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Abstract: The interplay between nutrition, physical activity, and mental health has emerged
as a frontier in bioengineering research, offering innovative pathways for enhancing cog-
nitive function and psychological resilience. This review explores the neurobiological
mechanisms underlying the synergistic effects of tailored nutritional strategies and exer-
cise interventions on brain health and mental well-being. Key topics include the role of
micronutrients and macronutrients in modulating neurogenesis and synaptic plasticity, the
impact of exercise-induced myokines and neurotrophins on cognitive enhancement, and
the integration of wearable bioelectronics for personalized monitoring and optimization.
By bridging the disciplines of nutrition, psychology, and sports science with cutting-edge
bioengineering, this review highlights translational opportunities for developing targeted
interventions that advance mental health outcomes. These insights are particularly relevant
for addressing global challenges such as stress, anxiety, and neurodegenerative diseases.
The article concludes with a roadmap for future research, emphasizing the potential of
bioengineered solutions to revolutionize preventive and therapeutic strategies in mental
health care.

Keywords: neuro-nutrition; exercise-induced neuroplasticity; bioengineered interventions;
cognitive enhancement; mental health optimization; wearable bioelectronics

1. Introduction
In recent years, the integration of nutrition and exercise as synergistic approaches to

enhancing cognitive function and mental health has gained significant attention in scientific
and clinical research. The brain, as the most metabolically active organ, relies on precise
nutritional inputs and physical activity to support its complex functions, including neuroge-
nesis, synaptic plasticity, and overall neuroprotection. Modern advances in bioengineering
offer unprecedented opportunities to investigate and optimize these relationships, enabling
the development of personalized interventions to improve psychological resilience, cog-
nitive performance, and quality of life. This emerging interdisciplinary focus addresses
critical global challenges, such as the rising prevalence of stress, anxiety disorders, and neu-
rodegenerative diseases. The relationship between physical activity and cognitive function
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has been widely studied, demonstrating that regular exercise serves as a modifiable lifestyle
factor for maintaining or improving cognitive function and preventing cognitive decline
and neuro-degenerative diseases [1,2]. Moreover, exercise has been shown to enhance spe-
cific cognitive functions and promote neuroplasticity, including increased neuronal growth
and activity [3]. In parallel, nutrition plays a critical role in brain health. A balanced diet,
rich in omega-3 fatty acids, vitamins, and polyphenols, is essential for neuronal function
and mood regulation [4]. The combination of proper nutritional strategies with exercise
interventions creates a synergistic effect, amplifying the individual benefits of each. This
integrated approach is particularly relevant for addressing conditions such as depression
and anxiety, where both nutrition and exercise have shown positive therapeutic effects [5].

The synergy between neuro-nutrition and exercise has emerged as a pivotal area
of interest for optimizing brain health and cognitive function. Specific nutrients, such
as omega-3 fatty acids, B vitamins, and polyphenols, have been identified as critical for
maintaining neuronal integrity and promoting processes like neurogenesis and synaptic
plasticity [6]. Omega-3 fatty acids, particularly docosahexaenoic acid (DHA), support
synaptic remodeling [referring to the process by which synapses, the connections between
neurons, are strengthened, weakened, formed, or eliminated in response to activity, experi-
ence, or environmental changes, enabling the brain to adapt, learn, and maintain functional
neural circuits] by enhancing membrane fluidity and promoting brain-derived neurotrophic
factor (BDNF), a key molecule in neuroplasticity and stress resilience. Polyphenols, on the
other hand, exert their effects by activating antioxidant and anti-inflammatory pathways,
such as Nrf2 signaling, and modulating kinases like ERK and CREB, which are crucial
for synaptic plasticity and cognitive function. Notably, these pathways may converge on
shared targets, such as BDNF expression, highlighting potential overlaps and synergistic
effects between these nutrients. This nuanced interaction underscores the complementary
roles of omega-3 fatty acids and polyphenols in supporting neural health.

Concurrently, exercise is recognized for its ability to stimulate the release of neu-
rotrophic factors [proteins that support the growth, survival, and differentiation of neurons,
as well as promote neurogenesis, synaptic plasticity, and repair of the nervous system,
playing a critical role in maintaining neural health and function], like BDNF and insulin-like
growth factor 1 (IGF-1), which enhance neural connectivity and reduce the risk of cogni-
tive decline [7]. Together, nutrition and exercise potentiate each other’s effects, creating a
feedback loop that amplifies neurobiological benefits. This integrative approach provides
a promising avenue for addressing age-related cognitive decline, as well as stress-related
disorders such as anxiety and depression. Recent findings suggest that combining tailored
dietary interventions with structured physical activity can maximize cognitive performance
and overall mental health [4,8]. By integrating these mechanisms into preventive and
therapeutic strategies, the potential for improving quality of life and cognitive resilience
across the lifespan becomes increasingly evident.

Additionally, gender-specific variations in the impact of nutrition and exercise on
cognitive performance are increasingly acknowledged, underscoring the necessity of cus-
tomizing therapies to accommodate these variances [8]. Hormonal fluctuations, including
variations in estrogen and testosterone levels, significantly affect cognitive functions and
neuroplasticity, shaping the responses of men and women to nutritional and physical
exercise interventions. Women may derive more advantages from nutrients such as omega-
3 fatty acids and iron due to the requirements of the menstrual cycle, pregnancy, and
menopause, whereas men may display distinct metabolic and inflammatory reactions to
comparable dietary inputs [8]. The cognitive advantages of exercise, especially aerobic
and resistance training, seem to be affected by hormonal and physiological factors, with
women exhibiting improved memory and emotional regulation following specific forms of



Bioengineering 2025, 12, 208 3 of 59

physical activity in comparison to males [9]. The synergistic effects of neuro-nutrition and
exercise demonstrate gender-specific dynamics [4]; for instance, women may experience
enhanced mood and stress resilience due to the inter-play between exercise-induced brain-
derived neurotrophic factor (BDNF) and nutritional regulation [9]. These observations
emphasize the necessity for gender-specific techniques in enhancing cognitive function
through integrated nutrition and physical activity interventions [3].

The integration of bioengineering into neuro-nutrition and exercise science has sig-
nificantly advanced the optimization of cognitive function and mental health. Wearable
bioelectronics, such as smartwatches and fitness trackers, enable real-time monitoring
of physiological parameters, including heart rate variability and physical activity levels,
which are crucial for assessing mental well-being [9]. These devices facilitate personal-
ized interventions by providing continuous data that can be analyzed to tailor nutrition
and exercise programs to individual needs. For instance, wearable biosensors capable of
non-invasive sweat diagnostics can monitor biomarkers related to stress and hydration,
offering insights that inform dietary adjustments and exercise regimens [10]. Additionally,
bioelectronic advances, such as flexible sensor systems, have improved the detection of
physiological changes, allowing for the monitoring of mental health and cognitive load
through precise physiological signals [11]. This integration of bioengineering technologies
into everyday life enhances the precision of health monitoring and empowers individuals
to actively manage their brain health through informed lifestyle choices [12].

The objective of this systematic review is to analyze the synergistic effects of neuro-
nutrition and exercise on cognitive enhancement and mental health optimization. Specifi-
cally, the review aims to evaluate how key nutrients, such as omega-3 fatty acids, B vitamins,
and antioxidants, interact with exercise-induced neurotrophic factors, including BDNF and
myokines, to influence neuroplasticity, mood regulation, and stress resilience. Additionally,
it seeks to explore the mechanisms through which these interventions impact neurogenesis,
synaptic plasticity, and the prevention of neurodegenerative diseases. By synthesizing
current evidence, this review aspires to provide a comprehensive understanding of the
combined benefits of neuro-nutrition and exercise, offering insights into personalized
intervention strategies for optimizing mental health and cognitive performance.

To conduct this systematic review, established methodologies were adhered to, en-
suring a rigorous and unbiased approach [13–15]. Systematic reviews are instrumental in
synthesizing existing evidence, identifying research gaps, and evaluating the quality and
reliability of published studies [16,17]. This review methodology focuses on integrating
and critically analyzing findings from diverse sources to advance scientific understanding
and guide future research directions. The search was conducted across databases including
PubMed, Scopus, and Web of Science, focusing on articles published between 1 January
2010 and 1 December 2024, to ensure the inclusion of the most relevant and up-to-date
research. Foundational studies predating 2010 were included when necessary to provide
historical or contextual insights. The inclusion criteria comprised (i) peer-reviewed studies
examining the effects of nutrition and exercise on neuroplasticity, cognitive function, or
mental health, (ii) research on key nutrients and exercise-related neurotrophic factors, and
(iii) studies conducted in human or animal models with translational relevance. Exclusion
criteria included (i) studies unrelated to the review’s objectives, (ii) publications with signif-
icant methodological flaws, and (iii) non-peer-reviewed sources, such as these, conference
proceedings, and unpublished studies. Articles meeting the inclusion criteria were inde-
pendently assessed by all authors for their relevance, scientific rigor, and alignment with
the review’s subsections. Discrepancies were resolved through consensus to ensure the
validity of the findings.
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2. Neuro-Nutrition: Key Nutrients for Brain Health
As a highly dynamic organ, the brain continuously adapts to new experiences and

environmental changes through processes such as neuroplasticity. Neurotrophic factors,
including brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), and
insulin-like growth factor 1 (IGF-1), play a crucial role in supporting neuronal growth,
survival, and synaptic plasticity. These proteins influence key cognitive functions such as
learning and memory by promoting neurogenesis and enhancing neural connectivity. In
particular, BDNF activates the TrkB receptor, triggering signaling pathways that regulate
synaptic strength and plasticity, contributing to cognitive resilience and mental well-being.

Equally important is synaptic remodeling, a process that allows the brain to optimize
neural connections by strengthening or weakening synapses based on activity and experi-
ence. This mechanism underlies cognitive flexibility, memory consolidation, and overall
brain adaptability. The interaction between neurotrophic factors and synaptic remodeling
is fundamental in maintaining cognitive function and preventing age-related decline.

Understanding these mechanisms provides valuable insights for designing nutritional
and exercise interventions aimed at optimizing brain health and enhancing mental perfor-
mance. For instance, allelic variants of the BDNF gene, especially the Val66Met variant,
substantially affect cognitive skills like memory, inhibitory control, and neuroplasticity.
Individuals possessing the Met allele frequently demonstrate less activity-dependent BDNF
release, potentially attenuating the neuroprotective benefits of essential nutrients such as
omega-3 fatty acids, polyphenols, and B vitamins [17]. These nutrients, recognized for
their ability to augment BDNF expression and mitigate oxidative stress, may exhibit dif-
fering efficacy based on an individual’s genetic makeup. Additionally, polymorphisms
in monoamine neurotransmitter systems, such the serotonin transporter (5-HTTLPR) and
dopamine-related COMT Val158Met polymorphisms, interact with BDNF variations to
influence mood regulation and executive function [17]. Tailored nutritional therapies,
guided by genomic analysis, offer potential for enhancing cognitive outcomes by address-
ing specific genetic vulnerabilities, especially in groups predisposed to neurodegenerative
disorders or cognitive deterioration [11]. This complex organ, which accounts for about 2%
of body weight but consumes roughly 20% of the body’s energy resources, relies heavily on
a diverse range of nutrients to maintain its structure, optimize its function, and enhance its
resilience to aging and environmental stressors [18]. Nutritional interventions that support
brain health have become a focal point in the effort to preserve cognitive function through-
out the lifespan and combat the increasing prevalence of neurodegenerative diseases such
as Alzheimer’s disease and Parkinson’s disease. Regarding gender disparities, there are
markedly influential nutritional requirements for cognitive function. Women require ele-
vated quantities of iron and omega-3 fatty acids owing to reproductive variables, including
menstruation and pregnancy, which influence both physical and mental well-being. More-
over, hormonal fluctuations during menopause can modify food intake and use in the
female brain. Men, conversely, demonstrate distinct metabolic and inflammatory reactions
to comparable foods, which may modify their cognitive advantages. A gender-specific
emphasis on neuro-nutrition may improve intervention options for sustaining cognitive
resilience in both genders [19].

Thus, epidemiological evidence underscores the importance of nutrition in brain
health. Studies have consistently shown that dietary patterns rich in specific nutrients,
particularly those found in Mediterranean or plant-based diets, are associated with better
cognitive outcomes and a reduced risk of dementia and other cognitive disorders [19,20].
For instance, the Framingham Heart Study, one of the largest and most comprehensive
longitudinal studies on aging, has identified a strong link between diet and cognitive
decline. Researchers found that individuals with a higher intake of vegetables, fruits,
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whole grains, and omega-3 fatty acids exhibited better cognitive function and had a lower
risk of developing Alzheimer’s disease [21]. Conversely, diets high in saturated fats and
refined sugars have been associated with cognitive decline, highlighting the negative
impact of poor nutrition on brain health [22]. Moreover, large-scale cohort studies such as
the Rotterdam Study have further illustrated the role of micronutrients in protecting the
brain. This study identified a direct relationship between vitamin D levels and cognitive
function, suggesting that deficiencies in this vital nutrient are associated with increased
cognitive decline in older adults [23]. Similarly, research conducted as part of the Nurses’
Health Study has shown that adequate intake of B vitamins, particularly folate, B6, and B12,
is essential for cognitive health, as these vitamins play a role in homocysteine metabolism,
a process that affects neuronal health and mental function [23].

In addition to cognitive decline, nutrition also plays a significant role in mental health.
Epidemiological studies have demonstrated that nutritional factors can influence the risk
of developing mood disorders such as depression and anxiety. A systematic review and
meta-analysis of cohort studies found that individuals with higher intakes of fruits, vegeta-
bles, fish, and nuts have a lower risk of depression, while those consuming diets high in
processed foods, refined carbohydrates, and fats have a higher incidence of mental health
disorders [24]. These findings suggest that nutrition not only impacts cognitive function
but also plays a critical role in maintaining emotional balance and mental well-being. The
concept of neuro-nutrition has emerged as a promising field dedicated to exploring how
specific nutrients affect brain structure, function, and mental health. It recognizes that the
brain, like other organs, requires a continuous supply of bioactive compounds, ranging
from macronutrients such as omega-3 fatty acids to micronutrients like vitamins, minerals,
and polyphenols to support optimal neuronal function. These nutrients influence critical
processes such as neurogenesis, synaptic plasticity, and neurotransmitter regulation. Un-
derstanding how these nutrients interact with brain cells can inform therapeutic strategies
aimed at improving cognitive performance and mental health, particularly in aging popu-
lations and those suffering from neurodegenerative diseases or mental health conditions
like depression.

2.1. The Role of Omega-3 Fatty Acids in Brain Health

Omega-3 fatty acids, particularly docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), have garnered significant attention due to their profound impact on brain health.
These polyunsaturated fatty acids are considered essential for optimal brain function and
development, as they are integral to neuronal structure, synaptic function, and cognitive
performance. DHA and EPA are critical components of the phospholipid bilayer that
forms neuronal cell membranes, contributing to membrane fluidity and structural integrity.
Their role in maintaining cellular homeostasis, modulating inflammation, and supporting
neuroplasticity make them indispensable for both the development and aging of the brain.

Omega-3 fatty acids, particularly DHA, play a central role in the fluidity and func-
tionality of neuronal membranes. DHA, being the most abundant omega-3 fatty acid in
the brain, is highly concentrated in areas of the brain associated with cognitive functions,
including the hippocampus, prefrontal cortex, and cerebral cortex [25]. These regions are
directly involved in memory, executive functions, and decision making. The ability of DHA
to modulate the physical properties of neuronal membranes enhances synaptic plastic-
ity, a critical feature of learning and memory [6]. DHA is crucial for the structure and
function of synapses, the points of communication between neurons. Research has shown
that DHA is involved in the formation of synaptic vesicles and the proper functioning
of neurotransmitter receptors, such as glutamate and gamma-aminobutyric acid (GABA)
receptors [26]. This membrane fluidity is vital for maintaining effective synaptic transmis-
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sion, which is necessary for processing and transmitting information across neural circuits.
Therefore, a deficiency in DHA may impair synaptic function, leading to cognitive deficits
and susceptibility to neurodegenerative diseases.

The neuroprotective effects of omega-3 fatty acids are well documented in both pre-
clinical and clinical studies. In clinical trials, omega-3 supplementation has demonstrated
the ability to enhance cognitive performance, particularly in aging populations. For in-
stance, a randomized controlled trial demonstrated significant improvements in cognitive
performance in older adults who supplemented with omega-3 fatty acids [27]. The study
showed improvements in memory, attention, and executive function, underscoring the
potential of omega-3 supplementation to mitigate age-related cognitive decline. In addition,
it has been found that omega-3 fatty acids, particularly DHA and EPA, could lower the
risk of cognitive decline and reduce symptoms of mood disorders, such as depression, in
elderly individuals [28]. The ability of omega-3 fatty acids to promote cognitive health is
attributed to their influence on neuroinflammation, neurogenesis, and synaptic plasticity.
Omega-3s have been shown to increase the production of BDNF, a protein that plays a
crucial role in the survival and growth of neurons, as well as in synaptic plasticity [29]. This
neurotrophic effect is especially important in the context of neurodegenerative diseases, as
BDNF supports neuronal resilience and repair.

One of the key mechanisms through which omega-3 fatty acids exert their neuro-
protective effects is by modulating neuroinflammation. Chronic neuroinflammation is a
hallmark of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,
and multiple sclerosis, and it is thought to accelerate neuronal damage. Omega-3 fatty acids,
particularly DHA, have been shown to reduce the activity of pro-inflammatory cytokines,
such as tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), which are ele-
vated in neurodegenerative conditions [30]. By inhibiting the production of these cytokines,
omega-3s can help attenuate the inflammatory response, thereby reducing neuronal injury
and protecting cognitive function. Furthermore, omega-3 fatty acids have been shown
to decrease oxidative stress, a major contributor to neurodegeneration. Oxidative stress
results from an imbalance between the production of reactive oxygen species (ROS) and the
brain’s ability to neutralize them with antioxidants. Omega-3 supplementation has been
associated with reduced oxidative damage in the brain, as DHA and EPA possess inherent
antioxidant properties that help to scavenge free radicals and prevent cellular damage [31].

Omega-3 fatty acids, especially DHA, also support neurogenesis, the process by which
new neurons are generated, particularly in the hippocampus, an area of the brain critical
for learning and memory. The ability to promote neurogenesis is closely linked to the role
of omega-3s in synaptic plasticity, which enables the brain to adapt to new experiences and
information. In preclinical studies, omega-3 supplementation has been shown to increase
the number of neurons in the hippocampus, which is associated with improved learning
and memory [32]. Furthermore, DHA has been shown to modulate the expression of
genes related to neurogenesis, such as BDNF, which plays a critical role in the survival and
maturation of new neurons [29]. By enhancing neurogenesis and synaptic plasticity, omega-
3s contribute to cognitive resilience and the brain’s capacity to adapt to environmental
changes or injuries, providing a potential therapeutic approach for conditions characterized
by cognitive decline.

The protective effects of omega-3 fatty acids extend beyond cognitive enhancement and
play a significant role in preventing age-related cognitive decline and neurodegenerative
diseases. Studies have shown that individuals with higher levels of omega-3s in their
diet or blood have a lower risk of developing Alzheimer’s disease and other forms of
dementia. The Rush Memory and Aging Project found that higher omega-3 intake was
associated with a slower rate of cognitive decline and a lower risk of dementia in elderly
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individuals [20]. Additionally, a systematic review concluded that omega-3 fatty acids are
beneficial in slowing the progression of cognitive decline, particularly in individuals at
risk of Alzheimer’s disease [32]. Omega-3 fatty acids’ ability to reduce neuroinflammation,
enhance neurogenesis, and promote synaptic plasticity makes them a powerful tool in the
fight against neurodegenerative diseases. In clinical trials, DHA and EPA supplementation
has shown promise in improving cognitive function in individuals with mild cognitive
impairment (MCI), a precursor to Alzheimer’s disease. Moreover, DHA supplementation
improved cognitive performance in patients with MCI, providing evidence for its potential
use as a preventive treatment for Alzheimer’s disease [33].

2.2. B Vitamins and Their Critical Role in Brain Health

B vitamins, particularly folate, vitamin B6 (pyridoxine), and vitamin B12 (cobalamin),
are integral to the proper functioning of the brain, playing essential roles in several bio-
chemical processes that support cognitive function, mood regulation, and neuroprotection.
These vitamins are involved in critical processes such as methylation, neurotransmitter
synthesis, and DNA repair, all of which are vital for maintaining brain health and reducing
the risk of neurodegenerative diseases and cognitive decline.

Vitamin B12 and folate are both crucial for the synthesis and repair of DNA, particu-
larly in rapidly dividing cells, including neurons. Deficiencies in these vitamins can lead
to significant neurological and cognitive impairments. A deficiency in vitamin B12, for
example, can lead to demyelination of neurons, resulting in cognitive deficits, mood distur-
bances, and, in severe cases, irreversible brain damage [34]. Folate, similarly, is essential for
the synthesis of neurotransmitters such as serotonin, dopamine, and norepinephrine, which
regulate mood, behavior, and cognitive function. Research has shown that low levels of B12
and folate are associated with an increased risk of neurodegenerative diseases, including
Alzheimer’s disease. Further on, low levels of these vitamins were significantly correlated
with an increased risk of Alzheimer’s disease, underscoring the importance of maintaining
optimal levels of these nutrients for long-term cognitive health [35]. Furthermore, elevated
levels of homocysteine, a byproduct of methionine metabolism, are considered a major risk
factor for cognitive decline and neurodegenerative diseases, particularly when vitamin
B12 and folate levels are insufficient to properly convert homocysteine into methionine.
High homocysteine levels are associated with vascular damage, neuroinflammation, and
synaptic dysfunction, all of which contribute to cognitive decline [36]. Both folate and
vitamin B12 work to regulate homocysteine levels, and their adequate intake is essential
for the prevention of cognitive impairment and related neurological conditions.

Vitamin B6, another crucial member of the B-vitamin family, plays a pivotal role in
the synthesis of neurotransmitters like GABA, dopamine, and serotonin. These neuro-
transmitters are involved in regulating mood, cognition, and sleep, and deficiencies in
vitamin B6 have been linked to cognitive deficits, mood disturbances, and even psychiatric
disorders such as depression [37]. Research has shown that supplementation with vitamin
B6 can improve mood and reduce the severity of symptoms in individuals with depression,
suggesting its potential as a therapeutic intervention for mood disorders [36]. Additionally,
vitamin B6 is involved in the regulation of homocysteine levels, further supporting its
neuroprotective effects in maintaining brain health. In addition to their roles in neuro-
transmitter synthesis and homocysteine regulation, B vitamins are also critical for reducing
oxidative stress and inflammation, which are central to the aging process and the devel-
opment of neurodegenerative diseases like Alzheimer’s, Parkinson’s, and Huntington’s
disease. As people age, oxidative stress increases due to an imbalance between ROS and the
body’s antioxidant defenses. This oxidative damage can accelerate neuronal degeneration
and exacerbate cognitive decline. Studies have shown that B-vitamin supplementation,
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particularly of folate, B6, and B12, can lower oxidative stress markers in the brain, providing
a neuroprotective effect [38]. Also, B-vitamin supplementation could reduce oxidative
stress and improve cognitive function in elderly populations, further supporting the need
for adequate B-vitamin intake throughout life to protect against age-related cognitive
decline [39].

Additionally, the potential for B-vitamin supplementation to support brain health
extends beyond just their neuroprotective properties. Studies have shown that B-vitamins,
particularly when consumed together, work synergistically to improve cognitive function.
For example, B-complex vitamins, which include B1 (thiamine), B2 (riboflavin), B3 (niacin),
and B5 (pantothenic acid) in addition to B6, B12, and folate, have been found to improve
cognitive performance, memory, and attention in both young adults and the elderly [40].
The combination of B-vitamins helps in regulating energy production within the brain
and supporting overall neural health, further emphasizing their importance as a dietary
cornerstone for maintaining brain function. In conclusion, B vitamins play a critical
and multifaceted role in maintaining brain health. From supporting DNA synthesis and
neurotransmitter production to regulating homocysteine levels and reducing oxidative
stress, these vitamins are essential for cognitive function, emotional well-being, and the
prevention of neurodegenerative diseases. Given the growing body of evidence linking
B-vitamin deficiency with cognitive decline, mood disorders, and age-related neurological
diseases, ensuring adequate intake of these vitamins through diet or supplementation is
essential for optimizing brain health across the lifespan.

2.3. Antioxidants and Neuroprotection: The Role of Vitamins C and E

Oxidative stress plays a significant role in the aging of the brain and the development of
numerous neurological disorders. The brain’s high metabolic activity makes it particularly
susceptible to oxidative damage, as the process of cellular respiration generates free radicals
that can damage cellular structures, including lipids, proteins, and DNA. This damage
is linked to the progression of various neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease. Antioxidants, which neutralize free
radicals, are essential for maintaining brain health and protecting neurons from oxidative
damage. Among the most crucial antioxidants are vitamins C and E, both of which have
well-documented neuroprotective properties.

Vitamin C, also known as ascorbic acid, is a potent water-soluble antioxidant that plays
a critical role in protecting the brain from oxidative damage. As a scavenger of free radicals,
vitamin C neutralizes ROS and prevents cellular damage in brain tissue [41]. One of the
most notable functions of vitamin C is its ability to regenerate other antioxidants, such as
vitamin E, ensuring a sustained antioxidant defense in brain cells. Additionally, vitamin C
is involved in the modulation of neurotransmitter function. It is required for the synthesis
of dopamine, a neurotransmitter involved in mood regulation and motor control, by aiding
the conversion of tyrosine to dopamine [41]. Research has consistently shown that vitamin
C supplementation can reduce markers of oxidative stress and improve cognitive function
in individuals with neurodegenerative diseases. In addition, vitamin C supplementation in
patients with Alzheimer’s disease led to significant reductions in oxidative stress markers
and cognitive decline [38]. In another study, it was found that higher plasma vitamin C
levels were associated with a lower risk of cognitive decline in older adults [34]. This
underscores the importance of adequate vitamin C intake in protecting against age-related
cognitive decline and in supporting overall brain function. Vitamin C also has a role in
reducing neuroinflammation, which is often elevated in neurodegenerative diseases. By
neutralizing ROS and reducing inflammatory mediators, vitamin C contributes to a reduc-
tion in brain inflammation, which is linked to cognitive dysfunction and neurodegeneration.
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Therefore, vitamin C is not only essential for protecting neurons from oxidative damage
but also for promoting a healthy inflammatory response in the brain.

Vitamin E, a fat-soluble antioxidant, plays a critical role in the maintenance of neuronal
health, particularly in protecting neuronal membranes from lipid peroxidation. Lipid per-
oxidation, the oxidative degradation of lipids, results in the formation of reactive aldehydes
and other byproducts that can damage neuronal membranes and disrupt cellular functions.
This process is particularly damaging in the brain, where phospholipid-rich neuronal
membranes are essential for maintaining synaptic integrity and function. Vitamin E acts
by scavenging free radicals and preventing the oxidation of polyunsaturated fatty acids in
neuronal membranes, thus preserving the integrity of the brain’s cellular structures [33].
The neuroprotective effects of vitamin E are particularly evident in the context of aging
and neurodegenerative diseases. Vitamin E supplementation has been shown to slow
the progression of Alzheimer’s disease in elderly patients, highlighting its potential as a
therapeutic agent for neurodegenerative conditions [33]. Furthermore, vitamin E has been
shown to reduce the formation of amyloid plaques, which are characteristic of Alzheimer’s
disease, by modulating oxidative stress pathways. This suggests that vitamin E not only
prevents neuronal damage but may also inhibit the pathological processes that contribute to
the onset and progression of Alzheimer’s disease. In addition to its antioxidant properties,
vitamin E plays a role in modulating neuroinflammation and supporting neurogenesis. By
reducing oxidative stress and inflammation, vitamin E contributes to the preservation of
brain plasticity, which is vital for learning, memory, and recovery from brain injury. The
ability of vitamin E to support neurogenesis is particularly important in the context of
aging, as the brain’s capacity to generate new neurons declines over time. Vitamin E’s
effects on neurogenesis and its ability to protect neuronal cells from oxidative stress make
it an essential nutrient for maintaining cognitive function throughout life.

Thus, vitamins C and E are critical for brain health due to their powerful antioxidant
properties. They work synergistically to protect the brain from oxidative damage, modulate
neuroinflammation, and preserve neuronal integrity. Vitamin C protects brain cells by
neutralizing free radicals, regenerating other antioxidants like vitamin E, and supporting
neurotransmitter synthesis. On the other hand, vitamin E plays a vital role in protecting
neuronal membranes from lipid peroxidation, reducing oxidative damage, and promoting
neurogenesis. Together, these vitamins contribute to the maintenance of brain plasticity,
cognitive function, and mental health, making them indispensable in preventing age-related
cognitive decline and neurodegenerative diseases.

2.4. Polyphenols and Cognitive Function

Polyphenols, abundant in fruits, vegetables, tea, and dark chocolate, are well-
established for their potent antioxidant and anti-inflammatory effects. These bioactive
compounds have demonstrated significant benefits for brain health, particularly in sup-
porting cognitive function, neuroprotection, and reducing the risk of age-related cognitive
decline. As powerful modulators of oxidative stress and inflammation, polyphenols play a
crucial role in protecting the brain from damage caused by aging and neurodegenerative
diseases, while also enhancing cognitive abilities through several key mechanisms.

Among the most well-known polyphenolic compounds are flavonoids, which are
particularly abundant in blueberries, green tea, and other fruits and vegetables. Flavonoids,
such as anthocyanins, the pigments responsible for the red, blue, and purple colors in
berries, have shown robust neuroprotective properties. Along these lines, anthocyanins
significantly improve memory and cognitive function, with regular consumption of berries
associated with enhanced cognitive performance in both younger and older adults [42].
Furthermore, anthocyanins have been shown to support brain plasticity, which refers to
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the brain’s ability to adapt, reorganize, and form new neural connections in response to
learning and environmental changes [43]. This is particularly important in aging popu-
lations, where cognitive decline is often accompanied by reduced synaptic function. The
neuroprotective effects of flavonoids are attributed to their ability to reduce oxidative
stress and inflammation, two major contributors to cognitive aging and neurodegenerative
diseases. Berries and other flavonoid-rich foods enhance synaptic plasticity by promoting
the production of BDNF, a key protein involved in neuronal survival and synaptic function.
BDNF has been shown to facilitate the growth and differentiation of new neurons in the
hippocampus, a region critical for memory and learning. By increasing the availability of
BDNF and supporting synaptic function, flavonoids like anthocyanins not only protect
neurons from damage but also stimulate cognitive processes that contribute to improved
memory and cognitive aging [43]. This makes flavonoids particularly effective in slowing
cognitive decline and enhancing cognitive function, especially in elderly individuals.

Another important polyphenol in the context of cognitive function is epigallocate-
chin gallate (EGCG), a major catechin found in green tea. EGCG has been widely stud-
ied for its ability to improve cognitive function, reduce neuroinflammation, and protect
against neuronal damage, particularly in the context of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s. EGCG supplementation improves cognitive performance
in animal models by reducing oxidative stress and enhancing memory [44]. The neu-
roprotective properties of EGCG are primarily attributed to its antioxidant capabilities,
which help mitigate the damage caused by free radicals and ROS, which are overpro-
duced in neurodegenerative conditions. EGCG also plays a significant role in modulating
neuroinflammation, which is a central mechanism in the development of several neuro-
logical diseases. Chronic neuroinflammation can accelerate neuronal degeneration and is
associated with the progression of Alzheimer’s, Parkinson’s, and other neurodegenerative
diseases. EGCG has been shown to inhibit the activation of pro-inflammatory cytokines and
reduce the activation of microglia, the immune cells of the central nervous system, thereby
reducing neuroinflammation and protecting neurons from damage [42]. Moreover, EGCG
has been found to protect against the accumulation of toxic protein aggregates, such as beta-
amyloid plaques and alpha-synuclein fibrils, which are hallmark features of Alzheimer’s
and Parkinson’s diseases, respectively. It has been demonstrated that EGCG could inhibit
the aggregation of beta-amyloid and alpha-synuclein, potentially reducing the formation
of neurotoxic plaques and fibrils that contribute to the progression of these diseases. By
preventing the formation of these aggregates, EGCG offers a promising therapeutic strategy
for mitigating the development and progression of Alzheimer’s, Parkinson’s, and other
neurodegenerative conditions [42].

2.5. Amino Acids: Building Blocks for Neurotransmitter Synthesis

Amino acids, as the fundamental building blocks of proteins, play a crucial role
in maintaining brain health, particularly in the synthesis of neurotransmitters. These
compounds are involved in numerous physiological processes within the brain, including
the regulation of mood, cognition, and overall mental well-being. Of particular importance
are tryptophan and tyrosine, which are essential amino acids that serve as precursors to
critical neurotransmitters such as serotonin and dopamine. Both neurotransmitters are
involved in the regulation of mood, sleep, attention, and motivation, making these amino
acids essential for cognitive function and emotional stability.

Tryptophan is an essential amino acid and the precursor to serotonin, a neurotrans-
mitter that plays a central role in regulating mood, sleep, appetite, and overall emotional
well-being. Serotonin is often referred to as the “feel-good” neurotransmitter due to its
involvement in promoting feelings of happiness and contentment. Low serotonin levels are



Bioengineering 2025, 12, 208 11 of 59

commonly linked to mood disorders such as depression, anxiety, and insomnia [45]. There-
fore, maintaining adequate tryptophan levels is crucial for optimal serotonin production,
which in turn supports mental health and emotional regulation. Research has demonstrated
that tryptophan supplementation can improve mood and alleviate symptoms of depression
by increasing serotonin levels in the brain. For instance, a study showed that tryptophan
supplementation led to a significant improvement in mood and reduced symptoms of de-
pression in individuals suffering from major depressive disorder [46]. This finding suggests
that tryptophan plays a direct role in enhancing serotonin production and, consequently,
in improving emotional well-being. Moreover, studies have indicated that tryptophan
supplementation can be an effective adjunct treatment for conditions such as seasonal
affective disorder (SAD) and generalized anxiety disorder, where serotonin imbalances are
often observed. In addition to its impact on mood regulation, serotonin is also involved in
the regulation of other critical processes, including sleep and appetite. Because tryptophan
is a precursor to serotonin, maintaining an adequate intake of this amino acid is essential
for supporting both sleep quality and appetite control. Low serotonin levels can lead to
disturbances in sleep patterns, contributing to insomnia or poor sleep quality, which in
turn affects overall cognitive performance. Thus, tryptophan not only supports mood but
also contributes to broader aspects of mental and physiological health.

Tyrosine, another essential amino acid, is a precursor to dopamine, a neurotransmitter
that plays a critical role in motivation, attention, and reward processing. Dopamine is
involved in regulating the brain’s reward system and is essential for goal-directed behavior,
focus, and motivation. Low dopamine levels are associated with cognitive impairments,
lack of motivation, and conditions such as attention deficit hyperactivity disorder (ADHD),
Parkinson’s disease, and chronic fatigue syndrome [47]. Therefore, ensuring adequate
tyrosine availability is important for maintaining optimal dopamine synthesis and over-
all cognitive function. Research has shown that tyrosine supplementation can improve
cognitive performance, particularly under conditions of stress and fatigue. Tyrosine supple-
mentation enhances memory and attention during cognitively demanding tasks, suggesting
that it plays a role in maintaining mental performance under challenging conditions [46].
This is particularly valuable in environments that require sustained cognitive effort, such
as studying, working under pressure, or engaging in tasks requiring long-term focus. In
stressful or fatiguing situations, the brain’s supply of dopamine can be depleted, leading
to cognitive fatigue. Tyrosine supplementation helps replenish dopamine levels, thereby
enhancing cognitive resilience and mental performance. Moreover, tyrosine has been
shown to improve attention and mental clarity in individuals experiencing stress-induced
cognitive decline. Studies have demonstrated that tyrosine supplementation could counter-
act the cognitive impairments associated with acute stress by restoring dopamine levels
and promoting neurochemical balance. This makes tyrosine an important nutrient for
supporting mental function in high-stress environments or situations that require intense
concentration and focus [47].

3. The Role of Exercise in Cognitive Enhancement
Exercise, often lauded for its physical health benefits, plays a significant role in brain

health and cognitive enhancement. Physical activity has a profound impact on various
cognitive domains, including memory, attention, executive function, and processing speed.
The relationship between physical activity and cognitive function extends across the lifes-
pan, showing benefits for young adults, aging populations, and even those at risk for
neurodegenerative diseases. The underlying mechanisms by which exercise enhances
cognitive performance involve complex physiological changes at the neurochemical, neuro-
genetic, and structural levels, contributing to the brain’s resilience and adaptability [48].
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Additionally, the cognitive advantages of exercise differ between males and females owing
to physiological and hormonal disparities. Research indicates that women may exhibit
improved memory and emotional management after engaging in aerobic and weight
training. Conversely, men may demonstrate more rapid enhancements in muscle-related
cognitive skills, such as reaction quickness, yet exhibit distinct responses to stress reg-
ulation. Exercise-induced BDNF release, essential for neuroplasticity, is influenced by
gender-specific hormonal levels. Tailoring exercise programs according to gender may en-
hance cognitive function and psychological health in both groups [49]. Also, the cognitive
benefits of exercise are also modulated by genetic factors, including allelic variations in
BDNF and monoamine neurotransmitter systems. For example, carriers of the Met allele
of the BDNF gene may experience attenuated increases in exercise-induced BDNF levels,
which are critical for neuroplasticity, memory, and stress resilience [49,50]. Despite this, reg-
ular aerobic and resistance exercise has been shown to enhance cognitive function in these
individuals, particularly when combined with tailored interventions that account for their
genetic predispositions. Additionally, polymorphisms in serotonin and dopamine systems
influence the efficacy of exercise in improving inhibitory control, emotional regulation, and
executive function. Understanding these genetic interactions underscores the potential for
personalized exercise regimens to maximize cognitive benefits, especially in individuals
with genetic profiles linked to lower baseline neuroplasticity. Future research should focus
on how these insights can inform precision strategies for preventing neurodegenerative
diseases and enhancing mental health [51,52].

3.1. Exercise and Brain Plasticity

One of the primary mechanisms through which exercise enhances cognitive function
is by promoting brain plasticity. Brain plasticity, or neuroplasticity, refers to the brain’s
remarkable ability to reorganize itself by forming new neural connections and adapting to
new information, experiences, or environmental changes. This dynamic process is essential
for various cognitive functions, including learning, memory, and adaptation following
brain injury or neurodegenerative diseases. Regular physical activity has been shown to
stimulate neural plasticity by promoting cellular processes that enhance both structural and
functional brain connectivity. These changes are particularly crucial in maintaining and
improving cognitive function throughout life, especially as individuals age or experience
cognitive impairment [6].

One of the most significant ways exercise supports brain plasticity is through the
release of BDNF, a protein critical for neurogenesis, synaptic plasticity, and the survival
of neurons. BDNF has been described as one of the most potent factors influencing brain
health because of its role in supporting the growth, differentiation, and survival of neurons.
Regular exercise, particularly aerobic exercise, has been shown to increase BDNF levels,
which is vital for enhancing the formation of new neurons and strengthening neural
networks. This increase in BDNF levels occurs most notably in the hippocampus, a brain
region central to memory formation, learning, and spatial navigation. The hippocampus is
highly sensitive to exercise-induced changes in BDNF levels, which explains why physical
activity has such a profound effect on learning and memory. Studies have consistently
shown that exercise-induced increases in BDNF are associated with improvements in
both short-term and long-term memory, helping counteract the cognitive decline that
accompanies aging [49]. For example, in individuals over the age of 60, regular physical
activity has been linked to a slower rate of cognitive decline, with improved recall, verbal
fluency, and spatial memory. Exercise not only helps preserve memory function but can also
stimulate recovery in individuals with early cognitive impairments. These findings suggest
that exercise could serve as an important intervention for preventing or delaying the onset
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of neurodegenerative diseases, such as Alzheimer’s disease. Furthermore, BDNF’s pivotal
role in synaptic plasticity means that exercise not only supports the formation of new
neurons but also enhances the efficiency and strength of existing synaptic connections.
Synaptic plasticity refers to the process by which synapses, the connections between
neurons, become stronger or weaker in response to activity. The ability of synapses to
adjust in response to experience and activity is essential for the brain’s capacity to learn
and retain new information. Exercise plays a crucial role in enhancing this plasticity by
promoting the release of neurotransmitters and signaling molecules that facilitate synaptic
changes, improving memory consolidation and cognitive flexibility.

Through this process, exercise supports the structural and functional integrity of neu-
ral circuits involved in cognition. As a result, exercise contributes to the brain’s capacity
to adapt to new experiences and challenges. This adaptability is particularly important
in older adults, whose brains may face challenges in maintaining synaptic plasticity due
to aging-related declines in BDNF levels and other factors. By enhancing synaptic plas-
ticity, exercise helps ensure that the brain remains adaptable and capable of learning new
information, even in later stages of life. This is critical for maintaining cognitive health
as individuals age, as it helps mitigate the decline in cognitive function often associated
with reduced plasticity in older brains [50]. In addition to enhancing synaptic function,
exercise also promotes cerebral vascular health, which is vital for ensuring that the brain
receives sufficient blood flow to support the metabolic demands of active neurons. Exercise
increases cerebral blood flow, providing the brain with more oxygen and nutrients, and
improving overall brain health. This increased blood flow also facilitates the delivery
of growth factors, such as BDNF, directly to the brain, further supporting the structural
changes required for neuroplasticity. Enhanced vascular health, combined with increased
BDNF levels, ensures that the brain can sustain and benefit from the cognitive improve-
ments induced by exercise. Moreover, recent studies have also suggested that exercise can
counteract the effects of neurodegenerative diseases by promoting neuroprotection. Regular
physical activity can help protect neurons from damage due to aging or neurodegenerative
processes, such as those seen in Alzheimer’s and Parkinson’s diseases. Exercise-induced
increases in oxidative stress defense mechanisms and anti-inflammatory responses help
maintain neuronal function and prevent the neuronal atrophy that is characteristic of many
neurodegenerative diseases. This neuroprotective effect, in combination with enhanced
neurogenesis and synaptic plasticity, makes exercise an effective preventive strategy for
preserving brain function in aging populations.

Furthermore, exercise has been shown to enhance the brain’s functional connectivity,
or the ability of different brain regions to communicate with one another. Functional
connectivity is a key feature of cognitive performance, as it supports the integration of
information across different regions of the brain. Exercise improves this connectivity
by stimulating the release of neurotransmitters such as dopamine and serotonin, which
promote communication between neurons and help regulate mood and cognition. Reg-
ular exercise, particularly activities that engage large muscle groups, such as running,
swimming, or cycling, enhance the brain’s ability to perform complex cognitive tasks
that require the coordination of multiple brain regions. The effects of exercise on brain
plasticity extend beyond simply enhancing learning and memory. Exercise also plays an
important role in emotional regulation by modulating brain areas involved in stress and
emotional processing, such as the prefrontal cortex and amygdala. Physical activity has
been shown to decrease the amygdala’s reactivity to stress, improving emotional regulation
and reducing symptoms of anxiety and depression. This emotional well-being effect is
particularly beneficial in individuals with cognitive impairments or conditions such as
MCI, where mood disturbances are often observed. Regular exercise, by promoting brain
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plasticity and improving emotional balance, can help individuals with cognitive decline
maintain a better quality of life and a more positive outlook.

3.2. Neurogenesis and Brain Health

Exercise has profound effects not only on synaptic plasticity but also on neurogenesis,
the process by which new neurons are generated, particularly in the hippocampus. The
hippocampus is crucial for several cognitive functions, including memory formation,
learning, and emotional regulation. Given the hippocampus’s essential role in cognition
and mood, neurogenesis within this brain region plays a central role in maintaining healthy
brain function throughout life. As individuals age, however, the rate of neurogenesis
declines, contributing to cognitive impairments commonly associated with aging and
neurodegenerative diseases. Fortunately, research has demonstrated that physical activity
can stimulate neurogenesis and help maintain or even increase the production of new
neurons, particularly in the hippocampus.

Aerobic exercise, such as running, cycling, or other forms of sustained cardiovascular
activity, has been shown to promote neurogenesis in the hippocampus. Studies indicate that
regular physical activity can lead to improvements in both spatial memory and working
memory, both of which rely heavily on hippocampal function. For instance, exercise could
significantly increase neurogenesis in the hippocampus, which was correlated with im-
provements in cognitive tasks that require memory retention and recall [51]. This increase
in hippocampal neurogenesis is largely facilitated by the release of various growth factors,
including BDNF, vascular endothelial growth factor (VEGF), and IGF-1. These growth
factors are essential for supporting the survival, differentiation, and maturation of new
neurons, ensuring the brain remains adaptable and capable of forming new connections.
One of the primary benefits of exercise-induced neurogenesis is its ability to help prevent
or slow down cognitive decline and neurodegeneration. The hippocampus is especially
vulnerable to age-related changes, and its function deteriorates with advancing age. In
conditions like Alzheimer’s disease and other forms of dementia, the hippocampus expe-
riences significant atrophy, leading to profound impairments in memory and cognitive
function. However, regular exercise can help mitigate this decline by preserving or even
enhancing the generation of new neurons. It has been demonstrated that elderly individu-
als who engaged in consistent aerobic exercise showed increased hippocampal volume and
improved memory function, suggesting that physical activity is an effective strategy for
combating age-related cognitive decline [52].

Exercise’s impact on neurogenesis is particularly significant for older adults, especially
those at risk for cognitive impairments or those already exhibiting early signs of cogni-
tive dysfunction. In individuals with MCI, a condition often considered a precursor to
Alzheimer’s disease, exercise has been shown to enhance neurogenesis in the hippocampus,
improving both cognitive function and memory. Even in cases of early-stage dementia,
physical activity can slow the progression of cognitive decline by stimulating the creation of
new neurons and supporting brain plasticity. Additionally, exercise may help to maintain
cognitive abilities for a longer period in individuals at risk of developing more severe
forms of dementia. Beyond its cognitive benefits, neurogenesis also plays a crucial role in
regulating mood. The hippocampus is not only involved in memory and learning but also
in emotional processing. Reduced neurogenesis in the hippocampus has been linked to
depression and anxiety, both of which are common in individuals experiencing cognitive
decline. Exercise-induced neurogenesis has been shown to improve mood and reduce
symptoms of depression and anxiety by enhancing hippocampal function. Physical activity
encourages the production of neurotrophic factors that support the survival of neurons
and improve their functionality, leading to better emotional regulation and mental well-
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being [51]. This connection between exercise, neurogenesis, and mood regulation further
highlights the importance of physical activity in maintaining both cognitive function and
emotional health, particularly in aging populations.

Furthermore, exercise’s influence on neurogenesis can help prevent the onset of neu-
rodegenerative diseases. As the brain ages, its ability to regenerate new neurons diminishes,
but regular physical activity can slow or even reverse this decline. The promotion of neu-
rogenesis through exercise not only enhances cognitive abilities but also strengthens the
brain’s capacity to withstand age-related neurodegeneration. In fact, studies have shown
that elderly individuals who engage in regular exercise show better resistance to age-related
diseases such as Alzheimer’s and Parkinson’s disease [6]. Exercise-induced increases in
BDNF and other growth factors support the repair and maintenance of brain structures,
helping to preserve cognitive function and delay the onset of neurodegenerative processes.
Exercise also helps preserve cognitive abilities by improving vascular health, particularly
through enhanced cerebral blood flow. Improved blood flow to the brain supports the
delivery of oxygen and nutrients, which are necessary for neuronal function and survival.
This vascular benefit, combined with the stimulation of neurogenesis, ensures that the brain
has the necessary resources to maintain cognitive function. By improving the brain’s ability
to deliver nutrients and remove waste products, exercise supports both the physical and
functional aspects of neurogenesis.

3.3. Neuroinflammation and Exercise

Chronic neuroinflammation is a central factor in the progression of cognitive de-
cline and the development of neurodegenerative diseases, including Alzheimer’s and
Parkinson’s disease. Neuroinflammation arises when the brain’s immune cells, known as
microglia, become activated in response to various stressors such as injury, infection, or
cellular damage. In the case of neurodegenerative diseases, microglia become persistently
activated, leading to the production of pro-inflammatory cytokines, such as TNF-α and
IL-1β, which further damage neurons and accelerate the progression of cognitive decline.
This chronic activation and inflammation plays a pivotal role in the onset and progres-
sion of these diseases, contributing to the cognitive impairments observed in aging and
diseased brains.

One of the key benefits of exercise is its ability to reduce neuroinflammation and
promote an anti-inflammatory environment in the brain. Regular physical activity has
been shown to significantly reduce microglial activation, thereby lowering the levels of
pro-inflammatory cytokines. Physical activity decreases microglial activation and the
production of inflammatory markers, including TNF-α and IL-1β, which are associated
with neurodegenerative processes [30]. This reduction in neuroinflammation is particularly
important in mitigating the risk and progression of neurodegenerative diseases, such as
Alzheimer’s, where inflammation plays a key role in neuronal damage and cognitive
decline. As such, exercise has emerged as a valuable intervention in aging populations
and those at risk of developing neurodegenerative conditions. In addition to its direct
anti-inflammatory effects, exercise also has a significant impact on oxidative stress, another
key contributor to neurodegeneration. Oxidative stress occurs when there is an imbalance
between the production of ROS and the brain’s ability to neutralize these free radicals
through antioxidant defenses. The accumulation of ROS causes cellular damage and
inflammation, leading to neuronal injury and cognitive decline. Exercise promotes the
production of antioxidants, which help counteract the effects of ROS and reduce oxidative
damage in brain cells. According to Gomez-Pinilla (2008), physical activity enhances the
brain’s antioxidant capacity, thereby reducing oxidative stress and protecting neurons from
damage. By mitigating both oxidative stress and neuroinflammation, exercise plays a vital
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role in maintaining cognitive function and preventing the cellular damage that contributes
to neurodegeneration [6].

The neuroprotective effects of exercise, including its anti-inflammatory and antioxi-
dant benefits, are particularly beneficial in older adults and those at risk for age-related
cognitive decline. In aging populations, neuroinflammation and oxidative stress are often
elevated, leading to the breakdown of neuronal integrity and the progression of conditions
like Alzheimer’s. By reducing inflammation and promoting antioxidant activity, exercise
can help preserve brain health and slow the onset of cognitive decline. Regular physical
activity has been associated with improved cognitive performance, reduced neuroinflam-
mation, and enhanced neuronal resilience, particularly in older adults and individuals with
MCI [50]. Moreover, the combination of reducing both neuroinflammation and oxidative
stress not only benefits cognitive function but also improves overall brain health. Regular
exercise helps maintain the structural integrity of the brain, preserving areas such as the
hippocampus, which is crucial for learning and memory. By protecting against neuroinflam-
mation and oxidative stress, exercise ensures that neurons remain functional and capable
of adapting to new experiences, ultimately enhancing synaptic plasticity and cognitive
performance. Exercise also contributes to improving vascular health in the brain, which is
important for maintaining optimal brain function. The increased blood flow induced by
physical activity ensures that the brain receives adequate oxygen and nutrients, supporting
neuronal survival and function. This increased cerebral blood flow also helps clear waste
products, including ROS, reducing the burden of oxidative damage and improving overall
brain health. These combined effects on inflammation, oxidative stress, and vascular health
underscore the multifaceted benefits of exercise for brain health.

3.4. Exercise and Cognitive Function in Aging

The impact of exercise on cognitive function is evident across the lifespan, with partic-
ularly significant benefits for aging individuals. As people age, cognitive decline becomes
a more common concern, with many experiencing impairments in memory, processing
speed, and executive function. These changes are often exacerbated by a reduction in phys-
ical activity, which contributes to further cognitive deterioration. However, a substantial
body of research has demonstrated that regular exercise, especially aerobic exercise, can
significantly slow or even reverse some of the cognitive declines associated with aging.

As individuals enter their later years, cognitive aging manifests as slower processing
speed, diminished memory, and difficulties with complex cognitive tasks, including those
that require executive function (planning, decision making, and attention). A decrease
in the size of the hippocampus, a brain area crucial for learning and memory, is often
observed in aging individuals, which contributes to declines in memory. These changes
can significantly impair day-to-day function and overall quality of life. However, exercise
has been shown to play a critical role in maintaining and improving cognitive health by
promoting brain structures and functions essential for cognition. Regular aerobic exer-
cise, such as running, cycling, or swimming, has been consistently linked with improved
cognitive performance in older adults. It has been demonstrated that older adults who
engaged in regular aerobic exercise showed significant improvements in cognitive tasks
that required memory retention and processing speed [53]. Participants who exercised
had superior cognitive performance compared to those who did not engage in physical
activity. These improvements were not limited to basic memory tasks but extended to
more complex cognitive functions, including executive control, which are vital for decision
making, attention, and problem solving.

The mechanisms behind these improvements include structural changes in the brain,
particularly in the hippocampus. Exercise has been found to increase hippocampal volume,
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a key brain region involved in memory and spatial navigation. This increase in hippocampal
volume has been associated with better memory performance in older adults. Additionally,
aerobic exercise enhances functional connectivity within brain networks, particularly those
involved in memory and executive control, which helps improve the overall efficiency of
cognitive processing. The improvements in functional connectivity suggest that exercise
may help the brain adapt to the challenges of aging by supporting the communication
between different brain regions required for optimal cognitive performance [53]. Moreover,
exercise contributes to neuroplasticity, the brain’s ability to reorganize itself by forming
new neural connections. The release of BDNF in response to physical activity supports
neurogenesis and synaptic plasticity, particularly in regions such as the hippocampus. This
process promotes cognitive function, supporting the ability to learn, retain new information,
and adapt to new cognitive demands. Regular physical activity also helps to modulate
other factors that influence brain health, including inflammation and oxidative stress, both
of which can impair cognitive function as people age. In addition to improving cognitive
function, exercise plays a key role in preventing neurodegenerative diseases, such as
Alzheimer’s disease and dementia. A growing body of evidence suggests that individuals
who engage in regular physical activity have a lower risk of developing dementia, even
when adjusting to other lifestyle factors such as diet and education. Studies have shown
that exercise’s effects on neurogenesis, neuroplasticity, and vascular health contribute
to its ability to reduce the risk of dementia. Regular aerobic exercise has been found to
delay the onset of Alzheimer’s disease by enhancing brain resilience to neurodegenerative
processes [53]. For instance, the Rush Memory and Aging Project, a large-scale longitudinal
study, found that higher levels of physical activity were associated with a slower rate
of cognitive decline and a reduced risk of dementia in elderly individuals. This study
underscored the importance of sustained physical activity for preserving cognitive function
and protecting against neurodegenerative diseases. The long-term benefits of exercise on
brain health are particularly important in aging populations, where early interventions can
significantly delay or prevent the onset of Alzheimer’s and other forms of dementia.

Furthermore, exercise may help reduce the severity of symptoms in individuals who
are already experiencing early cognitive decline. In people with MCI, a condition that
often precedes Alzheimer’s disease, physical activity has been shown to improve cogni-
tive performance, particularly in tasks related to memory and executive function. This
improvement is thought to be due to the combination of exercise-induced neurogenesis,
enhanced neuroplasticity, and reductions in inflammation and oxidative stress, all of which
contribute to brain health and cognitive resilience. Regular physical activity also helps
protect against further cognitive decline by promoting vascular health, which is essential
for maintaining healthy brain function. Exercise’s protective role extends beyond cognitive
function to include mental health, as physical activity has been shown to reduce symptoms
of depression, anxiety, and stress, which can negatively affect cognitive performance. In
fact, regular exercise is often recommended as a therapeutic intervention for improving
mood and mental clarity, which in turn enhances cognitive function. This is especially
relevant in aging populations, as mental health conditions can exacerbate cognitive decline
and reduce quality of life. In conclusion, exercise is one of the most effective interventions
for preserving cognitive function in older adults. Through its impact on brain structures like
the hippocampus, the enhancement of neuroplasticity, and its ability to improve functional
connectivity between brain regions, exercise significantly improves cognitive performance,
particularly in memory, executive function, and processing speed. Moreover, exercise
has the potential to prevent or delay the onset of Alzheimer’s disease and other forms of
dementia, making it a powerful tool for maintaining cognitive health throughout aging.
The combined effects of exercise on brain health, mental well-being, and the prevention
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of neurodegenerative diseases underscore the importance of physical activity as part of a
healthy aging strategy.

3.5. Mental Health and Cognitive Function

Mental health conditions such as depression, anxiety, and stress can significantly
impair cognitive performance, affecting memory, attention, and decision making. How-
ever, regular physical activity has been consistently shown to reduce the severity of these
symptoms, thereby supporting overall cognitive health. This relationship between men-
tal well-being and cognitive performance is largely mediated by the physiological and
biochemical changes that occur in the brain during exercise.

One of the key mechanisms through which exercise improves mental health is by
promoting the release of endorphins, often referred to as the brain’s “feel-good” chemicals.
Endorphins are neurotransmitters that help induce feelings of relaxation and well-being,
which can counteract the negative effects of stress, anxiety, and depression. By stimulating
the release of endorphins, exercise can help regulate mood and reduce the cognitive impair-
ments often associated with mental health disorders. This effect is particularly beneficial for
individuals suffering from conditions like major depressive disorder and generalized anxi-
ety disorder (GAD), as these conditions are frequently linked to cognitive dysfunction [54].
In addition to boosting mood, endorphins can also promote feelings of calmness and
emotional balance, which further supports cognitive performance by improving focus and
mental clarity. Exercise has also been shown to enhance cognitive resilience by improving
mental clarity and boosting energy levels. Many mental health disorders are accompanied
by cognitive fatigue, which can hinder concentration, memory, and decision-making abil-
ities. Regular physical activity helps combat this fatigue by increasing blood flow to the
brain, providing neurons with more oxygen and nutrients, and promoting the generation
of neurotrophic factors like BDNF. These factors not only improve cognitive function but
also help protect the brain from the negative effects of stress. Increased blood flow and
enhanced neuronal function contribute to better cognitive performance, particularly in
tasks that require attention and memory [50]. The benefits of exercise on mental health
and cognitive function are particularly pronounced in individuals with chronic conditions
such as MCI or early-stage Alzheimer’s disease. In these populations, mood disturbances
are common and can exacerbate cognitive decline. Regular exercise has been shown to
reduce the symptoms of depression and anxiety in individuals with cognitive impairments,
contributing to improved cognitive outcomes and an overall enhanced quality of life. For
example, exercise interventions significantly reduced depression and anxiety in individuals
with MCI, which in turn led to improvements in cognitive performance, particularly in
tasks involving memory and executive function. These improvements in cognitive function
are attributed to exercise’s ability to increase neuroplasticity and neurogenesis, as well as
its effects on reducing inflammation and oxidative stress, both of which are elevated in
individuals with MCI and early-stage dementia [54].

Exercise also plays a role in enhancing stress resilience, which is essential for maintain-
ing cognitive function in the face of mental and physical stressors. Chronic stress can have
detrimental effects on the brain, particularly in areas involved in memory and learning,
such as the hippocampus and prefrontal cortex. Chronic activation of the hypothalamic–
pituitary–adrenal (HPA) axis, a system that regulates the body’s stress response, leads
to increased levels of cortisol, a hormone that can damage neurons and impair cognitive
performance over time. Exercise has been shown to regulate the HPA axis, reducing cortisol
levels and promoting a more balanced stress response. This is particularly important for
older adults and individuals with cognitive decline, as chronic stress and high cortisol levels
are strongly linked to the acceleration of cognitive decline and neurodegenerative diseases
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like Alzheimer’s [52]. Beyond reducing depression and anxiety, exercise can also improve
sleep quality, which is essential for maintaining cognitive health. Many individuals with
mental health conditions, particularly depression and anxiety, experience disrupted sleep
patterns, which in turn affect cognitive performance during the day. Regular physical
activity has been shown to improve sleep quality and help regulate sleep–wake cycles,
contributing to better cognitive function and mood [55]. The ability to sleep more soundly
not only aids in emotional recovery but also supports cognitive processes such as memory
consolidation and learning.

4. Mechanisms of Neuroplasticity: Nutrition and Exercise
Neuroplasticity, the nervous system’s capacity to adapt structurally and functionally in

response to intrinsic and extrinsic stimuli, has emerged as a central theme in contemporary
neuroscience. Over the last few decades, researchers have increasingly focused on identify-
ing factors that enhance neural plasticity, given its potential to counter cognitive decline,
improve quality of life in older adults, and mitigate the impact of various neurological
disorders. Among the most promising modulators are nutrition and physical exercise, two
lifestyle components over which individuals can exert substantial control. Accumulating
evidence demonstrates that dietary patterns, especially those rich in polyunsaturated fatty
acids, polyphenols, fibers, and essential micronutrients, combined with regular physical
exercise (notably moderate-to-vigorous aerobic activities) can exert synergistic effects on
brain function. These effects unfold across multiple biological strata. At the molecular and
cellular levels, improved nutritional quality and systematic exercise enhance neurotrophic
factor expression, optimize energy metabolism, and facilitate epigenetic modifications
that promote synaptic plasticity. At higher organizational levels, these interventions can
foster adult hippocampal neurogenesis, modulate neurotransmitter balance, and refine
neural circuit connectivity. Moreover, the interplay between diet and exercise can attenuate
inflammation, oxidative stress, and hormonal imbalances—environmental conditions that
otherwise hamper neuroplastic potential. By reducing these detrimental factors, a virtuous
cycle emerges wherein neural networks become more resilient and better equipped to
respond adaptively to various cognitive challenges (Table 1).
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Table 1. State-of-the-art mechanisms of neuroplasticity: interactions between nutrition and exercise.

Key Aspect Cellular and Molecular
Mechanisms

Synaptic and Structural
Plasticity

Role of Nutrition (Nutrients,
Dietary Patterns)

Role of Exercise (Type,
Intensity, Frequency)

Evidence (Preclinical, Clinical,
Imaging)

Neurotrophic Factors
(BDNF, NGF)

Molecular: Exercise and
omega-3 fatty acids,
polyphenols (resveratrol,
catechins), and flavonoids
enhance BDNF, IGF-1, and
NGF expression. Mechanisms
involve the AMPK–PGC-1α–
FNDC5 pathway leading to
BDNF upregulation. BDNF
signaling via TrkB activates
downstream MAPK/ERK and
PI3K/Akt cascades, enhancing
synaptic protein
synthesis [6,56].

Synaptic Plasticity:
Increased BDNF levels
facilitate long-term
potentiation, synaptogenesis,
dendritic spine density, and
spine maturation in
hippocampal and cortical
circuits. This results in
improved cognitive functions
(learning, memory) [57,58].

Nutritional Interventions:
Diets rich in long-chain
omega-3 (DHA/EPA), berries,
green tea, and other
polyphenol sources
upregulate BDNF. Caloric
restriction and intermittent
fasting can amplify
neurotrophic signaling by
promoting metabolic
hormesis and mitochondrial
efficiency [59].

Exercise Modalities: Aerobic
training (moderate-to-vigorous
intensity) and resistance
training enhance circulating
BDNF and facilitate its
transport across the
blood–brain barrier.
High-intensity interval training
(HIIT) also increases BDNF
acutely. Combined exercise
plus enriched diets
synergistically boost BDNF
expression [57].

Evidence: Rodent models show
robust hippocampal BDNF
increases correlating with
enhanced long-term
potentiation and spatial
memory. Human RCTs
demonstrate improved
cognitive performance and
hippocampal volume after
aerobic interventions.
Neuroimaging (MRI) shows
increased gray matter volume
in the hippocampus in older
adults practicing regular
exercise and healthy diets [56].

Metabolic and
Mitochondrial
Efficiency

Molecular: Exercise enhances
mitochondrial biogenesis (via
PGC-1α, NRF1, TFAM) and
improves bioenergetics.
Nutrients with antioxidant and
anti-inflammatory properties
reduce ROS and maintain
mitochondrial integrity. Ketone
bodies and certain dietary
patterns (Mediterranean,
plant-based) support efficient
ATP generation and mitigate
oxidative stress [60].

Synaptic and Structural
Impact: Optimized
mitochondrial function
sustains synaptic
transmission, buffering
metabolic stress, and thereby
stabilizing synaptic
connectivity and network
efficiency. Enhanced
mitochondrial density
supports synaptic remodeling
and plasticity [61].

Nutritional Patterns:
Mediterranean-type diets,
rich in monounsaturated and
polyunsaturated fats, whole
grains, legumes, fruits, and
vegetables, enhance
metabolic flexibility and
reduce systemic
inflammation. Certain
micronutrients (vitamin E,
polyphenols) and
intermittent fasting regimens
promote mitochondrial health
and neuroplasticity [62].

Exercise Types: Regular
aerobic exercise increases
hippocampal and cortical
mitochondrial density and
capacity for oxidative
phosphorylation. Resistance
training improves insulin
sensitivity and reduces
metabolic dysfunction,
indirectly supporting neuronal
energetics [63].

Evidence: Animal studies link
improved mitochondrial
function with robust synaptic
resilience and delayed
neurodegenerative processes.
Human imaging studies (fMRI,
MRS) suggest enhanced
cerebral blood flow and
metabolic efficiency in
exercising individuals,
correlating with better
cognitive performance [64].
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Table 1. Cont.

Key Aspect Cellular and Molecular
Mechanisms

Synaptic and Structural
Plasticity

Role of Nutrition (Nutrients,
Dietary Patterns)

Role of Exercise (Type,
Intensity, Frequency)

Evidence (Preclinical, Clinical,
Imaging)

Epigenetic Regulation
(DNA Methylation,
Histone Modifications,
miRNAs)

Molecular: Dietary
polyphenols (resveratrol,
curcumin), B vitamins, and
exercise modulate epigenetic
regulators such as SIRT1,
HDACs, DNMTs, and miRNAs.
Exercise-induced changes in
histone acetylation and DNA
methylation patterns favor
genes involved in synaptic
plasticity (BDNF, synapsin I,
CREB) [65].

Synaptic Plasticity:
Epigenetically driven gene
expression shifts promote
synaptogenesis, dendritic
remodeling, and long-term
stabilization of synaptic
connections. Enhances
adaptive responses to
cognitive challenges and
stressors [66].

Nutritional Factors:
Nutraceuticals and diets rich
in polyphenols, folate, and
choline influence DNA
methylation and histone
modification, bolstering the
transcription of
plasticity-related genes.
Omega-3s also modulate
miRNA profiles linked to
neural plasticity [67].

Exercise Parameters: Chronic
aerobic exercise modifies
epigenetic markers that
regulate the expression of
neurotrophic and synaptic
genes. Resistance training may
alter histone acetylation
patterns, further enhancing
neuron structural integrity [68].

Evidence: Animal models
show that exercise-induced
epigenetic modifications
improve memory persistence.
Human studies have associated
physical activity with beneficial
epigenetic signatures (reduced
hypermethylation of BDNF
promoter) [69].

Adult Hippocampal
Neurogenesis

Molecular/Cellular: Exercise
increases levels of VEGF, IGF-1,
and BDNF, stimulating
proliferation and differentiation
of neural progenitor cells in the
dentate gyrus. Nutrients like
flavonoids and omega-3s
enhance survival and
maturation of newborn
neurons [70].

Structural Impact: Enhanced
neurogenesis leads to greater
hippocampal volume,
improved pattern separation,
spatial navigation, and
memory consolidation.
Increases synaptic integration
of new neurons into
functional circuits [71].

Dietary Enhancers: Diets rich
in cocoa flavanols, green tea
catechins, blueberries, and
DHA have been linked to
increased neurogenesis.
Ketogenic diets and
intermittent fasting strategies
may also support
regenerative capacity by
modulating insulin and
growth factor pathways [72].

Exercise Interventions:
Sustained aerobic exercise
(running, cycling) robustly
enhances neurogenesis. HIIT
protocols can also boost
neurogenesis, though more
research is needed. Combined
nutritional and exercise
interventions can
synergistically amplify
hippocampal
neurogenesis [73].

Evidence: Rodent studies
consistently show increased
dentate gyrus neurogenesis
after exercise and flavonoid
supplementation. Human
imaging (MRI) has correlated
higher fitness with increased
hippocampal volume and
memory performance in older
adults [74].
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Table 1. Cont.

Key Aspect Cellular and Molecular
Mechanisms

Synaptic and Structural
Plasticity

Role of Nutrition (Nutrients,
Dietary Patterns)

Role of Exercise (Type,
Intensity, Frequency)

Evidence (Preclinical, Clinical,
Imaging)

Neurotransmitter
System Modulation

Molecular: Exercise and
balanced nutrition modulate
dopaminergic, serotonergic,
glutamatergic, and GABAergic
systems. Adequate iron, B
vitamins, and amino acids are
essential for optimal
neurotransmitter synthesis.
Exercise may increase serotonin
availability and receptor
sensitivity, and modulate
dopamine release in reward
circuits [75].

Synaptic Balancing:
Improved neurotransmitter
homeostasis refines
excitatory–inhibitory balance,
enhancing signal-to-noise
ratio in neuronal processing.
This leads to better mood
regulation, attention, and
executive control [76].

Nutrient Contributions: Iron,
folate, vitamin B12, and
amino acids (tryptophan,
tyrosine) support
neurotransmitter synthesis
and receptor function.
Polyphenol-rich diets can
modulate GABA and
glutamate signaling,
improving cognitive
flexibility and emotional
stability [77].

Exercise Modalities: Aerobic
and resistance training can
elevate serotonin and
dopamine levels, improve
receptor sensitivity, and
modulate hippocampal and
cortical glutamatergic signaling.
The frequency and intensity of
exercise influence the
magnitude of these effects [64].

Evidence: Preclinical models
reveal exercise-induced
increases in dopamine turnover
and serotonin release. Clinical
studies link regular physical
activity and quality diets to
reduced depressive symptoms
and enhanced
cognitive–emotional
integration [78].

Inflammation and
Oxidative Stress
Reduction

Molecular: Physical exercise
reduces proinflammatory
cytokines (TNF-α, IL-6) and
enhances antioxidant enzyme
activities (SOD, CAT).
Nutrients rich in antioxidants
(vitamin C, E, polyphenols) and
anti-inflammatory compounds
(curcumin, n-3 fatty acids)
lower neuroinflammation and
oxidative stress, preserving
neuronal integrity [75].

Structural Stability: Reduced
inflammation and oxidative
damage maintain synaptic
integrity, prevent neuronal
atrophy, and support
dendritic complexity. This
stable environment fosters
robust adaptive plasticity and
decreases vulnerability to
neurodegeneration [76].

Anti-inflammatory Diets:
Mediterranean, DASH, and
Nordic diets, as well as
specific compounds
(alpha-lipoic acid,
sulforaphane), attenuate
systemic and
neuroinflammation. Lower
systemic inflammation
correlates with improved
cognitive trajectories and
reduced risk of dementia [77].

Exercise Approach: Moderate,
regular aerobic exercise exerts
anti-inflammatory and
antioxidative effects, while
high-intensity exercise might
transiently increase ROS but
subsequently enhance
endogenous antioxidant
defenses. The long-term net
effect is neuroprotective [75].

Evidence: Animal studies show
combined diet–exercise
protocols reduce microglial
activation and oxidative
damage. Clinical trials link
exercise plus dietary
intervention with lowered
inflammatory biomarkers and
improved executive
functions [77].

Hormonal and
Peripheral Factor
Regulation

Molecular: Exercise-induced
release of irisin, adiponectin,
and decreased cortisol levels
reshape the metabolic and
neurotrophic environment.
Nutritional interventions
maintaining glycemic control
and insulin sensitivity support
optimal hormone signaling to
the brain [57].

Synaptic and Network
Effects: Balanced hormonal
signaling influences synaptic
plasticity indirectly by
regulating energy availability,
neurotrophin circulation, and
inflammatory status, thereby
optimizing conditions for
neuroplastic adaptation [79].

Diet–Hormone Interplay:
Balanced diets stabilizing
insulin and leptin signaling
prevent metabolic stress on
neurons. Protein-rich diets
and adequate micronutrients
ensure proper hormone
synthesis and receptor
functionality [57].

Exercise Synergy: Aerobic and
resistance training improve
peripheral insulin sensitivity,
enhance irisin and adiponectin
levels, and reduce cortisol,
collectively promoting a more
neurotrophic and less catabolic
environment [79].

Evidence: Animal models
demonstrate that
exercise-driven irisin increases
BDNF expression and supports
neuroplastic changes. Human
interventions show exercise
and diet synergy improves
metabolic profiles and
correlates with better cognitive
outcomes [79].
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Table 1. Cont.

Key Aspect Cellular and Molecular
Mechanisms

Synaptic and Structural
Plasticity

Role of Nutrition (Nutrients,
Dietary Patterns)

Role of Exercise (Type,
Intensity, Frequency)

Evidence (Preclinical, Clinical,
Imaging)

Functional Connectivity
and Network
Integration

Network-Level: Exercise and
nutrient-rich diets improve
functional connectivity within
key neural networks (default
mode, frontoparietal,
hippocampo-cortical circuits).
Enhanced vascularization (via
VEGF and nitric oxide)
supports network-level
efficiency [80].

Structural Connectivity:
Strengthening of white
matter integrity and synaptic
pruning leads to more
efficient neural
communication. Enhanced
cerebrovascular perfusion
supports neurovascular
coupling and network
resilience [3].

Nutritional Quality:
Adherence to the
Mediterranean diet, or diets
with high polyphenolic and
healthy fat content, is
associated with reduced brain
atrophy and improved
functional connectivity,
delaying cognitive
decline [80].

Exercise Integration:
Endurance training, HIIT, and
combined aerobic–resistance
regimens are linked with
improved white matter
integrity, resting-state
functional connectivity, and
reduced brain atrophy in aging
populations [3].

Evidence: Neuroimaging
studies (fMRI, DTI) in humans
reveal that physically fit
individuals with high diet
quality display increased
hippocampal volume, stronger
connectivity in
cognition-related networks,
and slower age-related
cognitive decline [3,80].

Gut-Brain Axis and
Metabolites (Novel
Aspect)

Molecular/Systems: The gut
microbiota, modulated by diet
and exercise, produces
short-chain fatty acids (SCFAs),
vitamins, and neurotransmitter
precursors influencing brain
function. Exercise alters gut
microbiome composition,
increasing beneficial bacteria
that produce neuroprotective
metabolites [81].

Synaptic/Structural:
Improved gut barrier
integrity and SCFA
availability support synaptic
plasticity, reduce
neuroinflammation, and
enhance BDNF expression.
This fosters a more adaptive
and resilient neural
circuitry [82].

Dietary Influence: Fiber-rich,
plant-based diets and
fermented foods promote
healthy microbiota that
supports neural health.
Polyphenols and probiotics
can modulate microbial
communities, influencing
neurotransmitter metabolism
and synaptic plasticity [81].

Exercise Interactions:
Endurance training modulates
gut flora towards a more
anti-inflammatory profile,
synergizing with diet to bolster
neuroplasticity. Preclinical
studies show exercise-induced
increases in Lactobacillus and
Bifidobacterium linked to
improved cognition [82].

Evidence: Animal research
links exercise- and diet-induced
microbiome shifts with
improved learning and stress
resilience. Human studies
(observational and
intervention-based) correlate
better gut flora diversity with
enhanced cognitive
performance and lower risk of
neurological disorders [81–83].
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The synergistic effects of nutrition and exercise on neuroplasticity and cognitive per-
formance have been extensively documented in the scientific literature. Dominguez et al.
(2021) emphasize that omega-3 fatty acids, polyphenols, and other bioactive compounds
play a crucial role in regulating neurotrophic factor expression, reducing oxidative stress,
and modulating neuroinflammatory pathways, all of which contribute to cognitive re-
silience and mental health optimization [84]. Similarly, Ngandu et al. (2015) demonstrated
that a multidomain intervention combining dietary modifications with structured physical
and cognitive training significantly enhanced cognitive function and reduced the risk of
dementia in an at-risk elderly population, reinforcing the importance of integrated lifestyle
interventions [85]. Additionally, a recent study in the International Journal of Behavioral
Nutrition and Physical Activity (2024) examined the effects of single and combined dietary
and exercise interventions on cognitive outcomes, concluding that the interaction between
these factors yields greater benefits than either intervention alone [86].

5. Myokines and Neurotrophins: Exercise-Induced Brain Factors
Physical exercise is a powerful, multifaceted stimulus known not only to strengthen

muscles and improve cardiovascular health but also to profoundly influence brain func-
tion. Over the past two decades, scientific inquiry has shifted from simply observing
the cognitive benefits of exercise to understanding the intricate cellular and molecular
mechanisms that underlie these effects. Among the most compelling discoveries is the
role of myokines—muscle-derived signaling factors—and neurotrophins—brain-derived
growth factors—in mediating the adaptive responses of the central nervous system (CNS)
to regular physical activity.

Traditionally, skeletal muscle was conceptualized primarily in terms of its contractile
properties and mechanical outputs, such as force production and locomotion. However, a
paradigm shift has positioned muscle as a dynamic endocrine organ capable of producing
and secreting a diverse array of signaling molecules, termed myokines [83,84]. These
myokines are released into the bloodstream during and after both acute and chronic
exercise stimuli, influencing not only peripheral metabolic pathways and inflammatory
processes but also exerting significant effects on the CNS. Physical exercise enhances brain
function by stimulating the release of key molecules such as Irisin, IL-6, BDNF, FGFs,
and IGF-1. Irisin, produced by muscles, promotes BDNF expression, which supports
neuroplasticity and cognitive function. IL-6 helps regulate inflammation and metabolism,
while FGFs and IGF-1 contribute to neuroprotection and synaptic remodeling. These factors
collectively highlight the crucial role of exercise in improving brain health and preventing
cognitive decline (Figure 1).

Such endocrine communication is increasingly viewed as a key mediator of the cog-
nitive and neuroprotective benefits of physical activity. Among the best-characterized
myokines is irisin, a peptide hormone cleaved from the membrane protein FNDC5. Irisin
was initially identified for its role in stimulating the browning of white adipose tissue,
thereby improving systemic metabolic homeostasis and energy expenditure [57,85]. In
recent years, attention has shifted to its effects on the brain. Notably, irisin can cross the
blood–brain barrier, and growing evidence indicates that it upregulates the expression of
BDNF within the hippocampus—a brain region critical for learning, memory consolidation,
and spatial navigation. Experimental studies in rodents demonstrate that elevated irisin
levels correlate with increased synaptic plasticity, enhanced long-term potentiation, and
improved performance in memory tasks [58,86]. Although the precise receptor mecha-
nisms for irisin in the CNS remain elusive, these findings underscore the importance of
muscle-derived factors in sculpting the neural landscape.
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Cathepsin B represents another exercise-responsive myokine that has attracted at-
tention due to its association with cognitive health. Research indicates that physically
active rodents and humans exhibit higher circulating cathepsin B levels, which correlate
with enhanced hippocampal function and improved outcomes in memory tests [85,87]. Al-
though the underlying molecular pathways are not fully elucidated, it is hypothesized that
cathepsin B may modulate gene expression profiles influencing synaptic remodeling, adult
neurogenesis, and neuronal survival. Such gene expression changes could involve the reg-
ulation of synaptic proteins, growth factors, or signaling cascades essential for maintaining
and strengthening neuronal circuitry. Interleukin-6 (IL-6), a well-known cytokine produced
transiently by contracting muscle fibers during exercise, also contributes to muscle–brain
communication. While chronic elevations in IL-6 and other pro-inflammatory markers are
deleterious to brain health, the acute, exercise-induced surge in IL-6 may serve a beneficial,
regulatory function [83,88]. In this context, IL-6 can act as a metabolic sentinel, informing
the brain of the body’s current energetic state and availability of substrates. By adjusting
neural energy utilization and potentially modulating microglial activity, short-term IL-6
increases could create an environment more conducive to neuroplasticity and adaptive
remodeling. This finely tuned inflammatory signal may help “prime” the brain to respond
more effectively to neurotrophic factors, synaptogenic cues, and other beneficial molecular
changes induced by regular physical activity. Collectively, these findings highlight a com-
plex, bidirectional dialogue between skeletal muscle and the brain. Through the release
of myokines such as irisin, cathepsin B, and IL-6, exercise exerts a profound influence on
the CNS, shaping synaptic networks, enhancing cognitive reserve, and ultimately con-
tributing to improved cognitive function and resilience against neurodegenerative insults.
As research advances, further identification of specific myokine receptors, downstream
signaling targets, and temporal dynamics will refine our understanding of this muscle–
brain axis, opening avenues for targeted interventions to optimize brain health through
exercise-based strategies.

Furthermore, neurotrophins are secreted proteins essential for the survival, differenti-
ation, and growth of neurons. Among these molecules, BDNF has emerged as a principal
mediator of exercise-induced enhancements in brain function. BDNF supports synapse
formation and stability, modulates neurotransmitter release, and is integral to long-term
potentiation a cellular mechanism underlying learning, memory formation, and the capac-
ity to adapt to new information [80,89]. A range of physical activities has been shown to
elevate BDNF levels within key brain regions. Regular endurance-based routines, such as
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running or cycling, consistently boost BDNF concentrations in areas involved in higher
cognitive processes, including the hippocampus and prefrontal cortex [56,58]. The resulting
increase in BDNF correlates strongly with improvements in neurogenesis, synaptic effi-
ciency, and overall cognitive performance. While sustained aerobic exercise has received
the most attention, emerging evidence indicates that other exercise modalities—such as
resistance training and high-intensity interval training—can also elevate BDNF levels,
though the timing, magnitude, and persistence of these changes may depend on vari-
ables like intensity, duration, and individual fitness status [90]. Beyond BDNF, additional
neurotrophins, including Nerve Growth Factor (NGF) and Neurotrophin-3 (NT-3), are
influenced by regular physical activity. Although these factors are less extensively studied
in the context of exercise, they likely contribute synergistically to creating a pro-plasticity
environment, promoting more robust dendritic arborization, supporting synaptic resilience,
and enhancing neuronal survival [86,91]. In this way, exercise-induced elevations in multi-
ple neurotrophins, rather than a single factor, collectively shape a neural landscape primed
for learning, memory consolidation, and long-term cognitive health.

The interaction between myokines and neurotrophins is both reciprocal and synergis-
tic, shaping a dynamic signaling network that transmits exercise-induced peripheral cues
to central neural circuits. One of the most well-characterized pathways involves the tran-
scriptional coactivator Peroxisome Proliferator-Activated Receptor Gamma Coactivator-1
Alpha (PGC-1α), which is activated in skeletal muscle during physical activity. PGC-1α
enhances the transcription of Fibronectin Type III Domain-Containing Protein 5 (FNDC5),
leading to increased release of irisin into the bloodstream [57]. Upon reaching the CNS,
irisin modulates gene expression, ultimately stimulating the production and release of
BDNF. This establishes a positive feedback loop, wherein heightened physical activity aug-
ments BDNF availability, reinforcing neuroplastic adaptations and cognitive benefits [84].
Although the precise irisin receptor within the CNS remains elusive, growing evidence
indicates that irisin engages intracellular signaling cascades involving cyclic adenosine
monophosphate (cAMP) Response Element-Binding Protein (CREB), a transcription factor
critical for BDNF gene expression and synaptic plasticity. Similarly, cathepsin B, another
exercise-responsive myokine, may refine gene networks that underlie synaptic remodeling
and neuronal resilience, potentially collaborating with neurotrophic factors and additional
growth signals to maintain a robust and adaptable neural architecture [85]. IL-6, secreted
acutely by muscle fibers during exercise, also contributes to this crosstalk through subtler,
more indirect mechanisms. By modulating inflammatory and metabolic pathways, IL-6
may optimize the microenvironment for neurotrophin actions. A finely tuned inflamma-
tory response can clear damaged synapses and bolster those that are functionally active,
ensuring that BDNF and related neurotrophins operate under conditions conducive to
sustained synaptic health and plasticity [83,88].

At the intracellular level, exercise-induced adaptations are orchestrated by a complex
interplay of metabolic and signaling pathways. A prominent example is the 5’ Adenosine
Monophosphate-Activated Protein Kinase (AMPK)–PGC-1α axis, which responds to shifts
in muscle energy status triggered by repetitive contractions. Activation of PGC-1α in
muscle cells not only promotes mitochondrial biogenesis and enhances metabolic efficiency
but also influences the expression of FNDC5, thereby controlling irisin release [60,89]. Once
irisin enters the CNS, it likely interacts with putative receptors on neurons or glial cells,
initiating a cascade of intracellular events culminating in CREB activation. The resulting
transcriptional upregulation of BDNF supports synaptic differentiation, spine formation,
and synaptic efficacy. When BDNF binds to its cognate high-affinity receptor, Tropomyosin
Receptor Kinase B (TrkB), it triggers downstream pathways such as Mitogen-Activated
Protein Kinase/Extracellular Signal-Regulated Kinase (MAPK/ERK) and Phosphoinositide
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3-Kinase (PI3K)/Akt. These cascades converge on translational and cytoskeletal regulators
that increase synaptic protein synthesis, augment dendritic spine density, and strengthen ex-
citatory synaptic connections [80,89]. Beyond molecular signaling events, exercise-induced
improvements in cerebrovascular perfusion and angiogenesis, partly mediated by VEGF,
reinforce these adaptive outcomes. Enhanced delivery of oxygen and nutrients to active
neurons supports neurogenesis, synaptic remodeling, and efficient neurotransmission. The
integration of metabolic optimization, myokine–neurotrophin signaling, and improved
vascular support is instrumental in consolidating the neural benefits of exercise [75,92].
Ultimately, this multifactorial framework explains how repetitive bouts of physical activity
reshape the brain’s structural and functional landscape, fostering cognitive resilience and
long-term neurological health.

The impact of exercise on myokine and neurotrophin signaling—and, by extension, on
brain function—is not uniform. Instead, it varies considerably depending on the modality,
intensity, duration, and frequency of physical activity. Understanding these nuances is
essential for tailoring exercise prescriptions to optimize cognitive and neurological benefits.
Sustained moderate to vigorous intensity aerobic exercise (running, cycling, swimming) is
among the most studied modalities in the context of neuroplasticity. Endurance training
enhances cardiovascular fitness, increases cerebral blood flow, and promotes favorable
metabolic adaptations. These systemic improvements synergize with elevated myokine
(irisin) and neurotrophin (BDNF) levels, ultimately augmenting hippocampal neurogenesis,
synaptic remodeling, and cognitive performance [56,59]. Over time, these adaptations
may translate into improved memory retention, enhanced executive functions, and greater
resilience against age-related cognitive decline. HIIT involves short bursts of high-intensity
activity alternated with brief recovery periods. This protocol can induce rapid increases
in metabolic stress and trigger distinctive molecular cascades. While studies indicate that
HIIT can acutely elevate BDNF levels, sometimes more robustly than continuous moderate-
intensity exercise, the sustainability and longitudinal impact of these spikes on long-term
cognitive outcomes remains an area of active investigation [90]. Nevertheless, HIIT’s
time-efficient model and potential to induce acute cognitive gains (improved attentional
control, faster information processing) make it an attractive option for individuals to seek
quicker, though sometimes transient, neural benefits. Strength exercise (weightlifting,
bodyweight exercises, resistance bands) primarily target skeletal muscle hypertrophy,
increased muscle strength, and improved metabolic health. Although resistance training
may not consistently produce large, immediate elevations in BDNF relative to aerobic
modalities, it favorably influences systemic parameters—such as glucose metabolism,
inflammatory status, and hormone profiles—that indirectly support neuronal health and
plasticity [75,93]. Over the longer term, enhancing muscle mass and metabolic resilience
may establish an internal environment that supports stable myokine and neurotrophin
signaling, potentially offering protective effects against neurodegeneration and contributing
to improved cognitive function, particularly in aging individuals.

Exercises that integrate low to moderate physical effort with mindfulness, breath
control, and proprioceptive awareness, such as yoga, tai chi, and qigong have also attracted
increasing research interest. While traditionally less studied from a strictly molecular per-
spective, emerging evidence suggests that these practices may modulate stress-responsive
hormonal and inflammatory pathways, thereby influencing brain plasticity indirectly [94].
Over time, the subtle improvements in autonomic regulation and mood may support
healthier patterns of myokine and neurotrophin release, enhancing cognitive–emotional
balance and potentially reinforcing resilience to neurocognitive stressors. A growing body
of literature advocates for combining different exercise modalities to achieve synergistic or
additive effects on cognitive health. For instance, integrating aerobic and resistance training
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can harness the strengths of both modalities: the robust neurotrophin elevations commonly
seen with aerobic exercise and the favorable metabolic and hormonal environment cul-
tivated by resistance training [95]. Similarly, pairing aerobic exercise with mind–body
interventions may amplify stress-buffering effects, thereby further optimizing conditions
for plasticity-related signaling molecules to operate (Table 2).

Table 2. Effects and exercise modality.

Exercise Modality Stimulus Characteristics Molecular Pathways
(Myokines, Neurotrophins) Cognitive and Neural Effects

Aerobic (Endurance)
Training

Continuous
moderate-to-vigorous-intensity,
extended-duration sessions
(≥30 min)

Robust elevations in BDNF and
irisin; enhanced mitochondrial
function and blood flow;
improved inflammatory profile

Increases hippocampal
neurogenesis, improves
memory, executive function,
and slows age-related
cognitive decline

High, Intensity Interval
Training (HIIT)

Short, intense bouts (30 s–4 min)
interspersed with low-intensity
recovery

Acute, sometimes pronounced
spikes in BDNF; transient
metabolic stress; potential rapid
induction of beneficial
inflammatory and metabolic
mediators

May yield immediate
improvements in attention,
processing speed; long-term
effects on sustained cognitive
function still under
investigation

Resistance Training

Repetitive, high-load,
low-to-moderate repetition
schemes; focuses on muscular
strength and hypertrophy

Potential moderate BDNF
increases; improved insulin
sensitivity, hormonal balance,
and anti-inflammatory
environment indirectly support
neurotrophic signaling

Potential protective effect on
cognitive aging; may enhance
executive functions over time
and support brain volume
maintenance, especially in
older adults

Mind, Body Exercises

Low-to-moderate intensity,
emphasis on breathing, balance,
proprioception, and
mindfulness

May modulate stress hormones,
inflammatory markers, and
possibly support balanced
myokine and neurotrophin
levels, though evidence at the
molecular level is less extensive

Associated with improved
attention, emotional
regulation, and memory
consolidation; may indirectly
foster a neuroprotective
environment

Combined/Multimodal
Training

Integrates multiple stimulus
types (endurance + strength)
within a weekly program

Potential additive effects on
BDNF and irisin; improved
metabolic and vascular profiles;
enhanced overall systemic
homeostasis

May yield comprehensive
cognitive gains (memory,
executive function, processing
speed), improved resilience
against neurodegeneration,
and synergistic brain benefits

6. Gut–Brain Axis: Nutrition and Cognitive Function
Beyond considering the brain in isolation, the gut–brain axis has emerged as a piv-

otal area of research—a bidirectional communication network linking the central nervous
system (CNS) and the gastrointestinal tract. This complex interplay involves neural (via
the vagus nerve), hormonal (e.g., gut-derived peptides like ghrelin and leptin), and im-
munological signaling pathways, as well as microbial metabolites produced by the gut
microbiota. Nutrition is a primary modulator of this axis; dietary choices directly shape the
composition and activity of the gut microbiome, influencing the production of metabolites
such as short-chain fatty acids (SCFAs), tryptophan metabolites, and bile acids, which
interact with the CNS to regulate brain function. These metabolites can modulate neuroin-
flammation, neuroplasticity, and neurotransmitter synthesis, directly impacting cognitive
outcomes and mood regulation.

The gut microbiome—a complex ecosystem composed of trillions of microorganisms,
including bacteria, archaea, viruses, and fungi—plays a critical role in bridging the effects
of diet and exercise on brain health. For instance, the fermentation of dietary fibers by gut
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bacteria produces SCFAs (e.g., acetate, propionate, and butyrate), which serve as energy
sources for colonocytes, maintain gut barrier integrity, and cross the blood–brain barrier to
influence neuronal health and neurogenesis. Additionally, microbial-derived tryptophan
metabolites are precursors to serotonin, a neurotransmitter critical for mood and cognitive
function. Regular physical activity complements these effects by promoting gut micro-
bial diversity, increasing SCFA production, and reducing systemic inflammation, further
strengthening the gut–brain connection. Understanding these interconnections provides
opportunities for tailored dietary and exercise interventions aimed at optimizing cognitive
function, preventing neurodegenerative diseases, and managing mood disorders [96]. This
microbial community is highly sensitive to dietary composition. For instance, a diet rich
in fermentable fibers (fruits, vegetables, whole grains, legumes) supports a more diverse
and stable microbiota, conducive to producing beneficial metabolites and maintaining
intestinal barrier integrity. Conversely, diets high in saturated fats and simple sugars
may reduce bacterial diversity and favor the expansion of proinflammatory species. Such
dietary patterns have been associated with poorer metabolic profiles and, increasingly,
with cognitive deficits, reduced synaptic plasticity, and heightened neuroinflammation [97].
As the understanding of the gut microbiome advances, researchers have begun to map
specific bacterial taxa and metabolic signatures to cognitive outcomes. Identifying these
microbial “fingerprints” is an ongoing challenge, as factors like genetic predisposition,
early life microbial exposures, antibiotics, and overall health all influence the gut ecosystem.
Nevertheless, the growing body of evidence highlights the central role that gut microbes
play in shaping the neural substrate for learning, memory, and executive functions.

Several mechanisms facilitate communication between the gut and the CNS, creating
a sophisticated, bidirectional signaling network. Neural pathways such as the vagus nerve,
which innervates the gastrointestinal tract, transmits signals from the gut to the brain.
Changes in gut microbial composition, intestinal permeability, or the presence of specific
microbial metabolites can alter vagal signaling. These changes, in turn, may influence
stress responses, mood regulation, motivational states, and even learning and memory
processes [98]. The gut essentially “talks” to the brain, providing continuous updates about
nutrient status, immune challenges, and microbiome balance. In addition, the gut is a
key immunological hub, housing the largest concentration of immune cells in the body.
Intestinal barrier integrity and the balance of gut microbes influence systemic inflammation.
Dysbiosis (an imbalance in gut microbial composition) can weaken the intestinal barrier,
allowing microbial antigens or proinflammatory mediators to enter circulation. Some
of these factors may cross the blood–brain barrier (BBB), triggering neuroinflammation
and microglial activation that can impair synaptic plasticity and contribute to cognitive
decline [99]. Along these lines, gut microbes produce a range of bioactive compounds,
including SCFAs (such as butyrate, acetate, and propionate), secondary bile acids, and
neurotransmitter molecules (GABA, serotonin precursors, dopamine precursors). SCFAs
have been shown to influence BBB integrity, modulate microglial activity, and promote
synaptic plasticity. Butyrate, for example, can regulate gene expression in the brain through
epigenetic mechanisms, enhancing the availability of neurotrophic factors and potentially
improving cognitive function [100]. Moreover, the HPA axis, a major stress response system,
is influenced by gut microbes. Chronic dysbiosis or gut inflammation can exacerbate HPA
axis dysregulation, elevating cortisol levels and impairing cognitive processes. Conversely,
a balanced gut ecosystem can help normalize stress hormone regulation, promoting re-
silience to cognitive challenges and reducing vulnerability to anxiety and depression-like
behaviors [101].

Nutrition affects the gut microbiome and its downstream effects on brain health
through multiple dietary components and patterns. Prebiotics, which are nondigestible
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fibers selectively fermented by beneficial gut microbes, shift the microbiome towards a
composition enriched in commensal bacteria like Bifidobacterium and Lactobacillus. These
bacteria produce SCFAs and anti-inflammatory compounds that support gut barrier func-
tion and may enhance cognitive outcomes. Studies in both humans and animal models
have demonstrated that diets rich in prebiotic fibers can improve learning, memory, and
reduce anxiety behaviors [102]. In addition, probiotics, live microorganisms that confer
health benefits when administered in adequate amounts, can alter neurotransmission,
improve gut barrier integrity, and reduce systemic inflammation. Certain probiotic strains
(Lactobacillus rhamnosus JB,1) influence GABA receptor expression in the brain and mit-
igate stress-induced behaviors in animal models [103]. While clinical results vary, these
findings point towards probiotics as potential tools to modulate cognitive function and
emotional well-being.

Polyphenols and Phytochemicals: Plant-derived compounds like polyphenols (found
in berries, cocoa, tea, and red wine) have antioxidant and anti-inflammatory properties
that extend from the gut to the brain. Many polyphenols are metabolized by gut microbes
into bioactive metabolites that can cross the BBB and enhance synaptic signaling. Epidemi-
ological and intervention studies suggest that polyphenol-rich diets improve cognitive
performance and may reduce the risk of neurodegenerative diseases by enhancing neuronal
resilience and dampening inflammation [104]. Long-chain omega-3 fatty acids such as
DHA and EPA influence gut microbial composition and exert neuroprotective effects. They
support synaptogenesis, maintain neuronal membrane fluidity, and modulate neuroinflam-
mation. While research into the gut microbiota-mediated effects of omega-3s is ongoing,
there is suggestive evidence that combining DHA/EPA with prebiotics or other beneficial
dietary components could synergistically improve cognitive function [105]. In addition,
fermented products like yogurt, kefir, kimchi, and sauerkraut contain beneficial microor-
ganisms and microbial metabolites. Regular consumption of these foods can reinforce
gut microbiota diversity, modulate neurotransmitter production, and potentially reduce
anxiety and depression symptoms, changes that may indirectly support cognitive function
and protect against age-related cognitive decline [106].

The gut–brain axis plays a pivotal role not only in adults but also during critical
windows of development. In early life, the microbiome is dynamically shaped by factors
such as mode of birth delivery (vaginal vs. cesarean), breastfeeding vs. formula feeding,
and early dietary exposures. The first two to three years of life are critical for establishing
a stable gut microbial community, which can influence the trajectory of brain maturation,
neural circuit formation, and cognitive development [107]. Emerging evidence suggests
that disruptions to the early microbiome—due to antibiotic exposure, poor maternal diet,
or lack of breastfeeding—can alter synaptic pruning, neurotransmitter systems, and stress
reactivity in ways that may predispose individuals to cognitive deficits and mood disorders
later in life. Interventions aimed at optimizing the infant gut microbiota through maternal
nutrition, probiotics, and supportive early dietary patterns may have lasting positive
impacts on cognitive outcomes across the lifespan, setting a foundation for better mental
health and academic performance.

Dysbiosis, characterized by reduced microbial diversity and an overabundance of
pathogenic or proinflammatory species, has been implicated in various neurological and
psychiatric conditions, including Alzheimer’s disease, Parkinson’s disease, autism spec-
trum disorders, and depression [108]. While disentangling cause from effect is challenging,
growing evidence suggests that modifying the gut microbiome through targeted dietary
interventions like adding prebiotics, probiotics, or increasing fiber intake may slow disease
progression or improve cognitive symptoms. For example, individuals with Alzheimer’s
disease often exhibit altered gut microbiota profiles and increased intestinal permeability.
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Preclinical studies have demonstrated that dietary enrichment with prebiotics or certain
probiotics can reduce amyloid-beta accumulation and enhance cognitive performance in
mouse models. Similarly, in Parkinson’s disease, gut microbial imbalances may contribute
to alpha-synuclein misfolding and neurodegeneration. Emerging data indicate that dietary
strategies aiming to restore healthy gut microbiota could slow disease onset or symptom
severity [109].

Although much of the foundational research on the gut–brain axis has been conducted
in animal models, clinical studies are increasingly validating these findings in humans.
Several randomized controlled trials have investigated the cognitive effects of probiotic
supplementation. While results are mixed—likely due to differences in probiotic strains,
dosing strategies, participant demographics, and outcome measures—some studies report
improvements in memory, executive function, and stress resilience in participants con-
suming specific probiotic blends [110]. Dietary interventions, too, have shown promise.
Adhering to the Mediterranean diet, rich in fruits, vegetables, whole grains, legumes, fish,
and olive oil, correlates with greater gut microbial diversity and better cognitive perfor-
mance in older adults. Longitudinal and interventional studies suggest that improving
diet quality over time aligns with slowed cognitive decline, reduced inflammation, and
lower risk of dementia. These findings highlight the potential for diet-based strategies to
preserve cognitive health by cultivating a beneficial gut microbiota environment [111]. The
responsiveness of the gut microbiome to dietary changes is highly individualized. Genetic
background, early life exposures, and current health status shape how a person’s micro-
biota responds to new eating patterns. Consequently, not everyone will experience the
same cognitive benefits from identical nutritional interventions. As a result, researchers are
exploring the field of precision nutrition to develop personalized dietary recommendations
based on an individual’s microbiome profile, biomarkers of inflammation, and metabolic
parameters. Such a tailored approach could identify who stands to benefit most from
dietary fibers, polyphenol-rich foods, or probiotic supplementation to enhance cognitive
outcomes and mental well-being.

The term “psychobiotics” refers to probiotics, prebiotics, or fermented foods that
positively influence mental health through the gut–brain axis [112]. Psychobiotics can
shape neurotransmitter systems, alter stress responses, and potentially improve mood and
cognition. Early-stage research on psychobiotics suggests that certain bacterial strains and
dietary fibers can reduce anxiety, depressive symptoms, and cognitive impairments in
preclinical models and some human trials. While the field is young and further rigorous in-
vestigation is needed, psychobiotics represent a promising avenue for dietary-based mental
health and cognitive interventions. A deeper understanding of how microbial metabolites
influence the brain is crucial for developing effective dietary strategies. SCFAs like butyrate
can regulate gene expression in neurons, support BBB integrity, and influence synaptic
plasticity. Enhancing butyrate production via increased fiber intake or targeted prebiotic
supplementation might promote neurotrophic signaling, reduce neuroinflammation, and
bolster memory processes [112]. Other microbial-derived compounds, such as tryptophan
metabolites, GABA, and catecholamines, may influence neurotransmitter balance, modu-
lating mood, motivation, and learning capacity. Adjusting dietary components to increase
beneficial tryptophan metabolism, for instance, could enhance serotoninergic signaling and
improve emotional regulation alongside cognitive performance.

While no single diet guarantees improved cognition for everyone, certain patterns
appear consistently supportive. Diets abundant in whole, minimally processed foods—rich
in dietary fibers, polyphenols, omega-3 fatty acids, and fermented products—generally
promote microbial diversity and beneficial metabolite production. The Mediterranean
diet, for example, has been associated with improved metabolic health, reduced systemic
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inflammation, and better cognitive trajectories [113]. By contrast, Western-style dietary
patterns high in refined carbohydrates, saturated fats, and processed foods are linked to
dysbiosis, metabolic dysfunction, and an increased risk of cognitive decline. Studies in
animal models show that these diets can induce memory deficits and lower hippocampal
BDNF levels, in part through changes in the gut microbiota [114]. Thus, shifting dietary
habits toward more plant-based, fiber-rich patterns may help maintain cognitive vitality
across the lifespan. Thus, despite rapid progress, numerous questions remain. Disen-
tangling causality from correlation in the microbiome–brain relationship demands more
longitudinal, carefully controlled human studies. Identifying biomarkers and microbiome
signatures predictive of individual responsiveness to dietary interventions will be crucial
for personalizing treatments. Mechanistically, we still need a clearer map of how SCFAs,
neurotransmitter-like metabolites, and inflammatory mediators operate at the molecular
level to alter neural circuits and cognitive processes.

Translating findings into clinical practice also poses challenges. Long-term adher-
ence to dietary interventions, variability in microbiome composition among populations,
and complex interactions with other lifestyle factors necessitate a multifaceted approach.
Finally, examining how early-life interventions might sculpt a microbiome that confers
durable cognitive resilience, or how adjustments during aging might prevent cognitive
decline, are avenues ripe for exploration. The gut–brain axis represents a paradigm shift
in understanding cognitive function, integrating the gut microbiota and nutrition into the
broader context of neural health. Far from being isolated, the brain is profoundly influenced
by dietary choices that shaped gut microbial communities, metabolic signaling pathways,
and the inflammatory milieu. By strategically leveraging nutrition—via prebiotics, probi-
otics, polyphenol-rich foods, fermented products, and balanced dietary patterns—we may
enhance cognitive resilience, reduce the risk of neurodegenerative disorders, and improve
mental health outcomes.

7. Oxidative Stress and Neuroprotection: Antioxidants in Action
The human brain, although representing only about 2% of the total body mass,

consumes roughly 20% of the body’s resting oxygen supply, and this disproportionate
metabolic demand makes it uniquely vulnerable to oxidative stress [115,116]. Oxidative
stress arises when the production of ROS and reactive nitrogen species (RNS) exceeds
the capacity of intrinsic antioxidants and repair systems, leading to the accumulation of
damaged proteins, lipids, and nucleic acids within neuronal circuits [115,117]. Under nor-
mal conditions, ROS and RNS serve as signaling molecules and are effectively neutralized
by endogenous enzymatic antioxidants such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase, as well as nonenzymatic antioxidants like glutathione and
vitamins C and E [118]. However, with advancing age, environmental stressors, poor diet,
and certain genetic backgrounds, the delicate redox balance may shift, allowing oxidative
damage to accumulate [116,119].

The central nervous system’s heightened susceptibility to oxidative damage is multi-
factorial. First, neurons rely heavily on aerobic metabolism for ATP production, render-
ing them prone to mitochondrial ROS leakage, especially under conditions of metabolic
stress [120,121]. Second, neuronal membranes are rich in polyunsaturated fatty acids
(PUFAs), which are highly susceptible to peroxidation, compromising membrane fluidity
and receptor function [115,117]. Third, the adult brain has limited regenerative capacity,
making oxidative damage more consequential over time [122]. These vulnerabilities help
explain why oxidative stress is implicated in numerous neurodegenerative diseases, in-
cluding Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis, all
of which share a common thread of elevated ROS production, diminished antioxidant
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defenses, and progressive neuronal loss [123,124]. In Alzheimer’s disease, oxidative mod-
ifications to proteins, lipids, and nucleic acids occur early in pathogenesis, potentially
accelerating amyloid-beta (Aβ) plaque formation and tau hyperphosphorylation [124]. In
Parkinson’s disease, the loss of dopaminergic neurons in the substantia nigra pars com-
pacta is intimately linked to mitochondrial dysfunction, iron accumulation, and unchecked
oxidative damage [125]. Similar patterns, including impaired energy metabolism and
glial-mediated inflammatory responses, are observed in other conditions like Huntington’s
disease and vascular cognitive impairment [116,120]. Together, these findings underscore
the importance of interventions that maintain or restore redox homeostasis, as controlling
oxidative stress represents a promising avenue for neuroprotection and preservation of
cognitive function.

Mounting evidence indicates that nutrition and lifestyle factors critically shape the
brain’s antioxidant capacity and susceptibility to oxidative injury [119]. A balanced,
nutrient-dense diet provides essential micronutrients—such as vitamins E and C—that
directly scavenge free radicals, as well as trace elements like selenium, copper, zinc, and
manganese that serve as cofactors for key antioxidant enzymes [118]. For instance, vi-
tamin E, a lipid-soluble antioxidant, protects cell membranes against lipid peroxidation,
while vitamin C, a water-soluble antioxidant, can regenerate vitamin E from its oxidized
form, creating a synergistic antioxidant network [126]. Beyond vitamins and minerals,
bioactive phytochemicals found in fruits, vegetables, tea, wine, and spices are increasingly
recognized for their neuroprotective properties. Polyphenols such as flavonoids (quercetin,
anthocyanins), catechins (epigallocatechin gallate from green tea), resveratrol (from grapes
and red wine), and curcumin (from turmeric) can not only scavenge ROS but also modulate
cellular signaling pathways that regulate antioxidant gene expression, inflammation, and
synaptic plasticity [122,127]. These compounds may exert their benefits partly through
the activation of the transcription factor Nrf2, which controls the expression of numerous
antioxidant and detoxification genes, thereby enhancing endogenous defenses [118].

Whole food-based dietary patterns, rather than single nutrients, appear most effective
for long-term cognitive protection [128]. Diets rich in colorful fruits, leafy greens, nuts,
seeds, whole grains, and fish—key elements of the Mediterranean or DASH diets—are
consistently associated with improved cognitive function, reduced risk of dementia, and
lower oxidative stress markers [122,127]. Such patterns also often contain omega-3 fatty
acids like DHA, which can modulate oxidative stress and inflammation indirectly by opti-
mizing neuronal membrane composition and supporting mitochondrial efficiency [120].
In contrast, Western-style diets high in refined sugars, saturated fats, and processed foods
tend to promote oxidative stress, insulin resistance, and low-grade inflammation, thereby
exacerbating cognitive decline over time [129]. Lifestyle factors complement dietary strate-
gies for mitigating oxidative stress. Regular physical exercise enhances antioxidant enzyme
activity, improves mitochondrial biogenesis, and increases cerebral blood flow, collectively
reducing oxidative burden in the brain [130]. Moderate-intensity aerobic exercise, for
example, can upregulate SOD and GPx, enhancing the overall antioxidant network [130].
Intermittent fasting or caloric restriction regimens also show promise, as mild metabolic
stress can induce hormetic responses, triggering endogenous antioxidant defenses and
strengthening neuronal resistance to ROS-mediated injury [126].

Stress management and adequate sleep further support redox homeostasis. Chronic
psychological stress elevates cortisol and catecholamine levels, which can increase ROS
production and impair antioxidant defenses, while poor sleep quality disrupts metabolic
and immune homeostasis, exacerbating oxidative damage [116]. Mindfulness practices,
yoga, and proper sleep hygiene may indirectly improve redox balance by stabilizing hor-
monal fluctuations, reducing inflammation, and supporting the clearance of metabolic
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waste from the brain [120]. While antioxidant supplements have gained public interest,
their efficacy in neuroprotection remains equivocal. Some large-scale clinical trials testing
high-dose vitamin E or vitamin C have yielded modest or inconclusive results, and con-
cerns arise that excessive supplementation might interfere with normal redox signaling
or fail to reach critical targets within the CNS [115]. Similarly, polyphenol extracts (cur-
cumin or resveratrol pills) have shown variable outcomes in humans, possibly due to poor
bioavailability, suboptimal dosing, or interactions with individual gut microbiomes and
metabolic profiles [127]. These considerations underscore the importance of focusing on
whole food sources, dietary diversity, and lifestyle modifications rather than relying on
isolated antioxidant supplements.

As research on oxidative stress and neuroprotection advances, emerging technologies
and conceptual frameworks offer new avenues for both prevention and therapy. The quest
to identify reliable biomarkers of oxidative damage (lipid peroxidation products, oxidized
DNA bases, or advanced oxidation protein products) and antioxidant status can guide
personalized interventions. For example, metabolomics, lipidomics, and proteomics ap-
proaches enable detailed mapping of redox perturbations within specific brain regions and
patient populations [117]. Coupled with genetic and epigenetic profiling, these data may
help clinicians identify individuals at higher risk for oxidative damage-related cognitive
decline, enabling earlier and more tailored nutritional and lifestyle recommendations. The
integration of precision nutrition concepts with personalized medicine is another frontier.
Just as certain genotypes influence how people metabolize nutrients, variations in gut
microbiota composition could dictate how effectively individuals derive neuroprotective
benefits from polyphenols and other antioxidants [127]. Future studies may determine
which patients respond best to specific dietary patterns or supplements, leading to the de-
velopment of psychobiotic or personalized antioxidant regimens that optimize brain health.
Similarly, refining exercise prescriptions such as frequency, intensity, and modality may
maximize antioxidant enzyme induction and mitochondrial adaptations, further protecting
neurons from ROS-induced injury [130].

Gene editing tools, epigenetic modulators, and pharmacological agents targeting
redox-sensitive pathways (Nrf2-ARE signaling) represent additional strategies for en-
hancing intrinsic antioxidant defenses. The concept of hormesis, where mild oxidative
challenges can upregulate protective genes, may inspire therapies that precondition the
brain against future insult [115,126]. For instance, low doses of certain phytochemicals
or controlled fasting periods could trigger beneficial adaptive responses, strengthening
neuronal resilience. However, translating these insights into widely applicable clinical
interventions remains challenging. Nutritional and lifestyle changes require sustained
adherence, cultural acceptance, and socioeconomic feasibility [131]. Moreover, neurode-
generative diseases often progress silently for years before clinical symptoms emerge, so
interventions must be initiated early and maintained in the long term. Additionally, the
interplay between oxidative stress, inflammation, and other pathological processes (pro-
tein misfolding, excitotoxicity) complicates efforts to isolate antioxidant interventions as a
singular solution [132].

Ultimately, successful strategies will likely be multifactorial, combining antioxidant-
rich diets, regular exercise, stress reduction techniques, sleep optimization, and potentially
mild dietary restrictions to harness hormetic responses. Research must continue to refine
biomarkers, identify individual responders, and test combination interventions in robust,
well-controlled clinical trials. As understanding deepens, clinicians may one day prescribe
a regimen of targeted foods, activity patterns, and lifestyle modifications as part of a person-
alized blueprint for neuroprotection, mitigating the destructive impact of oxidative stress
on the aging brain. In conclusion, oxidative stress sits at the nexus of energy metabolism,
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aging, and neurodegeneration, highlighting the critical importance of effective antioxidant
strategies for preserving cognitive function. By emphasizing whole food diets abundant in
fruits, vegetables, legumes, whole grains, fish, and other nutrient-dense sources—paired
with consistent physical activity, proper sleep, and stress management—individuals can
bolster their intrinsic antioxidant defenses and reduce the cumulative burden of ROS on
neuronal integrity. This holistic approach aligns well with the complexity of the central
nervous system’s redox balance, offering hope that sustained lifestyle modifications will
yield meaningful neuroprotective benefits and enhance quality of life, even as populations
worldwide face the cognitive challenges of longer lifespans.

8. Neurogenesis and Synaptic Plasticity: Interventions and Insights
A healthy brain and the ability to adapt to new situations are underpinned by neu-

rogenesis and synaptic plasticity. Strategies that aim to influence these processes, such
incorporating more omega-3 fatty acids into one’s diet [133], flavonoids [134], and polyphe-
nols [135], have demonstrated their potential to enhance neurogenesis and promote synap-
tic remodeling. Similarly, regular physical exercise, particularly aerobic and resistance
training [136], has been shown to upregulate brain-derived neurotrophic factor (BDNF) and
other neurotrophins that support neuronal survival and plasticity [137]. Emerging research
also highlights the synergistic effects of combining targeted nutritional interventions with
structured exercise protocols to optimize neuroplasticity [138,139]. Thus, these findings
underscore the importance of a multifaceted approach, integrating lifestyle modifications
to support brain health and mitigate cognitive decline.

As is known, the brain’s capacity to adapt and learn is almost invaluable and maintain-
ing cognitive health should be essential [140]. These processes are influenced, as mentioned,
by both exercise and nutrition, which individually and synergistically contribute to neural
growth and connectivity. Then, exercise and nutrition have distinct, individual, and com-
bined roles in enhancing neuroplasticity, followed by insights into integrated intervention
programs [141].

8.1. The Role of Exercise

One of the best non-pharmacological ways to increase neurogenesis and synaptic
plasticity is to exercise regularly [142,143]. Aerobic activities, such as running and cycling,
have been shown to increase the production of BDNF, a key protein that supports the
survival of neurons and facilitates synaptic remodeling (Figure 1) [144]. Concretely, Hao and
collaborators recently pointed out findings supporting the notion that moderate-intensity
physical activity correlates with the maintenance of cognitive function in middle-aged and
older adults and may continue to confer this advantage in the future [145]. Additionally,
intensity matters; Wu’s study suggests that mild and moderate physical activity may
enhance cognitive ability, as opposed to intensive exercise. Thus, the specified intensity
of physical activity may be more beneficial in attaining optimal cognitive enhancement,
considering age and depressive condition [146]. Notably, the production of lactate is closely
linked to the intensity of exercise; studies demonstrate that exercise-induced lactate acts
as a signaling molecule to stimulate neurogenesis and enhance cognitive functions such
as memory and executive processing. Although lactate was considered the “villain” in
exercise physiology, recent research highlights its essential role in supporting cognitive
processes, showing that it is crucial for optimal performance in tasks involving memory
and executive functions [137].

Resistance training enhances neuroplasticity by reducing inflammation and pro-
moting hormonal balance, including increased levels of insulin-like growth factor 1
(IGF-1) [147,148]. Beak et al. reported that dual-task resistance exercise is superior to
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resistance training in enhancing cognitive function in older persons with cognitive impair-
ment. Both dual-task resistance training and resistance training enhance mood, alleviate
depression, and increase functional fitness [149]. Physical activity and increased movement
are already beneficial, even if it does not specifically focus on improving aerobic capacity or
resistance. It improves cerebral blood flow, ensuring the delivery of oxygen and nutrients
necessary for neuronal health [150,151]. Olivo et al. reported recently that the reduction in
Grey Matter Blood Flow (GMBF) observed in younger adults immediately post-exercise
is also evident in older adults and is associated with cardiovascular fitness, potentially
reinforcing the connection between cardiovascular fitness and cerebrovascular reactivity
in later life [152]. While there has been some success in elucidating the role of cerebral
circulation as a moderator of aerobic exercise’s long-term effects on cognition, there is still
a lack of clarity regarding the mechanisms by which exercise immediately affects cognition
and cerebral perfusion, especially in the elderly. Taken together, these findings underscore
the significant influence that exercise has on the structure and function of the brain [152].

8.2. Key Nutrients

Diet plays an equally critical role in modulating neurogenesis and synaptic plastic-
ity [153]. Concretely, a defect in adult neurogenesis has been suggested as a prevalent
characteristic in various age-related neurodegenerative disorders [84]. The administration
of flavonoids is presently seen as a potentially advantageous approach for mitigating
abnormalities associated with brain aging, particularly the reduction in adult neurogen-
esis [154]. A balanced diet has typically been associated with cognitive improvements,
such as a reduction in neuroinflammation [134], and consequently, a lower likelihood of
anxiety [155], stress, or simply academic performance improvements in students [156]. In
fact, compliance with a nutritious regimen, such as the Mediterranean Diet (MD), may
provide advantageous outcomes for university students, enhancing their academic perfor-
mance, quality of life, and overall mental and physical health [157]. Also, a plant-based
diet and its bioactive compounds have been documented to confer health benefits, not only
cognitive but also multifactorial ones, such as protection against cancer, cardiovascular
diseases, and diabetes, as well as benefits for individuals with gastrointestinal, immune,
and neurodegenerative disorders [158,159].

Regarding these, flavonoids, found in fruits, vegetables, and cocoa, have been also
shown to enhance BDNF expression and reduce oxidative stress, thereby supporting these
processes [160]. Similarly, polyphenols and curcumin exhibit anti-inflammatory and neu-
roprotective properties, which contribute to improved synaptic plasticity [161,162]. Also,
omega-3 fatty acids, particularly docosahexaenoic acid (DHA), are essential for maintaining
neuronal membrane integrity and promoting synaptic formation [163,164]. For instance,
Roberts and collaborators found that childhood undernutrition correlates with enduring
cognitive damage. Contrary to prevailing beliefs, supplementary feeding for 23 weeks may
enhance executive function, cerebral health, and nutritional status in at-risk young children
residing in low-income nations [165]. This proves that an adequate intake of vitamins such
as B12, D, and E is also linked to better cognitive outcomes by supporting myelination, re-
ducing neurodegeneration, and mitigating oxidative damage [166,167]. McGeown’s study
showed that antioxidants, branched-chain amino acids, and ω-3 polyunsaturated fatty acids
have demonstrated the most promising preclinical results for modifying neuroprotective
effects following traumatic brain injury [168].

Therefore, mental health is essential to a person’s overall health, and vice versa:
leading an unhealthy lifestyle can have a negative impact on one’s mental health. To keep
one’s brain and body in peak condition, it is recommended to include both macro- and
micronutrients in a varied and balanced diet, in addition to leading a healthy lifestyle.
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Given the effects of stress on the brain over the lifespan and the fact that the human
population is aging at a rapid pace, this approach is more important than ever. The
significance of dietary interventions for cognitive health is underscored by the fact that
these nutrients work together to produce a biochemical milieu that is favorable to brain
growth and repair [169].

8.3. Synergy of Exercise and Nutrition

Emerging research underscores the synergistic effects of combining exercise and nu-
trition to optimize neurogenesis and synaptic plasticity [170]. Intervention programs that
integrate structured aerobic or resistance exercise with a nutrient-dense diet rich in omega-3
fatty acids, flavonoids, and antioxidants have demonstrated superior outcomes in cog-
nitive performance and mental health (Figure 2) [171]. For instance, exercise-induced
BDNF upregulation is potentiated by DHA supplementation, leading to enhanced synaptic
connectivity [171]. Additionally, the simultaneous use of creatine nitrate and caffeine en-
hanced cognitive function, especially in activities involving cognitive interference, without
affecting short-term exercise performance [172]. Concretely, Komulainen and collaborators
reported that a blend of at least moderate-intensity aerobic exercise and a nutritious diet
may enhance cognitive function in older adults. Studies such as Wang’s have suggested
that the influence of nutrition and exercise on cognitive function is receiving heightened
scrutiny. The advantages of exercise for cognitive function and brain plasticity are extensive,
and future study may investigate the effectiveness of specific dietary protocols during
physical activity in conjunction with nutrition to mitigate cognitive decline [173]. Thus,
programs tailored to include both elements have shown promise in slowing cognitive
decline, for instance, in aging populations and improving neuroplasticity in individuals
with neurodegenerative disorders [53,174].

The interaction between specific types of exercise and nutrients shows significant
synergies in optimizing cognitive function and neuroplasticity. Aerobic exercise combined
with omega-3 fatty acids, such as DHA and EPA, has been shown to improve brain health by
reducing inflammatory markers and increasing mitochondrial density and mitochondria-
regulated apoptotic signaling [175]. Likewise, studies in patients with mild cognitive
impairment suggest that aerobic exercise combined with omega-3 supplementation may
preserve gray matter volume in critical brain regions related to Alzheimer’s disease [176].
On the other hand, B vitamins, essential in neuronal metabolism, can complement the
benefits of resistance training by preventing muscle loss and supporting neurotransmitter
synthesis. Although evidence is limited, supplementation with B vitamins along with resis-
tance exercise has been shown to preserve serum B12 levels and promote neuroplasticity
in older adults [175]. This integrative approach highlights how different combinations of
nutrients and exercises can be personalized to maximize benefits in cognitive and physical
health, highlighting the importance of strategies tailored to individual characteristics.

In contrast, Bischoff-Ferrari et al. studied and reported that in adults aged 70 years
or older without significant comorbidities, interventions involving vitamin D3, omega-3
fatty acids, or a strength-training exercise regimen did not yield statistically significant
variations in systolic or diastolic blood pressure, nonvertebral fracture incidence, physical
performance, infection rates, or cognitive function [177]. Also, a 12-month multicomponent
exercise training and supplementation regimen shown no meaningful impact on cognition
in males undergoing treatment [178]. Formica et al., in line with these results, reported that
in healthy community-dwelling older adults engaging in resistance-based exercise training
three times per week, those who consumed lean red meat according to current Australian
dietary guidelines did not observe any significant supplementary benefits in the primary
outcome measures of muscle mass, strength, or cognitive function [179]. Personalized
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approaches, which account for individual dietary needs and physical fitness levels, are
particularly effective in maximizing the benefits of these interventions [180]. The timing
of nutrient intake involves strategic intake at specific times around exercise to optimize
exercise adaptation, including improvements in muscle strength, body composition, and
physical performance [181]. Along these lines, recent studies have shown that physical
exercise increases levels of neurotrophic factors such as BDNF, a key neurotrophin in
neuroplasticity [182]. Although specific research on the timing of nutrient intake and its
direct effect on neuroplasticity is limited, evidence suggests that adequate nutrition around
exercise may enhance cognitive and neurological benefits. Therefore, a balanced intake of
nutrients both before and after exercise is recommended to maximize its positive effects on
brain health.

The synergistic effects of exercise and diet offer a potential strategy to boost neuro-
genesis and synaptic plasticity. Brain health and resilience can be optimized throughout
life through this interaction. In contrast, there have been cases where prior studies did not
find statistically significant variations in the results of interventions. This emphasizes the
need for higher-quality research to establish and standardize protocols that successfully
combine dietary and physical activity plans.
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9. Wearable Bioelectronics in Monitoring Mental Health
Mental illness, regardless of being medically diagnosed or undiagnosed, impacts a

significant segment of the population [183]. It is a substantial contributor to widespread
impairment, and if inadequately addressed, it may result in serious emotional, behavioral,
and physical health issues [184]. Most mental health research projects prioritize treatment,
while fewer resources are allocated to technological solutions for mental health problems.
Nowadays, wearables are electronic devices and “wearable” gadgets, meaning they are
worn on some part of the body to perform a specific task. Clothing, watches, glasses,
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bracelets or rings have been categorized in the market into five major groups: health, sports
and wellness, entertainment, industry, or military (Figure 2) [185]. Today, there is no doubt
that wearable technology helps patients monitor numerous aspects of their health, such as
heart rate, sleep quality, blood sugar levels, and even depression [186].

Wearable sensors provide numerous benefits compared to conventional mental health
evaluation approaches, such as ease, cost-efficiency, and the capacity to collect data in real-
world environments [187,188]. Their ability to record information about anxiety, stress, and
panic attacks is tested. The current market sensors are described in detail, along with their
effectiveness in providing data that can be linked to the health concerns mentioned earlier.
There is a lot of change happening in the wearable industry right now, and the products that
are already on the market are good enough to give significant data that machine learning
algorithms can use for any kind of illness, not just mental health [189]. For instance,
Alshurafa et al. developed “Wanda”, a predictive system for reducing cardiovascular
disease (CVD) risk factors. Over six months, users received technology-based support,
with the system achieving an F-score of 0.92. It effectively identified behaviors in the first
month, using activity, blood pressure, and questionnaires, to determine which participants
would benefit most from remote health monitoring [190]. Similarly, Aranki et al. developed
a smartphone-based system for real-time monitoring of vital signs and cardiovascular
symptoms during physical activity in heart disease patients, with potential applications for
diabetes, hypertension, and other chronic conditions [191].

9.1. Monitoring Mental Health

Regarding mental health, it has been demonstrated that wearables and mobile apps
offer promising tools to detect early deterioration in young people, enabling timely inter-
vention and reducing delays in accessing mental health services [192]. For instance, Osmani
et al. conducted a study using smartphones to detect episodes and monitor behavioral
changes in patients with bipolar disorder [193]. There are many more advancements and
studies aimed at monitoring and preventing these diseases [194]. Reinertsen et al. used a
support vector machine (SVM) classifier to identify schizophrenia patients from HRV and
accelerometer data [195]. A recent study by Greco et al. (2018) suggested that HRV is also
a great variable for detecting subclinical depression in 60 undergraduate students [196].
Prince et al. (2018) analyzed data from the largest cohort of Parkinson’s patients to date
(312 patients and 236 controls) using smartphone-based finger tapping and memory tests.
This study identified digital biomarkers predictive of Parkinson’s severity, enabling re-
mote and quantitative patient monitoring [197]. Thus, findings suggest that mental health
monitoring is practicable [198]. However, the evidence also reported that while wearable
technology and digital mental health interventions (DMHIs) offer significant potential to
revolutionize mental health care, they also pose unique challenges that require careful
evaluation and strategic implementation [186]. If we needed to identify the most commonly
used devices, Robinson et al. highlights that electrodermal activity (EDA/GSR/SC/Skin
Temperature), physical activity, and heart rate (HR) are the most commonly assessed bio-
metrics. Although smartwatches are increasingly prevalent in the market, fitness trackers
provide the greatest public value benefit of GBP 513.9 million, presumably owing to su-
perior user retention rates [199]. Non-invasive wearable devices use advanced machine
learning-based algorithms to interpret external physiological data in terms of internal
processes such as neuroplasticity and neurogenesis. For example, heart rate variability
(HRV) can be correlated with autonomic nervous system activity and its impact on the
HPA axis, linked to the release of neurotrophins such as BDNF [200]. Cortisol can provide
insights into the state of chronic stress and its relationship to neuroinflammation, a key
factor in the inhibition of synaptic plasticity [201]. The combined use of physiological
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data and big data-based algorithms allows us not only to monitor the current state of the
individual, but also to predict patterns of neuronal recovery and adaptability.

9.2. Key Innovations

Recent advancements include the integration of artificial intelligence (AI) for predic-
tive analytics, allowing wearable devices to identify early signs of mental health conditions
before they manifest clinically (Figure 3) [202]. For example, predictive models using
longitudinal data from wearable devices can forecast depressive episodes or heightened
anxiety periods [203]. Additionally, wearable devices equipped with haptic feedback mech-
anisms are being explored to deliver biofeedback therapies, helping users manage stress in
real time. AI offers significant prospects for enhancing autism spectrum disorder (ASD)
management; however, realizing these advantages necessitates a collaborative endeavor
among engineers, clinicians, ethicists, and politicians to create AI solutions that are both
novel and ethically sound, equitable, and universally advantageous [204].
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Despite their potential, wearable bioelectronics for mental health monitoring face
challenges such as ensuring data privacy, maintaining device accuracy, and overcoming user
adherence barriers. Data security is paramount given the sensitive nature of mental health
information, necessitating robust encryption and secure communication protocols [205].
Wearable devices are supported by advanced machine learning models that allow for the
interpretation of physiological data in the context of neurocognitive health. Algorithms
such as Random Forest, Support Vector Machine (SVM), and XGBoost have proven effective
in processing data such as heart rate variability (HRV), sleep patterns, and activity levels.
These systems integrate these metrics into classifiers capable of predicting changes in
neuroplasticity and other mental health outcomes. For example, a recent system used these
algorithms combined into a voting classifier to predict mental health-related outcomes in
real time, achieving high accuracy in its predictions [206].

Opportunities abound in expanding the accessibility of these devices to underserved
populations. Low-cost, scalable solutions can democratize mental health monitoring,
bridging gaps in traditional healthcare systems. Moreover, interdisciplinary collaborations



Bioengineering 2025, 12, 208 41 of 59

between technologists, psychologists, and medical professionals are vital for designing
user-centric devices that meet clinical needs [207].

In conclusion, wearable bioelectronics represent a significant leap in mental health
monitoring, combining technological innovation with clinical application to improve out-
comes [187]. Future developments in this field will likely focus on enhancing device
capabilities, integrating multimodal data sources, and fostering user trust to maximize
adoption and effectiveness.

10. Bioengineering and Personalized Neuro-Nutritional Strategies
The convergence of bioengineering innovations and personalized medicine presents

unprecedented opportunities for tailoring neuro-nutritional strategies to individual needs,
addressing both cognitive enhancement and mental health optimization. Advancements in
genomics, metabolomics, and wearable bioelectronics enable the identification of individual
physiological and neurochemical profiles, which can inform precise interventions aimed at
optimizing brain function and psychological resilience [208].

Recent breakthroughs in bioengineering have facilitated the design of advanced de-
vices and platforms capable of monitoring and modulating the intricate interactions be-
tween brain and body systems. These innovations leverage interdisciplinary advances in
materials science, nanotechnology, and computational biology to provide unprecedented
precision in both diagnostics and intervention. For instance, wearable biosensors, integrated
with artificial intelligence (AI) algorithms, can analyze real-time data on a wide array of
physiological parameters such as glucose levels, cortisol secretion, neural activity, and even
gut microbiota metabolites [209]. By combining these data streams, these systems create a
comprehensive profile of an individual’s physiological and neurochemical state. The ability
to monitor these biomarkers in real time enables a dynamic assessment of an individual’s
response to dietary, pharmacological, and physical interventions. Such insights can inform
actionable feedback loops, allowing clinicians and users to adjust strategies in real time
for optimized outcomes. For example, wearable electroencephalography (EEG) devices
have been adapted to monitor neural activity during cognitive tasks, providing feedback
on brain performance and stress levels, which can be linked to dietary modifications or
relaxation techniques [210].

Microfluidic systems, another pivotal advancement, provide a non-invasive and effi-
cient means of analyzing biomarkers through fluids like sweat, saliva, or interstitial fluid.
These compact platforms, often the size of a smartphone, employ advanced biomarker
detection technologies such as enzyme-linked assays, electrochemical sensors, and fluores-
cence detection to monitor critical neurochemical signals, including serotonin, dopamine
precursors, and cortisol [211]. By capturing these signals, microfluidic devices offer insights
into neurochemical imbalances that underline mood disorders, anxiety, and cognitive im-
pairments. This information can be used to tailor interventions, such as nutrient-specific
supplementation or therapeutic regimens aimed at restoring neurotransmitter equilib-
rium. Furthermore, bioelectronic medicine has emerged as a transformative field, with
implantable devices capable of directly modulating neural circuits to treat neurodegenera-
tive diseases or enhance cognitive functions [212]. Devices like vagus nerve stimulators
and closed-loop neuromodulation systems provide precise control over neurophysiological
states, enabling therapeutic interventions tailored to individual needs. These systems, often
coupled with AI, can predict and respond to neural signals in real time, offering a new
dimension to personalized mental health care [213].

The convergence of bioengineering and machine learning has also enhanced the accu-
racy and applicability of neuro-nutritional interventions. Predictive models trained on vast
datasets from diverse populations can identify trends and predict outcomes, enabling prac-
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titioners to design precision interventions based on an individual’s genetic predispositions,
metabolic profile, and lifestyle factors [214]. For example, combining genetic data with
wearables that track dietary intake and physical activity can help predict susceptibility to
conditions like cognitive decline or metabolic disorders, leading to preemptive interven-
tions. In addition to monitoring, advancements in responsive biomaterials are pushing the
boundaries of personalized neuro-nutrition. Smart hydrogels and nanoparticles designed
for targeted drug and nutrient delivery can respond to changes in pH, temperature, or
enzymatic activity in the body [215]. These technologies can deliver specific nutrients or
medications to targeted brain regions, bypassing systemic effects and maximizing efficacy.
Together, these integrative approaches signify a paradigm shift in how we understand
and manage the interplay between nutrition, exercise, and mental health. They provide a
foundation for the next generation of bioengineered solutions, paving the way for precise,
individualized strategies that optimize cognitive function and psychological resilience.
Future research must aim to address the scalability and accessibility of these technologies,
ensuring equitable implementation across diverse populations [216].

Personalized nutrition, rooted in the principles of precision medicine, represents a
transformative approach to optimizing cognitive health and psychological resilience. By
tailoring dietary recommendations and interventions to an individual’s genetic, biochem-
ical, and lifestyle profile, personalized neuro-nutritional strategies hold the promise of
mitigating cognitive decline, enhancing mental health, and preventing neurodegenera-
tive diseases [208]. The advent of genomic technologies has made it possible to design
diets that align with an individual’s genetic predispositions. Single-nucleotide polymor-
phisms (SNPs), which influence nutrient metabolism and brain health, serve as valuable
markers for tailoring interventions [217]. For example, individuals carrying the APOE ε4
allele, associated with a heightened risk of Alzheimer’s disease, may benefit from diets
enriched in omega-3 fatty acids such as DHA. DHA, a critical component of neuronal mem-
branes, supports synaptic plasticity and reduces neuroinflammation. Similarly, variations
in genes like MTHFR, which influence folate metabolism, can guide supplementation with
bioavailable forms of folate to support neurotransmitter synthesis and prevent cognitive im-
pairment [218]. Additionally, nutrigenomics, an emerging field that explores the interaction
between diet and gene expression, has revealed insights into the role of diet in modulating
epigenetic markers. Dietary components such as polyphenols, omega-3 fatty acids, and
B vitamins have been shown to influence DNA methylation and histone modification,
enhancing the expression of genes involved in neuroplasticity and stress resilience. These
insights enable the design of diets that not only address genetic predispositions but also
actively optimize gene function for brain health [219].

Advancements in metabolomics and proteomics have revolutionized the ability to
detect nutrient deficiencies or imbalances at an individual level. Through the analysis of
biomarkers such as amino acids, fatty acid profiles, and micronutrient levels, clinicians can
identify specific deficiencies and design interventions with precision [220]. For instance, low
serum levels of vitamin D, a critical modulator of synaptic plasticity and neurogenesis, can
be addressed through targeted supplementation. Similarly, magnesium deficiency, which
is linked to heightened stress responses and reduced cognitive function, can be rectified
through dietary adjustments or supplements. Biomarker-guided strategies also extend
to the regulation of neurotransmitter precursors [221]. For example, ensuring adequate
intake of tryptophan and tyrosine precursors to serotonin and dopamine, respectively,
can improve mood regulation and cognitive performance. These amino acids can be
delivered through functional foods or supplements designed to align with an individual’s
metabolic profile [222]. The role of the gut–brain axis in cognitive and emotional health
has gained significant attention, with growing evidence highlighting the impact of the
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gut microbiota on neurotransmitter production and neuroinflammation. Personalized
neuro-nutritional strategies increasingly incorporate probiotics and prebiotics to modulate
the gut microbiome, fostering the production of beneficial metabolites such as SCFAs
that influence brain function [223]. For example, specific strains of probiotics, such as
Lactobacillus and Bifidobacterium, have been shown to enhance serotonin synthesis in
the gut and reduce systemic inflammation, contributing to improved mood and cognitive
clarity. Prebiotics, such as inulin and resistant starch, serve as substrates for beneficial gut
bacteria, promoting a microbiome environment conducive to brain health. Personalized
approaches may include the incorporation of these elements into daily diets, informed by
microbiome analyses that identify individual microbial compositions [224].

The use of functional foods enriched with bioactive compounds and advanced supple-
ment formulations further enhances the personalization of neuro-nutrition. For instance,
polyphenol-rich foods like berries and green tea can be tailored to enhance cognitive per-
formance through their antioxidant and anti-inflammatory properties. Similarly, fortified
foods with added omega-3s, vitamins, and minerals provide targeted benefits for brain
health [225]. In combination with wearable technologies and AI-driven platforms, these
interventions can be continuously monitored and adjusted based on real-time feedback,
ensuring their efficacy. The integration of data from wearable devices, metabolomic pro-
files, and genetic analyses into comprehensive nutrition plans represents the pinnacle of
precision neuro-nutritional care. While the potential of personalized neuro-nutritional
interventions is immense, challenges remain in their implementation [226]. Cost and acces-
sibility of advanced diagnostic technologies, ethical considerations in the use of genetic
data, and the need for large-scale clinical validation of tailored interventions are critical
areas for future focus. Nonetheless, as bioinformatics and machine learning continue
to evolve, the scalability and affordability of these personalized strategies are expected
to improve, bringing transformative benefits to a wider population [227]. Through the
integration of genetic, biochemical, and microbiome data, personalized neuro-nutritional
interventions provide a powerful framework for optimizing brain health and resilience.
By addressing individual variability in nutrient requirements and leveraging the interplay
between diet and the nervous system, these approaches promise to redefine mental health
care and cognitive enhancement in the era of precision medicine.

11. Integrating Exercise with Nutrition for Stress Resilience
The phenomenon of stress resilience is defined as the body’s ability to adapt, resist, and

recover from stressors, thereby minimizing psychophysiological impact. This capability
of the organism is influenced by a combination of genetic, biological, and environmental
factors and plays an important role in preventing stress-related disorders, such as anxiety
and depression [228]. In a psychophysiological context, stress resilience is closely involved
in the effective regulation of the hypothalamic–pituitary–adrenal (HPA) axis [229]. The HPA
axis controls the release of cortisol and other stress-related hormones. Cortisol, known as
the stress hormone, is essential for maintaining homeostasis, but its chronic overproduction
can result in adverse effects such as neuronal damage, decreased brain plasticity, and
predisposition to disorders such as depression or chronic anxiety [230]. Dysfunction of
the HPA axis can lead to chronic stress and contribute to the development of mental
health disorders.

Scientific evidence demonstrates that regular physical activity, at moderate to vigorous
levels, is an effective intervention to achieve resilience against stress [231]. Physical activity
has been shown to regulate cortisol levels and stimulate the release of endorphins and sero-
tonin, which are related to mood stabilization and emotional well-being [232]. Moreover,
physical activity promotes the release of neurotrophic factors such as BDNF, a neurotrophic
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protein essential for brain plasticity [233]. This physiological process is key in brain plastic-
ity, as it stimulates the formation of new neuronal connections, improving learning and
memory [234]. Aerobic exercises such as running, walking, and cycling improve cerebral
vascularization, increase oxygen delivery to the brain and attenuate the release of cortisol
under stress [235]. Although moderate physical exercise has high psychophysiological
benefits, new lines of research have shown that high-intensity exercise, although it can
initially increase cortisol, provides high resilience benefits against stress [236]. Researchers
suggest that intense exercise stimulates adaptive immune responses and thus improves the
constant processes of homeostasis of the organism.

In parallel, nutrition plays a vital role in supporting resilience to stress by influencing
various neurobiological processes [237]. Omega-3 fatty acids, especially DHA and EPA,
are essential to mitigate neuroinflammation by inhibiting proinflammatory cytokines and
promoting the production of resolvins [238]. These fatty acids enhance synaptic plasticity,
favoring cognitive processes such as memory and learning. Micronutrients like B vitamins
contribute to the synthesis of neurotransmitters such as serotonin and dopamine, which are
essential for emotional regulation and neuronal protection [239]. Another micronutrient,
magnesium, has been shown to be a modulator of neuronal excitability by regulating
NMDA channels and decreasing the hyperactivation of the HPA axis, thus stabilizing the
stress responses [240]. Additionally, polyphenols such as resveratrol and catechins exhibit
potent antioxidant properties, promoting neurogenesis in the hippocampus and protecting
against cognitive decline [241].

Combining regular physical activity with targeted nutritional strategies creates power-
ful synergistic effects by acting on shared physiological pathways to build resilience [242].
Together, these habits help reduce systemic inflammation, balance reactive oxygen species
(ROS), and support neurogenesis, fostering a protective environment for the brain [243].
This holistic approach also influences the gut–brain axis, a fascinating and emerging area
in stress resilience research. Including fermentable fibers in the diet stimulates the produc-
tion of short-chain fatty acids (SCFAs), which play a role in neuronal signaling and help
maintain the balance of the HPA axis [244]. Physical exercise complements these effects by
improving microbial diversity, reinforcing the intestinal barrier, and enhancing gut–brain
communication. Both interventions reduce oxidative damage, regulate cortisol levels, and
promote a healthy response to stress. Furthermore, improved circulation from exercise
enhances the delivery of essential nutrients and metabolites to the brain, amplifying the
anti-inflammatory and neuroprotective benefits of a nutrient-rich diet [245].

This combined model of physical activity and nutrition not only builds resilience to
stress, but also supports overall mental and physical health. By focusing on mechanisms
such as HPA axis regulation and oxidative balance, this approach provides a comprehensive
framework for adapting to stress. It also holds promise for preventing stress-related
disorders and slowing neurodegenerative processes, laying a solid foundation for long-
term well-being.

12. Translational Approaches to Address Neurodegeneration
Nowadays, neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and amy-

otrophic lateral sclerosis (ALS) represent one of the challenges in terms of intervention for
global health systems. In addition, the world is experiencing progressive aging, with an
increasing number of elderly people with neurodegenerative problems. These pathologies
are characterized by the gradual and irreversible loss of neurons, a degradation of cognitive
and motor abilities, and, in turn, a marked deterioration of the quality of life [246]. In this
context, interdisciplinary approaches are essential that not only seek to treat the symptoms
but also help predict and manage the disease [247]. The development of tools for early
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diagnosis has been studied as a key aspect to allow intervention before neurophysiological
damage is irreversible. In this sense, biomarkers have been positioned as fundamental ele-
ments for the early detection of these pathologies [248]. For example, Alzheimer’s detection
models have been developed with proteins such as amyloid beta and tau protein obtained
through cerebrospinal fluid (CSF). Early detection models have also been studied through
the Neurofilament Light Chain (NfL) in blood or plasma [249]. These evaluations are less
invasive and can monitor the progression of different neurodegenerative disorders. Other
invasive methods studied include molecular imaging technologies, such as positron emis-
sion tomography (PET) and magnetic resonance imaging (MRI), which have consolidated
their ability to visualize pathological processes in the brain noninvasively [250].

Beyond diagnosis, prevention and management of these diseases have begun to inte-
grate strategies based on nutrition and physical exercise, which have shown a significant
impact on neuroprotection [245]. A diet rich in antioxidants, such as polyphenols, vita-
mins E and C, and omega-3 fatty acids, has demonstrated its ability to reduce oxidative
stress and neuroinflammation, two key processes in the progression of neurodegenerative
diseases [251]. Physical exercise, particularly aerobic and resistance activities, stimulates
the release of brain-derived neurotrophic factor (BDNF), a protein essential for synaptic
plasticity and neurogenesis [232]. These interventions, when implemented together, have a
synergistic effect that promotes a neuroprotective environment, significantly reducing the
risk of progression of these disorders.

In the field of emerging technologies, bioengineering and nanotechnology are trans-
forming the research and treatment of neurodegenerative diseases. For example, the
development of nanoparticles allows the targeted delivery of antioxidants and neuroprotec-
tors to affected areas of the brain, increasing their efficacy and reducing adverse effects [251].
Portable sensors offer an innovative tool to monitor biomarkers related to oxidative stress
and neuroinflammation in real time, providing essential data to personalize therapeutic
interventions [252]. Additionally, genetic editing using techniques such as CRISPR-Cas9 is
opening new possibilities to correct mutations associated with these diseases, bringing the
possibility of curative therapies closer [253].

Looking to the future, the integration of these technological and therapeutic advances
requires an interdisciplinary approach that combines biomarkers, advanced technologies,
and lifestyle-based strategies such as nutrition and exercise [248]. This model will not only
allow the development of personalized treatments tailored to the genomic, epigenetic, and
metabolic profiles of each patient, but will also optimize the effectiveness of interventions.
International collaboration will be essential to ensure that these advances equitably reach
the most vulnerable populations, bridging the gap between scientific discoveries and their
clinical application. Similarly, investment in translational research will be key to converting
scientific findings into practical solutions that improve the quality of life of patients and
reduce the economic burden that these diseases represent for health systems.

Finally, the development of integrative and multidimensional strategies has the po-
tential to transform the paradigm of management of neurodegenerative diseases. By
combining advanced technologies, early diagnosis and lifestyle changes, we are paving
the way to a future where prevention, personalized treatment and neuroprotection are
fundamental pillars. This approach not only offers hope to the millions of people affected
by these devastating conditions, but also to the many people who are affected by them.

13. Practical Applications: Bridging Science and Everyday Health
The findings from this paper offer actionable insights that can be directly integrated

into health and wellness strategies. By emphasizing the synergistic effects of neuro-nutrition
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and exercise, healthcare providers, educators, and fitness professionals can develop holistic
programs tailored to individual needs. Key applications include:

1. Personalized Intervention Design: Leveraging wearable bioelectronics, individuals
can monitor physiological and cognitive markers to fine-tune their nutritional and
exercise regimens. For example, using devices to track heart rate variability and
stress biomarkers enables real-time adjustments to maintain optimal mental and
physical health.

2. Mental Health Optimization: The integration of exercise and targeted nutritional
strategies—such as omega-3 fatty acids, polyphenols, and B vitamins—can serve as
complementary therapies for managing stress, anxiety, and depression. Practitioners
can design structured interventions combining dietary guidance with aerobic or
resistance training programs.

3. Cognitive Enhancement Programs: For populations ranging from students to aging
adults, incorporating brain-boosting nutrients alongside regular physical activity can
enhance learning, memory, and executive function. This is particularly relevant for
addressing age-related cognitive decline and neurodegenerative diseases.

4. Corporate Wellness Initiatives: Organizations can incorporate these insights into
workplace wellness programs, promoting cognitive resilience and emotional well-
being through guided exercise sessions and on-site nutritional support.

5. Community Outreach and Education: Public health campaigns can disseminate
simplified guidelines on combining balanced diets with exercise to optimize mental
health and cognitive performance, empowering individuals to take proactive steps
toward well-being.

By translating scientific advancements into practical tools and programs, this interdis-
ciplinary approach has the potential to revolutionize preventative health care, promoting
resilience against cognitive decline and enhancing overall quality of life.

The integration of neuro-nutrition and exercise can significantly influence various
domains of health and well-being. Educational systems can incorporate these principles
into school and university curricula, fostering lifelong habits of mental and physical health
through interactive workshops and courses that include nutrition basics for brain health,
exercise modules emphasizing cognitive benefits, and real-life case studies demonstrating
the impact of combined interventions. Students can actively participate by tracking their
dietary habits and physical activity, correlating these with their cognitive performance.
Athletes and performance-driven professionals can greatly benefit from tailored interven-
tions that combine exercise with neuro-nutrition, such as timing omega-3 supplementation
alongside recovery sessions to enhance synaptic plasticity, leveraging high-intensity inter-
val training to maximize neurotrophic factor release, and utilizing personalized meal plans
that optimize neurotransmitter synthesis during critical training periods.

In the realm of mental health care, structured programs can integrate cognitive–
behavioral therapy with lifestyle interventions. Clinicians can design nutritional protocols
to enhance serotonin and dopamine pathways through amino acid-rich foods like trypto-
phan and tyrosine, alongside exercise plans targeting anxiety and depression symptoms
by reducing cortisol levels and boosting endorphin production. Similarly, for patients
managing chronic diseases such as diabetes, cardiovascular conditions, or neurodegener-
ative disorders, combining neuro-nutrition and exercise can improve insulin sensitivity
through dietary polyphenols and aerobic exercise, reduce systemic inflammation with
anti-inflammatory diets like the Mediterranean diet coupled with physical activity, and
slow cognitive decline by increasing hippocampal neurogenesis.

Workplaces can adopt practices that improve cognitive performance and creativity
among employees by introducing active breaks involving light aerobic exercises to enhance
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blood flow and BDNF levels, offering access to nutritious snacks such as nuts, berries,
and omega-3-rich foods to sustain cognitive clarity, and conducting workshops to build
awareness of the connection between physical activity, nutrition, and mental well-being.
Emerging health technologies also provide opportunities for integrating these interven-
tions. AI-driven apps can monitor dietary intake and physical activity, offering actionable
insights, while augmented reality tools can guide physical activities and mindfulness
exercises targeting cognitive health. Non-invasive wearables combined with telehealth
services can provide real-time feedback on stress and mental health markers, enabling
personalized interventions.

Community-based initiatives can amplify the societal impact by promoting the role
of exercise and nutrition in preventing common mental health issues. Organizing fitness
challenges integrated with dietary guidance, forming partnerships with local gyms and nu-
tritionists to create accessible programs, and leveraging social media and mobile platforms
to disseminate evidence-based tips for daily habits are just a few examples. These strategies
not only address individual health needs but also provide scalable solutions for global
challenges like stress, depression, and cognitive decline, creating a holistic framework that
bridges cutting-edge scientific research with actionable, everyday practices.

14. Conclusions
The synergy between neuro-nutrition and exercise represents a transformative ap-

proach to optimizing cognitive function and mental health. This comprehensive review
highlights the intricate biological mechanisms underlying their combined effects, including
enhanced neuroplasticity, increased neurogenesis, and the modulation of key neurotrophic
and hormonal factors. By integrating targeted dietary strategies with structured physical
activity, it is possible to mitigate the impacts of aging, stress, and neurodegenerative dis-
eases, while also enhancing cognitive resilience, emotional regulation, and overall quality
of life.

The translational potential of this interdisciplinary approach extends beyond indi-
vidual health, offering opportunities for innovative applications in education, sports,
healthcare, and public health initiatives. From personalized interventions enabled by wear-
able technology to community-based programs promoting healthy lifestyles, the practical
applications of this research provide a roadmap for addressing contemporary challenges
such as the rising prevalence of anxiety, depression, and cognitive decline.

14.1. Limitations

While this review highlights the synergistic effects of nutrition and exercise on neuro-
plasticity and cognitive performance, it is important to acknowledge certain limitations.
One of the main concerns is the generalizability of these findings across diverse popula-
tions. Genetic variations can significantly influence the metabolism and bioavailability
of key nutrients, as well as individual responses to exercise-induced neuroplasticity. For
instance, polymorphisms in genes regulating brain-derived neurotrophic factor (BDNF),
dopamine metabolism, and inflammatory pathways may alter the cognitive benefits of
dietary and exercise interventions. Additionally, lifestyle factors such as sleep quality, stress
levels, habitual physical activity, and overall diet composition can modulate the effects of
these interventions.

Sociocultural influences also play a critical role in shaping dietary habits and physical
activity behaviors, which may impact the efficacy of combined interventions. Differences
in food availability, cultural dietary preferences, socioeconomic status, and access to struc-
tured exercise programs can introduce variability in the observed outcomes. Therefore,
caution should be exercised when extrapolating these findings to broader populations,
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and future research should focus on personalized approaches that consider genetic, en-
vironmental, and sociocultural determinants of neurocognitive health. Longitudinal and
interventional studies in diverse cohorts are needed to further validate the applicability of
these mechanisms across different demographic groups.

14.2. Future Studies

Future research should aim to elucidate critical molecular pathways, such as the
BDNF signaling cascade, which underlies synaptic plasticity and neurogenesis; the Nrf2
pathway, which regulates antioxidant defense and reduces oxidative stress; and the mTOR
pathway, which influences cellular energy metabolism and neuroprotection. Additionally,
investigating the long-term effects of combined interventions on these pathways and
others, such as those related to gut–brain axis metabolites like short-chain fatty acids
(SCFAs) and tryptophan-derived serotonin, is essential. Developing advanced tools for
real-time monitoring of these molecular dynamics and optimizing brain health will help
bridge the gap between science and everyday life.

More specifically, key pathways for future investigation include:

− BDNF-TrkB Signaling Pathway: Future studies should explore how neuro-nutrition
and exercise can optimize BDNF expression to enhance neuroplasticity and cogni-
tive resilience. The impact of tailored interventions on TrkB receptor activation and
downstream effects warrants further research.

− PI3K/Akt/mTOR Pathway: Research should focus on the combined effects of exercise
and specific dietary components, such as omega-3 fatty acids and polyphenols, in
modulating this pathway to promote neuronal growth and prevent cognitive decline.

− ERK/CREB Pathway: Investigating the role of dietary antioxidants and structured
exercise programs in enhancing CREB-mediated memory formation and synaptic
remodeling could provide new insights into cognitive optimization strategies.

− Nrf2-Antioxidant Response Pathway: Further studies should assess how antioxidant-
rich diets and exercise-induced mild oxidative stress synergistically activate Nrf2,
potentially reducing neuroinflammation and age-related cognitive decline.

− Gut–Brain Axis and Neuroinflammation: The influence of gut microbiota on brain health
via metabolites like SCFAs and serotonin precursors requires deeper investigation,
with an emphasis on dietary and exercise interventions tailored to individual micro-
biome profiles.

Neuro-nutrition and exercise-based strategies have the potential to revolutionize
preventive and therapeutic practices, paving the way for a healthier, more cognitively
resilient society.
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