that triggers enzymes, such as
nicotinamide adenine dinucleotide phosphate oxidase, to
produce reactive oxygen species (ROS). This has been
extensively documented by the cytokine-induced inflam-
matory state directly affecting the expression and func-
tionality of critical antioxidant enzymes, which compro-
mises the brain redox balance and exacerbates oxidative
stress in PD (14,15). Mitochondrial dysfunction is char-
acterized by the inefficient management of electron flow
across the electron transport chain complexes I–V. This
inefficiency promotes electron leakage, notably in com-
plexes I and III, thereby forming superoxide radicals,
which are precursors of potent oxidants. The dysfunction
of complex I (nicotinamide adenine dinucleotide; ubiqui-
none oxidoreductase) has emerged as a factor in the
pathophysiology of PD. Mutations in genes encoding
complex I subunits, as well as environmental toxins such
as rotenone, have been implicated in impairing its func-
tion, leading to mitochondrial dysfunction and subsequent
oxidative stress in PD (16). Moreover, reduced complex I
activity has been observed in the substantia nigra, the
brain region primarily affected in PD, contributing to the
selective vulnerability of dopaminergic neurons (14).

Physical exercise-mediated molecular regulation in
PD

Pre-clinical, clinical, and epidemiological studies have
revealed the potential effects of non-pharmacological
therapies for PD, as physical exercise mitigates changes
in neuroinflammation, oxidative stress, and mitochondrial
dysfunction (17–21) and improves motor and non-motor
symptoms (22–24). Integrating non-pharmacological thera-
pies with conventional treatments can improve long-term
therapeutic outcomes. Although influenced by the intensity
and duration of exercise, an acute response to physical
exercise increases blood flow and neurotrophic factors
(25,26), whereas adaptive responses include the upregula-
tion of antioxidants and repair enzymes and redox
regulation by different neurotrophic, synaptogenic, angio-
genic, and neurogenic processes (27) (Figure 1).

The cellular mechanisms underlying the benefits of
physical exercise on motor and non-motor symptoms in
PD are not yet fully understood. However, evidence
suggests that exercise-sensitive molecular mediators
and neuroplasticity processes are associated with these
symptoms. For example, studies have revealed that the
upregulation of brain-derived neurotrophic factor (BDNF)
is among the main molecular mechanisms induced by
physical exercise in patients with PD, which may improve
motor and non-motor symptoms (3,4,19,28–30). BDNF
belongs to a family of neurotrophic factors that bind to and
activate tropomyosin receptor kinase B (TrkB), which
regulates several small G proteins, including Ras, mito-
gen-activated protein kinase (MAPK), PI3-kinase, and
phospholipase-C-g (PLC-g) pathways. As a result of the
interaction of BDNF with its receptor, other signaling
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pathways (Ras/MAPK/extracellular signal-related kinase
and IRS-1/phophoinositide 3-kinase/AKT PLC-g/diacylglyc-
erol/inositol 1,4,5-triphosphate pathways) are activated,
which in turn activate one or both transcription factors,
including the cyclic adenosine monophosphate (cAMP)
response element-binding protein (CREB), which regulates
the expression of genes encoding proteins involved in the
survival, development, and function of neurons during
synaptogenesis, synaptic plasticity, and cognitive functions
(4,29).

Different types of physical exercise increase the BDNF
levels in the blood (30–32) and the brain (18,33).
BDNF levels in the peripheral and specific brain regions
promote different responses, each contributing uniquely to
the neuroprotective effects of physical exercise. For
example, serum BDNF levels can reflect systemic changes
and overall neurotrophic support (29,31). BDNF levels
in brain regions are directly related to local neuronal
health, synaptic plasticity, and cognitive function, providing
targeted neuroprotection and promoting neuronal survival
(33,34).

Both aerobic and strength training exercises offer
significant benefits in mitigating the motor and non-motor
symptoms of PD by leveraging the mechanisms of neuro-
protection and neuroplasticity associated with increased
BDNF expression (34). Different exercise-dependent
molecules or signaling pathways have been suggested
to upregulate BDNF expression. Resistance exercise

activates important signaling pathways within neurons,
including the insulin-like growth factor 1/CREB, MAPK/
extracellular signal-regulated kinase and phosphoinositide
3-kinase/Akt/mammalian target of rapamycin pathways,
which promote BDNF gene expression and protein synthe-
sis (35). Increased lactate levels due to exercise enhance
BDNF signaling in the hippocampus and promote learning
and memory (36). Under oxidative stress conditions,
aerobic physical exercise contributes to redox balance by
increasing the expression of nuclear factor erythroid 2-
related factor 2 (Nrf2), which upregulates antioxidant genes
(37) and exerts anti-ferroptotic effects on PD (38). Nrf2 acts
directly on brain redox regulation and promotes transcrip-
tional activity, increasing BDNF expression and crosstalk
between antioxidant signaling pathways and neurotrophic
factors. This hypothesis is supported by findings of
previous studies. Increased BDNF levels have been
observed in cancer-associated fibroblasts with activated
TrkB-Nrf2 signaling (39). Yao et al. (40) showed that the
activation of Nrf2 by sulforaphane or Nrf2 gene transfection
increased the BDNF mRNA expression and that Nrf2 binds
to the BDNF exon I promoter, indicating its function as a
transcription factor for BDNF.

In summary, the mechanisms regulated by physical
exercise in patients with PD modulate neurotrophic factors
and oxidative stress, thereby contributing to synaptic
plasticity, inflammatory control, and mitochondrial func-
tion. Exercise characteristics, such as type, intensity,

Figure 1. Molecular mechanisms induced by long-term exercise in the brain’s adaptive responses. This schematic represents the
differential pathways activated in the brain as a response to aerobic and resistance training. The aerobic exercise triggers the release of
muscle-derived exerkines, which in turn enhance the expression of brain-derived neurotrophic factor (BDNF) via the PI3K/AKTsignaling
pathway. This cascade promotes neural survival and synaptic plasticity through multiple intermediates mediated by TrkB receptor.
Additionally, the Sirt1/PGC1a pathway regulates antioxidant gene transcription via NRF2/ARE to combat oxidative stress. In response to
resistance training, two parallel yet distinct pathways are initiated, involving IGF1/AKT signaling and lactate-activated sirtuins, which
converge on BDNF synthesis and activate epigenetic regulators involved in DNA repair, thereby enhancing neuronal resilience.
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frequency, and duration, should be considered to promote
long-term neuroprotective responses.

Alzheimer’s disease

Pathophysiological context
AD is the most prevalent neurodegenerative disorder

worldwide. The accumulation of b-amyloid plaques and
neurofibrillary tangles is central to AD pathology, as it
disrupts synaptic function, triggering neuroinflammatory
responses (41). Moreover, the etiology of AD is complex
and involves a combination of genetic and environmental
factors that affect brain metabolism (42).

The brain’s glucose metabolism is impaired in AD
patients (36). Brain metabolism requires considerable
energy and high O2 consumption by mitochondrial oxida-
tive phosphorylation, which can trigger ROS production.
Brain cells have a low antioxidant capacity, and mitochon-
drial dysfunction in complex IV is associated with AD (43).
AD has a pre-clinical phase that can last for years. During
this time, changes in the brain occur even though no
symptoms have yet appeared (41). Although some drugs
have shown promising results, no effective treatments have
been identified to date (44). Environmental factors such as
physical activity and a healthy diet play crucial roles in the
prevention and treatment of AD (45).

Mitochondrial dysfunction, a critical factor in the patho-
physiology of AD, is characterized by impaired oxidative
phosphorylation and increased ROS levels (46). More-
over, b-amyloid disrupts mitochondrial dynamics, increases
Fis1, the protein involved in fission, and decreases the
expression of fusion proteins such as DLP1, OPA1, Mfn1,
and Mfn2. ROS can damage membranes, proteins, and
DNA of brain cells, and oxidative stress markers have
been identified in AD (47). Furthermore, mitochondrial

dysfunction plays a role in diminishing adenosine triphos-
phate (ATP) production, disrupting Ca2+ homeostasis
and causing changes in mitochondrial dynamics and
mitophagy during the early stages of AD (46). While AD
is progressive, aerobic exercise interventions may help
slow global cognitive decline and enhance specific memory
functions (45).

Physical exercise-related molecular modulations in
AD

Regular exercise has been shown to promote brain
health, serving as a preventive measure against AD
(30,48). Physical activity was inversely associated with
the risk of dementia in 163,000 participants without
dementia (49). Physical exercise-mediated metabolic
and molecular alterations are shown in Figure 2.

Mitochondrial DNA oxidation is observed in the initial
phases of AD, resulting in impaired glucose metabolism.
However, physical exercise enhances the DNA repair
system by increasing BDNF, CREB, and APE1 signaling
(50). Improvement in the antioxidant activity of enzymes is
a remarkable effect of exercise on the brain, which
protects against damage caused by excessive O2

consumption (51). Exercise improved antioxidant enzyme
levels (50) in transgenic female mice with AD. Physical
activity was shown to increase mitochondrial activity and
brain energy, both of which are essential for learning
and memory (52). Physical training improves cognitive
domains and decreases oxidative marker levels in
patients with AD (53).

Exercise improves brain metabolism, blood flow, and
mitochondrial function by stimulating peroxisome prolif-
erator-activated receptor-gamma coactivator-1a and Nrf-
2. Furthermore, exercise increases brain antioxidant
levels by improving the activities of antioxidant enzymes

Figure 2. Protective effects of exercise on Alzheimer’s disease pathology. The release of myokines from skeletal muscle during physical
activity and increased aerobic capacity benefits the central nervous system. The left side of the figure outlines the pathological features
characteristic of Alzheimer’s disease, including hyperphosphorylation, amyloid plaque formation, neuroinflammation, neurodegenera-
tion, oxidative stress, and insulin resistance. The right side illustrates how regular exercise exerts beneficial modulatory effects on
Alzheimer’s disease, including insulin sensitivity, cognitive enhancement, and elevation of neurotrophic factors that promote neuronal
health and survival. Exercise also induces improvement in mitochondrial function, essential for energy homeostasis and neuronal
function.
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such as superoxide dismutase, catalase, and glutathione
peroxidase (54). These findings highlight the role of
exercise in the prevention and treatment of AD (55).
Improvements in aerobic capacity are associated with
slower progressive cognitive impairment observed in AD
(55), enhanced hippocampal activity, and compensation
for age-related anterior hippocampal volume loss. Resis-
tance exercise increases prefrontal cortex activity (56),
induces an exercise-dependent increase in neurochem-
ical markers of brain neuronal density, and enhances
neurotransmission as observed using proton magnetic
resonance spectroscopy (57).

Physical exercise stimulates muscle cells to produce
bioactive molecules known as myokines. More than 600
myokines have been identified and described to date.
Irisin is a physical exercise-induced myokine that is
released upon cleavage of the membrane-bound pre-
cursor protein fibronectin type III domain-containing
protein 5 (FNDC5), which potentially modulates AD (48).
However, whether exercise increases irisin levels remains
controversial. Neither acute nor chronic endurance or
resistance exercise led to increased FNDC5 expression or
circulating concentrations of irisin, whereas 20 days of
high-intensity interval training led to acute increases in the
muscle expression of FNDC5 in healthy men (27). Another
myokine that induces brain modulation is cathepsin B,
which is upregulated by exercise in animal models as well
as in monkeys (58). Irisin and cathepsin B improve the
function of BDNF, a neurotrophic factor that increases
hippocampal neurogenesis, synaptic plasticity, spinal
dendritic cells, neurotransmitter receptors, and synaptic
proteins, thereby improving learning and memory (59).
In an animal model of AD, neurotrophic factors are
decreased and associated with cognitive deficits (60),
whereas exercise is a known neurotrophic inducer (61).

Neuroinflammation and microglial hyperactivation
change brain cell structure, metabolism, and function
and are among the most important factors in AD
development (62). The microglial activation increases
cytokine synthesis and actions, such as interleukin (IL)-1b,
IL-6, and tumor necrosis factor-a, which impair learning
and memory (63). Physical exercise decreases inflamma-
tory processes and improves anti-inflammatory pathways,
even in the brain, and it has been designated as an anti-
AD factor (64). Cytokines released into the bloodstream
by muscle fibers are expected to regulate physical
exercise-induced pro- and anti-inflammatory states.
Resistance exercise increases anti-inflammatory cytokine
IL-10 levels in the hippocampus of healthy old male rats
and in the frontal cortex of male AD mice (30). Patients
with AD showed increased inflammatory biomarkers, and
after exercise intervention, these biomarkers were modu-
lated, including increased levels of IL-6, a myokine that
has an anti-inflammatory effect on the brain (65). IL-6
upregulates the expression of the anti-inflammatory
cytokine IL-10 and increases the levels of IL-1 and IL-1

receptor antagonists. Moreover, IL-6 can downregulate
the expression of pro-inflammatory factors including tumor
necrosis factor-a or IL-1b (66).

Insulin is an important regulator of metabolism and
exerts anabolic effects on the brain. Insulin is currently
recognized as a neurotrophic factor whose impairment in
the brain causes AD. Brain insulin resistance is a key
factor in AD, which is treated as type III diabetes (67).
Intranasal insulin administration is a potential treatment
option for AD (68). Insulin signaling improves synaptogen-
esis, decreases tau hyperphosphorylation, increases
b-amyloid clearance, and promotes cell survival (69).
Exercise increases insulin sensitivity in the hippocampus,
a brain structure that is more severely affected by AD (70).
Moreover, lifestyle changes, including increased physical
activity, increased intranasal insulin signaling (71).
Furthermore, exercise has the potential to modulate
insulin transport across the blood-brain barrier and
enhance insulin signaling in various brain regions, as
demonstrated in young mice (72).

Epilepsy

Pathophysiological context
Epilepsy is among the most common neurological

disorders that can occur at any age, affecting approxi-
mately 1% of the global population (73). It is characterized
by spontaneous recurrent epileptic seizures, which are the
hallmarks of epilepsy and can result in several neurobio-
logical, cognitive, and psychosocial alterations (74).
According to the International League Against Epilepsy
(ILAE), epilepsy is diagnosed when a patient has two
unprovoked seizures occurring more than 24 h apart,
when someone has a single unprovoked seizure (if the
recurrence risk is high), or when a diagnosis of epilepsy
syndrome is confirmed (74). The ILAE Task Force
established six etiological categories to classify the
causes of epilepsy: genetic, structural, metabolic, infec-
tious, immune, and unknown (75). Mesial-temporal lobe
epilepsy is the most common form in humans. Its
pathophysiological substrate is hippocampal sclerosis,
the most common epileptogenic lesion in patients with
epilepsy. Common pathological findings of hippocampal
sclerosis include atrophy and astrogliosis of the hippo-
campus, amygdala, parahippocampal gyrus, and ento-
rhinal cortex, characterized by a decreased number of
pyramidal and hilar neurons and loss in other extratem-
poral regions (76).

Seizures and epilepsy result from diverse pathological
processes that disrupt the balance between excitation and
inhibition. They disrupt extracellular ion homeostasis, alter
energy metabolism, modify receptor function, and affect
transmitter uptake. In this context, increased attention has
been directed toward the roles of neuroinflammation and
oxidative stress in the pathophysiology of epilepsy.
Clinical and experimental evidence strongly supports the
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hypothesis that inflammatory processes within the brain
represent common and crucial mechanisms in the
pathophysiology of seizures and epilepsy (77). Experi-
mental studies have demonstrated that seizure activity
can trigger brain inflammation, and recurrent seizures
contribute to chronic inflammation (78). In response to
injury, inflammation promotes the utilization of ROS to
combat pathogens and facilitates rapid local signaling.
ROS are important secondary messengers that modulate
neuroinflammation at various stages through redox-
sensitive mechanisms. ROS overproduction or redox
dysregulation under oxidative stress can lead to cellular
damage, triggering danger signals that cause neuroin-
flammation (79). Mitochondrial dysfunction is an important
pathological characteristic that exacerbates the inflamma-
tory process associated with epilepsy. Approximately
40% of patients with epilepsy also have mitochondrial
diseases (80). Therefore, interventions that target neuro-
inflammation, including interventions that affect mitochon-
dria, can potentially achieve better clinical outcomes in
epilepsy.

Physical exercise-mediated redox and metabolic
regulation in epilepsy

Although most therapeutic procedures to control
seizures are pharmacological, non-pharmacological
approaches, including complementary medicine, are also
often used (81). In this scenario, physical exercise is
considered a potential complementary therapy for epi-
lepsy (82), and an extensive number of clinical and non-
clinical studies have contributed to the knowledge of the

beneficial effects of exercise on epilepsy (83). In the past,
patients with epilepsy were often advised not to participate
in physical and sports activities, mostly because of fear,
overprotection, and ignorance about the benefits and risks
associated with such activities. However, there is a
strong consensus that people living with epilepsy should
increase their physical activity (84).

Investigations primarily focusing on the effects of
physical exercise programs on seizure frequency have
reported improvements in seizure control (85,86) or no
increase in seizure frequency after physical exercise
interventions (87). Studies showing no increase in seizure
frequency after a physical exercise reported that seizures
occur more often during rest compared with the training
period (87). Therefore, most patients were seizure-free at
baseline and during training (88). In addition, studies
analyzing whether intensive exercise could interfere with
seizure susceptibility did not report seizures being induced
incrementally by exercise to exhaustion on ergometric
tests or after physical exertion (89,90). The psychological
effects of physical exercise on individuals with epilepsy,
including depression, mood, and quality of life, have also
been documented (88,91).

The proposed mechanisms by which regular physical
exercise can reduce the susceptibility to seizures have
been highlighted in several animal models of seizures and
epilepsy (Figure 3). Among these, the modulation of
neurotransmitters, neurotrophic factors, and brain metabo-
lism are key factors that may interfere with seizure
susceptibility. Other mechanisms that have been poorly
investigated in epileptic conditions include the

Figure 3. Summary of proposed mechanism by which exercise improves the altered metabolism in the epileptic brain. Modulation
of hypothalamic-pituitary-adrenal axis (HPA), neurotransmission/neuromodulation, and neuroinflammation systems are possible
mechanisms. Although not yet investigated in humans, an increase in cerebral metabolism is observed in the inferior colliculus and
auditory cortex of trained rats with epilepsy compared to non-trained rats with epilepsy. These mechanisms have also been suggested to
reduce or suppress spontaneous seizures and improve the quality of life of people with epilepsy.

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 6/12

https://doi.org/10.1590/1414-431X2024e14094


hypothalamic-pituitary-adrenocortical axis, neurosteroid
and steroid hormones, and the opioid, inflammatory, and
adenosinergic systems (83,92).

The brain is a vital organ with a high metabolic demand,
and it is challenged to raise its metabolic rate in response to
physical exercise. Recurrent or prolonged seizures induce
abnormalities in cellular bioenergetics and brain metabo-
lism (93) with extensive disturbances in homeostatic
mechanisms. Increased neuronal excitability is supported
by increased brain metabolism (94), and several lines of
evidence indicate that metabolic changes are the cause
and/or consequence of seizure activity (95). Therefore,
brain metabolism during seizures and the interictal period
(the time between seizures) provides a valuable indication
of the brain structures responsible for the generation,
propagation, and control of epileptic activity. Although acute
seizures increase cerebral blood flow and local cerebral
glucose levels, resulting in increased lactate levels and a
reduction in phosphocreatine and ATP levels (96) during
the interictal period, hypometabolism in several brain
structures has been observed in both human and animal
models of epilepsy (97,98).

During physical exercise, an increase in the require-
ments for oxygen and substrates is observed in the brain
(99,100). Increased cerebral neural activity and metabo-
lism (101) are followed by transient enhancement of
cerebral blood flow during and/or after exercise (102,103).
Although several studies have shown altered cerebral
metabolism during physical exercise, information on the
effects of physical exercise on cerebral metabolism in
patients with epilepsy is scarce. Using local cerebral
metabolic rates for glucose (LCMRglu) measured by the
quantitative [14C]2-deoxyglucose method, Arida et al.
(104) investigated whether a physical exercise program
could modify functional activity in brain areas using the
pilocarpine animal model of temporal lobe epilepsy.
Considering that seizures usually occur at rest and not
during exercise, LCMRglu was measured during the
interictal period of epileptic seizures. Trained rats with
epilepsy showed an increase in interictal LCMRglu in the
inferior colliculus and auditory cortex compared with
control rats with epilepsy. In addition, the aerobic exercise
program reversed the low metabolic rates in several
structures in animals with epilepsy to prevent seizures.
Similarly, higher local cerebral glucose utilization during
exercise has been demonstrated in the auditory and visual
cortices, the areas involved in attention, vigilance, and
alertness, suggesting that these alterations are not directly
related to exercise but rather to higher mental alertness
during physical activity (99). Considering that a certain
level of alertness is necessary during physical or sports
activities, increased vigilance and attention during exer-
cise may be involved in seizure reduction (105). However,
these changes in cerebral metabolic rate were observed
at rest and not measured during physical exercise.
Therefore, the increased metabolic rate in these

structures may explain the reduction in the number of
seizures reported in previous studies of trained animals
with epilepsy (106,107).

Other metabolic mechanisms have not yet been
explored. Adenosine, a by-product of energy metabolism
and ATP utilization, can act as a seizure inhibitor. During
metabolic stress, extracellular adenosine concentrations
increase rapidly, activating adenosine receptors
(108,109). Increased extracellular adenosine is accom-
panied by augmented metabolic activity, and seizures
induce an increase in extracellular adenosine. During
intensive physical exercise, the brain prefers lactate to
glucose as its primary energy substrate, thereby increas-
ing ATP production (110). Intensive exercise causes
metabolic acidosis by increasing serum lactate content.
Acidosis serves as a protective mechanism by increasing
the seizure threshold (89). Acidosis increases gamma-
aminobutyric acid levels, whereas alkalosis decreases
them. Indeed, an initial investigation suggested that
decreased epileptogenic EEG activity during physical
effort might be related to increased gamma-aminobutyric
acid concentrations due to metabolic acidosis (89).

Mitochondrial dysfunction in epilepsy
Focal, generalized, and myoclonic seizures and

epileptic spasms are the most common forms of seizures
associated with mitochondrial diseases (111). Studies
have indicated that seizures in patients with mitochondrial
disease may be induced by excessive amounts of ROS
resulting from abnormal mitochondrial function (112,113).
Seizures occur due to an energy deficit, specifically ATP,
resulting from impaired oxidative phosphorylation, which is
central to mitochondrial diseases. ATP molecules are
crucial for the function of sodium-potassium ATPase, which
ensures normal polarization of the neural membrane.
Impairment of the membrane potential induces neuronal
hyperexcitability, resulting in seizures (114). Decreased
ATP production produced by malfunctioning brain cell
mitochondria leads to disrupted metabolism and seizures
(115). Thus, the association between epilepsy and mito-
chondrial diseases can be characterized by disrupted
energy metabolism and abnormal neuronal activity.

Although the literature has demonstrated that the
relationship between mitochondrial dysfunction and ROS
generation contributes to the mechanisms that induce
seizures, there is limited information on the mechanisms by
which physical exercise affects mitochondrial dysfunction in
epilepsy. It is well known that regular exercise induces
increased endurance capacity resulting from mitochondrial
biogenesis, reduced oxidant production, and enhanced
antioxidant defense (116,117). To our knowledge, only one
study in this context has investigated the anticonvulsant
effect of a physical exercise program on seizures induced
by pentylenetetrazole using an animal model of traumatic
brain injury. In another study (118), treadmill exercise
reduced redox status alterations, characterized by lipid
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peroxidation and protein carbonyl increase, and inhibited
superoxide dismutase and Na+/K+ ATPase activities
after traumatic brain injury. Although further investigations
are required to better understand the effects of exercise on
mitochondrial dysfunction in epilepsy, exercise may be an
important approach to inducing mitochondrial adaptive
responses to control seizure activity.

Considering that physical exercise modulates
hypothalamic-pituitary-adrenal activity and the synthesis
and release of several neurotransmitters such as seroto-
nin, noradrenaline, and dopamine as well as upregulates
neurotrophic factors, exercise under epileptic conditions
may reduce stress and decrease seizure susceptibility.
Some mechanisms responsible for the beneficial effects of
physical exercise in chronic epilepsy appear to be related
to the regulation of brain activity, such as reducing seizure
susceptibility, anxiety, and depression as well as improv-
ing socialization, increasing self-esteem, and improving
the quality of life. Thus, physical exercise is a potential
candidate for integration with conventional therapies for
the treatment of epilepsy (84).

Perspectives

Studies of the effects of physical exercise on neuro-
logical diseases are a rapidly evolving field with promising
future perspectives. Further studies are required to
investigate the relationship between physical exercise
and chronic neurodegenerative diseases. However, it is
necessary to understand the different types, intensities,
durations, and frequencies that exert neuroprotective
effects in PD, AD, and epilepsy. The heterogeneity of
studies on PD, AD, and epilepsy complicates direct
comparisons among them. Participant individuality, includ-
ing differences in age, disease severity, and fitness level,
hinders the generalizability of our findings. The standardi-
zation of methodologies and adoption of uniform criteria for
assessing disease progression and exercise interventions
can improve the comparability of findings across studies.

Another important future direction is the integration of
exercise interventions with other therapeutic approaches
such as pharmacological treatments or noninvasive brain
stimulation techniques. Combining exercise with these
approaches may have synergistic effects and improve the
outcomes of patients with neurological diseases. More-
over, the use of technologies and digital health interven-
tions, such as smartphone apps or virtual reality platforms,
can facilitate the delivery of exercise interventions and
promote patient adherence. Future studies should explore
the effectiveness of these technologies in promoting
exercise and improving the outcomes of patients with
neurological diseases. Overall, future studies involving
physical exercise in neurological diseases are promising,
and further research in this field has the potential to
improve the quality of life of millions of individuals with
these conditions.

Although animal studies provide important data, the
translation of these findings into effective clinical interven-
tions requires well-designed and extensive trials. Address-
ing these limitations will improve our understanding of the
relationship between exercise and neurodegenerative
diseases and pave the way for evidence-based recom-
mendations. In conclusion, understanding the mecha-
nisms by which physical exercise can positively influence
the treatment of the aforementioned neurological diseases
is crucial for establishing appropriate guidelines that can
improve public health.

Funding

The authors would like to thank Brazilian agencies:
National Council for Scientific and Technological Devel-
opment, CNPq (R.A. Pinho 442941/2023-4; R.M. Arida
302689/2022-2; A.P. Muller 308734/2021-1), Coordination
for the Improvement of Higher Education Personnel,
CAPES (Finance Code 001), and the São Paulo Research
Foundation, FAPESP (R.M. Arida 2022/10696-1) for their
support.

References

1. Pinho RA, Aguiar Jr AS, Radák Z. Effects of resistance
exercise on cerebral redox regulation and cognition: an
interplay between muscle and brain. Antioxidants (Basel)
2019; 8: 529, doi: 10.3390/antiox8110529.

2. Seo DY, Heo JW, Ko JR, Kwak HB. Exercise and neuro-
inflammation in health and disease. Int Neurourol J 2019;
23: S82–S92, doi: 10.5213/inj.1938214.107.

3. Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Haidar EA,
Stringer T, et al. Exercise promotes the expression of brain
derived neurotrophic factor (BDNF) through the action of the
ketone body b-hydroxybutyrate. Elife 2016; 5: e15092, doi:
10.7554/eLife.15092.

4. Aguiar Jr AS, Castro AA, Moreira EL, Glaser V, Santos
ARS, Tasca CI, et al. Short bouts of mild-intensity physical

exercise improve spatial learning and memory in aging rats:
involvement of hippocampal plasticity via AKT, CREB and
BDNF signaling. Mech Ageing Dev 2011; 132: 560–567,
doi: 10.1016/j.mad.2011.09.005.

5. Bettio L, Thacker JS, Hutton C, Christie BR. Modulation of
synaptic plasticity by exercise. Int Rev Neurobiol 2019; 147:
295–322, doi: 10.1016/bs.irn.2019.07.002.

6. Ramdeo KR, Fahnestock M, Gibala M, Selvaganapathy RP,
Lee J, Nelson AJ. The effects of exercise on synaptic
plasticity in individuals with mild cognitive impairment:
protocol for a pilot intervention study. JMIR Res Protoc
2023; 12: e50030, doi: 10.2196/50030.

7. Liu J, Min L, Liu R, Zhang X, Wu M, Di Q, et al. The effect of
exercise on cerebral blood flow and executive function

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 8/12

http://dx.doi.org/10.3390/antiox8110529
http://dx.doi.org/10.5213/inj.1938214.107
http://dx.doi.org/10.7554/eLife.15092
http://dx.doi.org/10.1016/j.mad.2011.09.005
http://dx.doi.org/10.1016/bs.irn.2019.07.002
http://dx.doi.org/10.2196/50030
https://doi.org/10.1590/1414-431X2024e14094


among young adults: a double-blinded randomized con-
trolled trial. Sci Rep 2023; 13: 8269, doi: 10.1038/s41598-
023-33063-9.

8. Thirupathi A, Marqueze LF, Outeiro TF, Radak Z, Pinho RA.
Physical exercise-induced activation of nrf2 and bdnf as a
promising strategy for ferroptosis regulation in Parkinson’s
disease. Neurochem Res 2024; 49: 1643–1654, doi: 10.10
07/s11064-024-04152-6.

9. Yang Y, Tang BS, Guo JF. Parkinson’s disease and
cognitive impairment. Parkinsons Dis 2016; 2016: 6734678.

10. Wang R, Sun H, Ren H, Wang G. a-Synuclein aggregation
and transmission in Parkinson’s disease: a link to mitochon-
dria and lysosome. Sci China Life Sci 2020; 63: 1850–1859,
doi: 10.1007/s11427-020-1756-9.

11. Muzio L, Viotti A, Martino G. Microglia in neuroinflammation
and neurodegeneration: from understanding to therapy.
Front Neurosci 2021; 15: 742065, doi: 10.3389/fnins.2021.
742065.

12. Ye H, Robak LA, Yu M, Cykowski M, Shulman JM. Genetics
and pathogenesis of Parkinson’s syndrome. Annu Rev
Pathol 2023; 18: 95–121, doi: 10.1146/annurev-pathmech
dis-031521-034145.

13. Subramaniam SR, Chesselet MF. Mitochondrial dysfunction
and oxidative stress in Parkinson’s disease. Prog Neuro-
biol 2013; 106–107: 17–32, doi: 10.1016/j.pneurobio.2013.
04.004.

14. Sutachan JJ, Casas Z, Albarracin SL, Stab BR, Samudio I,
Gonzalez J, et al. Cellular and molecular mechanisms of
antioxidants in Parkinson’s disease. Nutr Neurosci 2012;
15: 120–126, doi: 10.1179/1476830511Y.0000000033.

15. Pajares M, I Rojo A, Manda G, Boscá L, Cuadrado A.
Inflammation in Parkinson’s disease: mechanisms and
therapeutic implications. Cells 2020; 9: 1687, doi: 10.3390/
cells9071687.

16. Drouin-Ouellet J. Mitochondrial complex I deficiency and
Parkinson disease. Nat Rev Neurosci 2023; 24: 193, doi:
10.1038/s41583-023-00676-y.

17. Tuon T, Valvassori SS, Lopes-Borges J, Luciano T, Trom
CB, Silva LA, et al. Physical training exerts neuroprotective
effects in the regulation of neurochemical factors in an
animal model of Parkinson’s disease. Neuroscience 2012;
227: 305–312, doi: 10.1016/j.neuroscience.2012.09.063.

18. Tuon T, Valvassori SS, Dal Pont GC, Paganini CS, Pozzi
BG, Luciano TF, et al. Physical training prevents depressive
symptoms and a decrease in brain-derived neurotrophic
factor in Parkinson’s disease. Brain Res Bull 2014; 108:
106–112, doi: 10.1016/j.brainresbull.2014.09.006.

19. Tuon T, Souza PS, Santos MF, Pereira FT, Pedroso GS,
Luciano TF, et al. Physical training regulates mitochondrial
parameters and neuroinflammatory mechanisms in an
experimental model of Parkinson’s disease. Oxid Med Cell
Longev 2015; 2015: 261809, doi: 10.1155/2015/261809.

20. Koo JH, Jang YC, Hwang DJ, Um HS, Lee NH, Jung JH,
et al. Treadmill exercise produces neuroprotective effects in a
murine model of Parkinson’s disease by regulating the TLR2/
MyD88/NF-kB signaling pathway. Neuroscience 2017; 356:
102–113, doi: 10.1016/j.neuroscience.2017.05.016.

21. Padilha C, Souza R, Grossl FS, Gauer APM, de Sá CA,
Rodrigues-Junior SA. Physical exercise and its effects on
people with Parkinson’s disease: Umbrella review. PLoS

One 2023; 18: e0293826, doi: 10.1371/journal.pone.0293
826.

22. Bloem BR, Brundin P, Harms A, Arlehamn CL, Tan EK,
Williams-Gray CH. Linking immune activation and Parkin-
son’s disease. J Parkinsons Dis 2022; s1: S1–3.

23. Ernst M, Folkerts AK, Gollan R, Lieker E, Caro-Valenzuela J,
Adams A, et al. Physical exercise for people with Parkin-
son’s disease: a systematic review and network meta-
analysis. Cochrane Database Syst Rev 2024; 4: CD013856,
doi: 10.1002/14651858.CD013856.pub2.

24. Nuic D, van de Weijer S, Cherif S, Skrzatek A, Zeeboer E,
Olivier C, et al. Home-based exergaming to treat gait and
balance disorders in patients with Parkinson’s disease:
a phase II randomized controlled trial. Eur J Neurol 2024;
31: e16055, doi: 10.1111/ene.16055.

25. Nilsson J, Ekblom Ö, Ekblom M, Lebedev A, Tarassova O,
Moberg M, et al. Acute increases in brain-derived neuro-
trophic factor in plasma following physical exercise relates to
subsequent learning in older adults. Sci Rep 2020; 10: 4395,
doi: 10.1038/s41598-020-60124-0.

26. Bosch BM, Bringard A, Logrieco MG, Lauer E, Imobersteg
N, Thomas A, et al. A single session of moderate intensity
exercise influences memory, endocannabinoids and brain
derived neurotrophic factor levels in men. Sci Rep 2021; 11:
14371, doi: 10.1038/s41598-021-93813-5.

27. Pedersen BK. Physical activity and muscle–brain crosstalk.
Nat Rev Endocrinol 2019; 15: 383–392, doi: 10.1038/
s41574-019-0174-x.

28. Pinho RA, Aguiar Jr AS, Radák Z. Effects of resistance
exercise on cerebral redox regulation and cognition: an
interplay between muscle and brain. Antioxidants (Basel)
2019; 8: 529, doi: 10.3390/antiox8110529.

29. De la Rosa A, Solana E, Corpas R, Bartrés-Faz D, Pallàs M,
Vina J, et al. Long-term exercise training improves memory
in middle-aged men and modulates peripheral levels of
BDNF and Cathepsin B. Sci Rep 2019; 9: 3337, doi: 10.10
38/s41598-019-40040-8.

30. Azevedo CV, Hashiguchi D, Campos HC, Figueiredo EV,
Otaviano SFSD, Penitente AR, et al. The effects of
resistance exercise on cognitive function, amyloidogenesis,
and neuroinflammation in Alzheimer’s disease. Front
Neurosci 2023; 17: 1131214, doi: 10.3389/fnins.2023.113
1214.

31. Ledreux A, Håkansson K, Carlsson R, Kidane M, Columbo
L, Terjestam Y, et al. Differential effects of physical exercise,
cognitive training, and mindfulness practice on serum BDNF
levels in healthy older adults: a randomized controlled
intervention study. J Alzheimers Dis 2019; 4: 1245–1261,
doi: 10.3233/JAD-190756.

32. Chan WS, Ng CF, Pang BPS, Hang M, Tse MCL, Iu ECY,
et al. Exercise-induced BDNF promotes PPARd-dependent
reprogramming of lipid metabolism in skeletal muscle
during exercise recovery. Sci Signal 2024; 17: eadh2783,
doi: 10.1126/scisignal.adh2783.

33. Rafie F, Rajizadeh MA, Shahbazi M, Pourranjbar M,
Nekouei AH, Sheibani V, et al. Effects of voluntary, and
forced exercises on neurotrophic factors and cognitive
function in animal models of Parkinson’s disease. Neuro-
peptides 2023; 101: 102357, doi: 10.1016/j.npep.2023.10
2357.

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 9/12

http://dx.doi.org/10.1038/s41598-023-33063-9
http://dx.doi.org/10.1038/s41598-023-33063-9
http://dx.doi.org/10.1007/s11064-024-04152-6
http://dx.doi.org/10.1007/s11064-024-04152-6
http://dx.doi.org/10.1007/s11427-020-1756-9
http://dx.doi.org/10.3389/fnins.2021.742065
http://dx.doi.org/10.3389/fnins.2021.742065
http://dx.doi.org/10.1146/annurev-pathmechdis-031521-034145
http://dx.doi.org/10.1146/annurev-pathmechdis-031521-034145
http://dx.doi.org/10.1016/j.pneurobio.2013.04.004
http://dx.doi.org/10.1016/j.pneurobio.2013.04.004
http://dx.doi.org/10.1179/1476830511Y.0000000033
http://dx.doi.org/10.3390/cells9071687
http://dx.doi.org/10.3390/cells9071687
http://dx.doi.org/10.1038/s41583-023-00676-y
http://dx.doi.org/10.1016/j.neuroscience.2012.09.063
http://dx.doi.org/10.1016/j.brainresbull.2014.09.006
http://dx.doi.org/10.1155/2015/261809
http://dx.doi.org/10.1016/j.neuroscience.2017.05.016
http://dx.doi.org/10.1371/journal.pone.0293826
http://dx.doi.org/10.1371/journal.pone.0293826
http://dx.doi.org/10.1002/14651858.CD013856.pub2
http://dx.doi.org/10.1111/ene.16055
http://dx.doi.org/10.1038/s41598-020-60124-0
http://dx.doi.org/10.1038/s41598-021-93813-5
http://dx.doi.org/10.1038/s41574-019-0174-x
http://dx.doi.org/10.1038/s41574-019-0174-x
http://dx.doi.org/10.3390/antiox8110529
http://dx.doi.org/10.1038/s41598-019-40040-8
http://dx.doi.org/10.1038/s41598-019-40040-8
http://dx.doi.org/10.3389/fnins.2023.1131214
http://dx.doi.org/10.3389/fnins.2023.1131214
http://dx.doi.org/10.3233/JAD-190756
http://dx.doi.org/10.1126/scisignal.adh2783
http://dx.doi.org/10.1016/j.npep.2023.102357
http://dx.doi.org/10.1016/j.npep.2023.102357
https://doi.org/10.1590/1414-431X2024e14094


34. Vilela TC, Muller AP, Damiani AP, Macan TP, da Silva S,
Canteiro PB, et al. Strength and aerobic exercises improve
spatial memory in aging rats through stimulating distinct
neuroplasticity mechanisms. Mol Neurobiol 2017; 54: 7928–
7937, doi: 10.1007/s12035-016-0272-x.

35. Lu Y, Bu FQ, Wang F, Liu L, Zhang S, Wang G, et al. Recent
advances on the molecular mechanisms of exercise-induced
improvements of cognitive dysfunction. Transl Neurodegener
2023; 12: 9, doi: 10.1186/s40035-023-00341-5.

36. El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel
N, Karnib N, et al. Lactate mediates the effects of exercise
on learning and memory through SIRT1-dependent activa-
tion of hippocampal brain-derived neurotrophic factor
(BDNF). J Neurosci 2019; 13: 2369–2382, doi: 10.1523/
JNEUROSCI.1661-18.2019.

37. Song X, Long D. Nrf2 and ferroptosis: a new research
direction for neurodegenerative diseases. Front Neurosci
2020; 14: 267, doi: 10.3389/fnins.2020.00267.

38. Yan S, Yin L, Dong R. Inhibition of IEC-6 cell proliferation
and the mechanism of ulcerative colitis in C57BL/6 mice
by dandelion root polysaccharides. Foods 2023; 20: 3800,
doi: 10.3390/foods12203800.

39. Jin Z, Lu Y, Wu X, Pan T, Yu Z, Hou J, et al. The cross-talk
between tumor cells and activated fibroblasts mediated by
lactate/BDNF/TrkB signaling promotes acquired resistance
to anlotinib in human gastric cancer. Redox Biol 2021; 46:
102076, doi: 10.1016/j.redox.2021.102076.

40. Yao W, Lin S, Su J, Cao Q, Chen Y, Chen J, et al. Activation
of BDNF by transcription factor Nrf2 contributes to anti-
depressant-like actions in rodents. Transl Psychiatry 2021;
1: 140, doi: 10.1038/s41398-021-01261-6.

41. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling
RA, Cummings JL. Alzheimer’s disease. Nat Rev Dis
Primers 2015; 1: 15056, doi: 10.1038/nrdp.2015.56.

42. Andrews SJ, Renton AE, Fulton-Howard B, Podlesny-
Drabiniok A, Marcora E, Goate AM. The complex genetic
architecture of Alzheimer’s disease: novel insights and
future directions. EBioMedicine 2023; 90: 104511, doi:
10.1016/j.ebiom.2023.104511.

43. Burtscher J, Millet GP, Place N, Kayser B, Zanou N.
The muscle-brain axis and neurodegenerative diseases:
the key role of mitochondria in exercise-induced neuropro-
tection. Int J Mol Sci 2021; 22: 6479, doi: 10.3390/
ijms22126479.

44. Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L,
Maier M, et al. The antibody aducanumab reduces Ab
plaques in Alzheimer’s disease. Nature 2016; 7618: 50–56,
doi: 10.1038/nature19323.

45. Yu F, Vock DM, Zhang L, Salisbury D, Nelson NW, Chow LS,
et al. Cognitive effects of aerobic exercise in alzheimer’s
disease: a pilot randomized controlled trial. J Alzheimer’s
Dis 2021; 1: 233–244, doi: 10.3233/JAD-201100.

46. Misrani A, Tabassum S, Yang L. Mitochondrial dysfunction
and oxidative stress in Alzheimer’s disease. Front Aging
Neurosci 2021; 13: 617588, doi: 10.3389/fnagi.2021.61
7588.

47. Tönnies E, Trushina E. Oxidative stress, synaptic dysfunc-
tion, and Alzheimer’s disease. J Alzheimers Dis 2017; 4:
1105–1121, doi: 10.3233/JAD-161088.

48. de Freitas GB, Lourenco MV, De Felice FG. Protective
actions of exercise-related FNDC5/Irisin in memory and

Alzheimer’s disease. J Neurochem 2020; 155; 602–611, doi:
10.1111/jnc.15039.

49. Hamer M, Chida Y. Physical activity and risk of neurode-
generative disease: a systematic review of prospective
evidence. Psychol Med 2009; 39: 3–11, doi: 10.1017/
S0033291708003681.

50. Ionescu-Tucker A, Cotman CW. Emerging roles of oxidative
stress in brain aging and Alzheimer’s disease. Neurobiol
Aging 2021; 107: 86–95, doi: 10.1016/j.neurobiolaging.
2021.07.014.

51. Vilela T, De Andrade V, Radak Z, De Pinho R. The role of
exercise in brain DNA damage. Neural Regen Res 2020;
15:1981–1985, doi: 10.4103/1673-5374.282237.

52. Muller AP, Zimmer ER, Haas CB, Oses JP, de Assis AM,
Galina A, et al. Physical exercise exacerbates memory
deficits induced by intracerebroventricular STZ but improves
insulin regulation of H2O2 production in mice synaptosomes.
J Alzheimers Dis 2012; 4: 889–898, doi: 10.3233/JAD-2012-
112066.

53. de Farias JM, Tramontin NS, Pereira EV, de Moraes GL,
Furtado BG, Tietbohl LTW, et al. Physical exercise training
improves judgment and problem-solving and modulates
serum biomarkers in patients with Alzheimer’s disease. Mol
Neurobiol 2021; 58: 4217–4225, doi: 10.1007/s12035-021-
02411-z.

54. Chen C, Nakagawa S. Physical activity for cognitive health
promotion: An overview of the underlying neurobiological
mechanisms. Ageing Res Rev 2023; 86: 101868, doi:
10.1016/j.arr.2023.101868.

55. Morris JK, Vidoni ED, Johnson DK, Van Sciver A, Mahnken
JD, Honea RA, et al. Aerobic exercise for Alzheimer’s
disease: a randomized controlled pilot trial. PLoS One 2017;
12: e0170547, doi: 10.1371/journal.pone.0170547.

56. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A,
Chaddock L, et al. Exercise training increases size of
hippocampus and improves memory. Proc Natl Acad Sci
USA 2011; 108: 3017–3022, doi: 10.1073/pnas.101595
0108.

57. Sheoran S, Vints WAJ, Valatkevičien .e K, Kušleikien .e S,
Gleiznien

.
e R, Česnaitien .e VJ, et al. Strength gains after 12

weeks of resistance training correlate with neurochemical
markers of brain health in older adults: a randomized
control 1H-MRS study. Geroscience 2023; 45: 1837–1855,
doi: 10.1007/s11357-023-00732-6.

58. Moon HY, Becke A, Berron D, Becker B, Sah N, Benoni G,
et al. Running-induced systemic Cathepsin B secretion is
associated with memory function. Cell Metab 2016; 2:
332–340, doi: 10.1016/j.cmet.2016.05.025.

59. Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B,
Clemenson GD, et al. Combined adult neurogenesis and
BDNF mimic exercise effects on cognition in an Alzheimer’s
mouse model. Science 2018; 361: eaan8821, doi: 10.1126/
science.aan8821.

60. Wu Z, Chen C, Kang SS, Liu X, Gu X, Yu SP, et al.
Neurotrophic signaling deficiency exacerbates environmen-
tal risks for Alzheimer’s disease pathogenesis. Proc Natl
Acad Sci USA 2021; 118: e2100986118, doi: 10.1073/pnas.
2100986118.

61. Ruiz-González D, Hernández-Martínez A, Valenzuela PL,
Morales JS, Soriano-Maldonado A. Effects of physical
exercise on plasma brain-derived neurotrophic factor in

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 10/12

http://dx.doi.org/10.1007/s12035-016-0272-x
http://dx.doi.org/10.1186/s40035-023-00341-5
http://dx.doi.org/10.1523/JNEUROSCI.1661-18.2019
http://dx.doi.org/10.1523/JNEUROSCI.1661-18.2019
http://dx.doi.org/10.3389/fnins.2020.00267
http://dx.doi.org/10.3390/foods12203800
http://dx.doi.org/10.1016/j.redox.2021.102076
http://dx.doi.org/10.1038/s41398-021-01261-6
http://dx.doi.org/10.1038/nrdp.2015.56
http://dx.doi.org/10.1016/j.ebiom.2023.104511
http://dx.doi.org/10.3390/ijms22126479
http://dx.doi.org/10.3390/ijms22126479
http://dx.doi.org/10.1038/nature19323
http://dx.doi.org/10.3233/JAD-201100
http://dx.doi.org/10.3389/fnagi.2021.617588
http://dx.doi.org/10.3389/fnagi.2021.617588
http://dx.doi.org/10.3233/JAD-161088
http://dx.doi.org/10.1111/jnc.15039
http://dx.doi.org/10.1017/S0033291708003681
http://dx.doi.org/10.1017/S0033291708003681
http://dx.doi.org/10.1016/j.neurobiolaging.2021.07.014
http://dx.doi.org/10.1016/j.neurobiolaging.2021.07.014
http://dx.doi.org/10.4103/1673-5374.282237
http://dx.doi.org/10.3233/JAD-2012-112066
http://dx.doi.org/10.3233/JAD-2012-112066
http://dx.doi.org/10.1007/s12035-021-02411-z
http://dx.doi.org/10.1007/s12035-021-02411-z
http://dx.doi.org/10.1016/j.arr.2023.101868
http://dx.doi.org/10.1371/journal.pone.0170547
http://dx.doi.org/10.1073/pnas.1015950108
http://dx.doi.org/10.1073/pnas.1015950108
http://dx.doi.org/10.1007/s11357-023-00732-6
http://dx.doi.org/10.1016/j.cmet.2016.05.025
http://dx.doi.org/10.1126/science.aan8821
http://dx.doi.org/10.1126/science.aan8821
http://dx.doi.org/10.1073/pnas.2100986118
http://dx.doi.org/10.1073/pnas.2100986118
https://doi.org/10.1590/1414-431X2024e14094


neurodegenerative disorders: A systematic review and
meta-analysis of randomized controlled trials. Neurosci
Biobehav Rev 2021; 128: 394–405, doi: 10.1016/j.
neubiorev.2021.05.025.

62. Thakur S, Dhapola R, Sarma P, Medhi B, Reddy DH.
Neuroinflammation in alzheimer’s disease: current progress
in molecular signaling and therapeutics. Inflammation 2023;
46: 1–17, doi: 10.1007/s10753-022-01721-1.

63. Merighi S, Nigro M, Travagli A, Gessi S. Microglia and
Alzheimer’s disease. Int J Mol Sci 2022; 23: 12990, doi:
10.3390/ijms232112990.

64. Mee-Inta O, Zhao ZW, Kuo YM. Physical exercise inhibits
inflammation and microglial activation. Cells 2019; 8: 691,
doi: 10.3390/cells8070691.

65. Jensen CS, Bahl JM, Østergaard LB, Høgh P, Wermuth L,
Heslegrave A, et al. Exercise as a potential modulator of
inflammation in patients with Alzheimer’s disease measured
in cerebrospinal fluid and plasma. Exp Gerontol 2019; 121:
1–98, doi: 10.1016/j.exger.2019.04.003.

66. Zhang JM, An J. Cytokines, inflammation and pain. Int
Anesthesiol Clin 2007; 45: 27–37, doi: 10.1097/AIA.0b013e
318034194e.

67. Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR,
Tavares R, et al. Impaired insulin and insulin-like growth
factor expression and signaling mechanisms in Alzheimer’s
disease is this type 3 diabetes? J Alzheimers Dis 2005; 7:
63–80, doi: 10.3233/JAD-2005-7107.

68. Craft S, Raman R, Chow TW, Rafii MS, Sun CK, Rissman
RA, et al. Safety, efficacy, and feasibility of intranasal insulin
for the treatment of mild cognitive impairment and alzheimer
disease dementia: a randomized clinical trial. JAMA Neurol
2020; 77: 1099–1109, doi: 10.1001/jamaneurol.2020.1840.

69. Kellar D, Craft S. Brain insulin resistance in Alzheimer’s
disease and related disorders: mechanisms and therapeutic
approaches. Lancet Neurol 2020; 9: 758–766, doi: 10.1016/
S1474-4422(20)30231-3.

70. Muller AP, Gnoatto J, Moreira JD, Zimmer ER, Haas CB,
Lulhier F, et al. Exercise increases insulin signaling in the
hippocampus: physiological effects and pharmacological
impact of intracerebroventricular insulin administration in
mice. Hippocampus 2011; 21: 1082–1092, doi: 10.1002/
hipo.20822.

71. Kullmann S, Valenta V, Wagner R, Tschritter O, Machann J,
Häring HU, et al. Brain insulin sensitivity is linked to
adiposity and body fat distribution. Nat Commun 2020; 11:
1841, doi: 10.1038/s41467-020-15686-y.

72. Brown C, Pemberton S, Babin A, Abdulhameed N, Noonan
C, Brown MB, et al. Insulin blood-brain barrier transport and
interactions are greater following exercise in mice. J Appl
Physiol (1985) 2022; 132: 824–834, doi: 10.1152/japplphy
siol.00866.2021.

73. Ngugi AK, Bottomley C, Kleinschmidt I, Sander JW, Newton
CR. Estimation of the burden of active and life-time epilepsy:
a meta-analytic approach. Epilepsia 2010; 51: 883–890,
doi: 10.1111/j.1528-1167.2009.02481.x.

74. Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross
JH, Elger CE, et al. ILAE Official Report: a practical clinical
definition of epilepsy. Epilepsia 2014; 55: 475–482, doi:
10.1111/epi.12550.

75. Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French
J, Guilhoto L, et al. ILAE classification of the epilepsies:

position paper of the ILAE Commission for Classification
and Terminology. Epilepsia 2017; 58: 512–521, doi: 10.1111/
epi.13709.

76. Cendes F, Andermann F, Dubeau F, Gloor P, Evans A,
Jones-Gotman M, et al. Early childhood prolonged febrile
convulsions, atrophy and sclerosis of mesial structures, and
temporal lobe epilepsy: an MRI volumetric study. Neurology
1993; 43: 1083–1087, doi: 10.1212/WNL.43.6.1083.

77. Vezzani A, Granata T. Brain inflammation in epilepsy:
experimental and clinical evidence. Epilepsia 2005; 46:
1724–1743, doi: 10.1111/j.1528-1167.2005.00298.x.

78. Vezzani A, French J, Bartfai T, Baram TZ. The role of
inflammation in epilepsy. Nat Rev Neurol 2011; 7: 31–40,
doi: 10.1038/nrneurol.2010.178.

79. Fabisiak T, Patel M. Crosstalk between neuroinflammation
and oxidative stress in epilepsy. Front Cell Dev Biol 2022;
10: 979953, doi: 10.3389/fcell.2022.976953.

80. Rahman S. Pathophysiology of mitochondrial disease
causing epilepsy and status epilepticus. Epilepsy Behav
2015; 49: 71–75, doi: 10.1016/j.yebeh.2015.05.003.

81. Arida RM, Scorza FA, da Silva SG, Schachter SC,
Cavalheiro EA. The potential role of physical exercise
in the treatment of epilepsy. Epilepsy Behav 2010; 17:
432–435, doi: 10.1016/j.yebeh.2010.01.013.

82. Arida RM, Scorza FA, Cavalheiro EA. Role of physical
exercise as complementary treatment for epilepsy and other
brain disorders. Curr Pharm Des 2013; 19: 6720–6725,
doi: 10.2174/1381612811319380004.

83. Arida RM. Physical exercise and seizure activity. Biochim
Biophys Acta Mol Basis Dis 2021; 1867: 165979, doi: 10.10
16/j.bbadis.2020.165979.

84. Capovilla G, Kaufman KR, Perucca E, Moshé SL, Arida RM.
Epilepsy, seizures, physical exercise, and sports: a report
from the ILAE Task Force on Sports and Epilepsy. Epilepsia
2016; 57: 6–12, doi: 10.1111/epi.13261.

85. Eriksen HR, Ellertsen B, Grønningsæter H, Nakken KO,
Løyning Y, Ursin H. Physical exercise in women with
intractable epilepsy. Epilepsia 1994; 35: 1256–1264, doi:
10.1111/j.1528-1157.1994.tb01797.x.

86. Häfele CA, Rombaldi AJ, Feter N, Häfele V, Gervini BL,
Domingues MR, et al. Effects of an exercise program on
health of people with epilepsy: a randomized clinical trial.
Epilepsy Behav 2021; 117: 107904, doi: 10.1016/j.yebeh.
2021.107904.

87. Nakken KO, Bjørholt PG, Johannessen SI, LoSyning T, Lind
E. Effect of physical training on aerobic capacity, seizure
occurrence, and serum level of antiepileptic drugs in adults
with epilepsy. Epilepsia 1990; 31: 88–94, doi: 10.1111/
j.1528-1157.1990.tb05365.x.

88. McAuley JW, Long L, Heise J, Kirby T, Buckworth J, Pitt C,
et al. A prospective evaluation of the effects of a 12-week
outpatient exercise program on clinical and behavioral
outcomes in patients with epilepsy. Epilepsy Behav 2001;
2: 592–600, doi: 10.1006/ebeh.2001.0271.

89. Götze W, Kubicki S, Munter M, Teichmann J. Effect of
physical exercise on seizure threshold (investigated by
electroencephalographic telemetry). Dis Nerv Syst 1967; 28:
664–667.

90. Vancini RL, de Lira CAB, Scorza FA, de Albuquerque M,
Sousa BS, de Lima C, et al. Cardiorespiratory and
electroencephalographic responses to exhaustive acute

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 11/12

http://dx.doi.org/10.1016/j.neubiorev.2021.05.025
http://dx.doi.org/10.1016/j.neubiorev.2021.05.025
http://dx.doi.org/10.1007/s10753-022-01721-1
http://dx.doi.org/10.3390/ijms232112990
http://dx.doi.org/10.3390/cells8070691
http://dx.doi.org/10.1016/j.exger.2019.04.003
http://dx.doi.org/10.1097/AIA.0b013e318034194e
http://dx.doi.org/10.1097/AIA.0b013e318034194e
http://dx.doi.org/10.3233/JAD-2005-7107
http://dx.doi.org/10.1001/jamaneurol.2020.1840
http://dx.doi.org/10.1016/S1474-4422(20)30231-3
http://dx.doi.org/10.1016/S1474-4422(20)30231-3
http://dx.doi.org/10.1002/hipo.20822
http://dx.doi.org/10.1002/hipo.20822
http://dx.doi.org/10.1038/s41467-020-15686-y
http://dx.doi.org/10.1152/japplphysiol.00866.2021
http://dx.doi.org/10.1152/japplphysiol.00866.2021
http://dx.doi.org/10.1111/j.1528-1167.2009.02481.x
http://dx.doi.org/10.1111/epi.12550
http://dx.doi.org/10.1111/epi.13709
http://dx.doi.org/10.1111/epi.13709
http://dx.doi.org/10.1212/WNL.43.6.1083
http://dx.doi.org/10.1111/j.1528-1167.2005.00298.x
http://dx.doi.org/10.1038/nrneurol.2010.178
http://dx.doi.org/10.3389/fcell.2022.976953
http://dx.doi.org/10.1016/j.yebeh.2015.05.003
http://dx.doi.org/10.1016/j.yebeh.2010.01.013
http://dx.doi.org/10.2174/1381612811319380004
http://dx.doi.org/10.1016/j.bbadis.2020.165979
http://dx.doi.org/10.1016/j.bbadis.2020.165979
http://dx.doi.org/10.1111/epi.13261
http://dx.doi.org/10.1111/j.1528-1157.1994.tb01797.x
http://dx.doi.org/10.1016/j.yebeh.2021.107904
http://dx.doi.org/10.1016/j.yebeh.2021.107904
http://dx.doi.org/10.1111/j.1528-1157.1990.tb05365.x
http://dx.doi.org/10.1111/j.1528-1157.1990.tb05365.x
http://dx.doi.org/10.1006/ebeh.2001.0271
https://doi.org/10.1590/1414-431X2024e14094


physical exercise in people with temporal lobe epilepsy.
Epilepsy Behav 2010; 3: 504–508, doi: 10.1016/j.yebeh.
2010.09.007.

91. de Lima C, Vancini RL, Arida RM, Guilhoto LMFF, de Mello
MT, Barreto AT, et al. Physiological and electroencephalo-
graphic responses to acute exhaustive physical exercise in
people with juvenile myoclonic epilepsy. Epilepsy Behav
2011; 22: 718–722, doi: 10.1016/j.yebeh.2011.08.033.

92. Arida RM, Scorza FA, Terra VC, Scorza CA, de Almeida AC,
Cavalheiro EA. Physical exercise in epilepsy: what kind of
stressor is it? Epilepsy Behav 2009; 16: 381–387, doi:
10.1016/j.yebeh.2009.08.023.

93. Otáhal J, Folbergrová J, Kovacs R, Kunz WS, Maggio N.
Epileptic focus and alteration of metabolism. Int Rev
Neurobiol 2014; 114: 209–243, doi: 10.1016/B978-0-12-
418693-4.00009-1.

94. Wu Y, Liu D, Song Z. Neuronal networks and energy bursts
in epilepsy. Neuroscience 2015; 287: 175–186, doi:
10.1016/j.neuroscience.2014.06.046.

95. Goodman AM, Szaflarski JP. Recent advances in neuroima-
ging of epilepsy. Neurotherapeutics 2021; 18: 811–826, doi:
10.1007/s13311-021-01049-y.

96. Rho JM, Boison D. The metabolic basis of epilepsy. Nat Rev
Neurol 2022; 18; 333–347, doi: 10.1038/s41582-022-00651-8.

97. Rathore C, Dickson JC, Teotónio R, Ell P, Duncan JS. The
utility of 18F-fluorodeoxyglucose PET (FDG PET) in
epilepsy surgery. Epilepsy Res 2014; 108: 1306–1314, doi:
10.1016/j.eplepsyres.2014.06.012.

98. Dienel GA, Gillinder L, McGonigal A, Borges K. Potential
new roles for glycogen in epilepsy. Epilepsia 2023; 64: 29–
53, doi: 10.1111/epi.17412.

99. Vissing J, Andersen M, Diemer NH. Exercise-induced
changes in local cerebral glucose utilization in the rat.
J Cereb Blood Flow Metab 1996; 4; 729–736, doi: 10.1097/
00004647-199607000-00025.

100. Ide K, Secher NH. Cerebral blood flow and metabolism
during exercise. Prog Neurobiol 2000; 61: 397–414, doi:
10.1016/S0301-0082(99)00057-X.

101. Ogoh S, Ainslie PN. Regulatory mechanisms of cerebral blood
flow during exercise: new concepts. Exerc Sport Sci Rev 2009;
37: 123–129, doi: 10.1097/JES.0b013e3181aa64d7.

102. Ogoh S, Dalsgaard MK, Yoshiga CC, Dawson EA, Keller
DM, Raven PB, et al. Dynamic cerebral autoregulation
during exhaustive exercise in humans. Am J Physiol Heart
Circ Physiol 2005; 288: H1461–H1467, doi: 10.1152/
ajpheart.00948.2004.

103. Sato K, Ogoh S, Hirasawa A, Oue A, Sadamoto T. The
distribution of blood flow in the carotid and vertebral arteries
during dynamic exercise in humans. J Physiol 2011; 589:
2847–2856, doi: 10.1113/jphysiol.2010.204461.

104. Arida RM, Fernandes MJS, Scorza FA, Preti SC, Cavalheiro
EA. Physical training does not influence interictal LCMRglu
in pilocarpine-treated rats with epilepsy. Physiol Behav
2003; 79: 789–794, doi: 10.1016/S0031-9384(03)00204-X.

105. Kuijer A. Epilepsy and exercise, electroencephalographical
and biochemical studies. in: Wada JA Penry JK Advances in
epileptology: the 10th Epilepsy International Symposium.
Raven Press, New York; 1980: 543.

106. Arida RM, Sanabria ERG, da Silva AC, Faria LC, Scorza FA,
Cavalheiro EA. Physical training reverts hippocampal
electrophysiological changes in rats submitted to the
pilocarpine model of epilepsy. Physiol Behav 2004; 83:
165–171, doi: 10.1016/S0031-9384(04)00338-5.

107. Arida RM, Scorza CA, Scorza FA, da Silva SG, Naffah-
Mazzacoratti MG, Cavalheiro EA. Effects of different types
of physical exercise on the staining of parvalbumin-positive
neurons in the hippocampal formation of rats with epilepsy.
Prog Neuropsychopharmacol Biol Psychiatry 2007; 31:
814–822, doi: 10.1016/j.pnpbp.2007.01.021.

108. Bergman J, France CP, Holtzman SG, Katz JL, Koek W,
Stephens DN. Agonist efficacy, drug dependence, and
medications development: Preclinical evaluation of opioid,
dopaminergic, and GABAA-ergic ligands. Psychopharma-
cology (Berl) 2000; 153: 67–84, doi: 10.1007/s0021300
00567.

109. Pedata F, Corsi C, Melani A, Bordoni F, Latini S. Adenosine
extracellular brain concentrations and role of A2A receptors
in ischemia. Ann NY Acad Sci 2001; 939: 74–84, doi:
10.1111/j.1749-6632.2001.tb03614.x.

110. Dworak M, Diel P, Voss S, Hollmann W, Strüder HK. Intense
exercise increases adenosine concentrations in rat brain:
implications for a homeostatic sleep drive. Neuroscience
2007; 150: 789–795, doi: 10.1016/j.neuroscience.2007.
09.062.

111. Lee YM, Kang HC, Lee JS, Kim SH, Kim EY, Lee SK, et al.
Mitochondrial respiratory chain defects: underlying etiology
in various epileptic conditions. Epilepsia 2008; 49: 685–690,
doi: 10.1111/j.1528-1167.2007.01522.x.

112. Sanganahalli BG, Herman P, Hyder F, Kannurpatti SS.
Mitochondrial calcium uptake capacity modulates neocor-
tical excitability. J Cereb Blood Flow Metab 2013; 33: 1115–
1126, doi: 10.1038/jcbfm.2013.61.

113. Rahman S, Footitt EJ, Varadkar S, Clayton PT. Inborn errors
of metabolism causing epilepsy. Dev Med Child Neurol
2013; 55: 23–36, doi: 10.1111/j.1469-8749.2012.04406.x.

114. Khaksari K, Chen WL, Chanvanichtrakool M, Taylor A, Kotla
R, Gropman AL. Applications of near-infrared spectroscopy
in epilepsy, with a focus on mitochondrial disorders.
Neurotherapeutics 2024; 21: e00323, doi: 10.1016/j.neu
rot.2024.e00323.

115. Moos WH, Faller DV, Glavas IP, Kanara I, Kodukula K,
Pernokas J, et al. Epilepsy: mitochondrial connections to
the ’Sacred’ disease. Mitochondrion 2023; 72: 84–101,
doi: 10.1016/j.mito.2023.08.002.

116. Packer L, Cadenas E. Oxidants and antioxidants revisited.
New concepts of oxidative stress. Free Radic Res 2007; 41:
951–952, doi: 10.1080/10715760701490975.

117. Sachdev S, Davies KJA. Production, detection, and
adaptive responses to free radicals in exercise. Free Radic
Biol Med 2008; 44; 215–223, doi: 10.1016/j.freeradbiomed.
2007.07.019.

118. Silva LFA, Hoffmann MS, Gerbatin RR, Fiorin FS, Dobra-
chinski F, Mota BC, et al. Treadmill exercise protects against
pentylenetetrazol-induced seizures and oxidative stress
after traumatic brain injury. J Neurotrauma 2013; 30:
1278–1287, doi: 10.1089/neu.2012.2577.

Braz J Med Biol Res | doi: 10.1590/1414-431X2024e14094

Physical exercise in neurological disorders 12/12

http://dx.doi.org/10.1016/j.yebeh.2010.09.007
http://dx.doi.org/10.1016/j.yebeh.2010.09.007
http://dx.doi.org/10.1016/j.yebeh.2011.08.033
http://dx.doi.org/10.1016/j.yebeh.2009.08.023
http://dx.doi.org/10.1016/B978-0-12-418693-4.00009-1
http://dx.doi.org/10.1016/B978-0-12-418693-4.00009-1
http://dx.doi.org/10.1016/j.neuroscience.2014.06.046
http://dx.doi.org/10.1007/s13311-021-01049-y
http://dx.doi.org/10.1038/s41582-022-00651-8
http://dx.doi.org/10.1016/j.eplepsyres.2014.06.012
http://dx.doi.org/10.1111/epi.17412
http://dx.doi.org/10.1097/00004647-199607000-00025
http://dx.doi.org/10.1097/00004647-199607000-00025
http://dx.doi.org/10.1016/S0301-0082(99)00057-X
http://dx.doi.org/10.1097/JES.0b013e3181aa64d7
http://dx.doi.org/10.1152/ajpheart.00948.2004
https://orcid.org/0000-0003-3116-4553
http://dx.doi.org/10.1113/jphysiol.2010.204461
http://dx.doi.org/10.1016/S0031-9384(03)00204-X
http://dx.doi.org/10.1016/S0031-9384(04)00338-5
http://dx.doi.org/10.1016/j.pnpbp.2007.01.021
http://dx.doi.org/10.1007/s002130000567
http://dx.doi.org/10.1007/s002130000567
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03614.x
http://dx.doi.org/10.1016/j.neuroscience.2007.09.062
http://dx.doi.org/10.1016/j.neuroscience.2007.09.062
http://dx.doi.org/10.1111/j.1528-1167.2007.01522.x
http://dx.doi.org/10.1038/jcbfm.2013.61
http://dx.doi.org/10.1111/j.1469-8749.2012.04406.x
http://dx.doi.org/10.1016/j.neurot.2024.e00323
http://dx.doi.org/10.1016/j.neurot.2024.e00323
http://dx.doi.org/10.1016/j.mito.2023.08.002
http://dx.doi.org/10.1080/10715760701490975
http://dx.doi.org/10.1016/j.freeradbiomed.2007.07.019
http://dx.doi.org/10.1016/j.freeradbiomed.2007.07.019
http://dx.doi.org/10.1089/neu.2012.2577
https://doi.org/10.1590/1414-431X2024e14094

	title_link
	Introduction
	Parkinsonaposs disease
	Pathophysiological context
	Physical exercisehyphenmediated molecular regulation in PD

	Figure 1.
	Alzheimeraposs disease
	Pathophysiological context
	Physical exercisehyphenrelated molecular modulations in AD

	Figure 2.
	Epilepsy
	Pathophysiological context
	Physical exercisehyphenmediated redox and metabolic regulation in epilepsy

	Figure 3.
	Mitochondrial dysfunction in epilepsy

	Perspectives
	Funding

	REFERENCES
	References


