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Throughout our evolutionary history, physical activity has played a significant role
in shaping our physiology. Advances in exercise science have further reinforced
this concept by highlighting how exercise can change gene expression and
molecular signaling to achieve various beneficial outcomes. Several studies have
shown that exercise can alter neuronal functions to prevent neurodegenerative
conditions like Parkinson’s and Alzheimer's diseases. However, individual
genotypes, phenotypes, and varying exercise protocols hinder the prescription
of exercise as standard therapy. Moreover, exercise-induced molecular signaling
targets can be double-edged swords, making it difficult to use exercise as the
primary candidate for beneficial effects. For example, activating PGC-1 alpha and
BDNF through exercise could produce several benefits in maintaining brain
health, such as plasticity, neuronal survival, memory formation, cognition, and
synaptic transmission. However, higher expression of BDNF might play a negative
role in bipolar disorder. Therefore, further understanding of a specific
mechanistic approach is required. This review focuses on how exercise-
induced activation of these molecules could support brain health and
discusses the potential underlying mechanisms of the effect of exercise-
induced PGC-1 alpha and BDNF on brain health.
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Introduction

While advancement in the sciences increases the longevity of people, it has also
challenged discoveries in the medical field witnessed by several non-communicable diseases
such as diabetes, hypertension, obesity, neurodegeneration, and cancer. Indeed, all these
non-communicable diseases contribute to mortality rates of up to 80 percent in certain
developing countries and are considered to be the number one killer around the world
(1, 2). However, all these diseases are somehow attributed to less or without any physical
activity, which fails to adapt or sustain the body to fight against these diseases. The
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physically inactive people ratio has been increasing globally,
according to the World Health Organization (WHO), showing
physical inactivity can be the current or future pandemic and can
make this issue the most important public health priority (3). It is
well established that a proper diet with moderate physical activity
can reverse most of these non-communicable diseases, representing
exercise as a promising health strategy for decreasing these diseases.
It has been recommended that children and adults perform at least
150-300 minutes of moderate exercise or 75-150 minutes of
vigorous exercise in a week to reverse these health effects (4).
Nevertheless, it is also recommended that adults perform strength
exercises with a moderate intensity 2 to 3 times a week (4). After all,
these forms of exercise could contribute to activating certain
molecular signaling that ultimately produces longevity benefits
and prevents these non-communicable diseases. This review
narrows the way of discussing general molecular pathways and
molecules involved in these pathways into more specific molecular
targets, such as brain-derived neurotrophic factor (BDNF) and
peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1 alpha), in maintaining brain health.

Research has shown that moderate exercise has multiple
benefits for maintaining brain health, especially for improving
neuronal plasticity, cell survival, and cognitive functions (5).
However, the effects of exercise reported by these studies are
minimal, and better understandable mechanisms are required to
bridge the gaps in our knowledge so far and pave the way to
designing exercise regimens for brain health. For example, studies
reported so far for improving brain health and cognition are based
on pre-and post-exercise, which do not take BDNF and PGC-alpha
as the primary targets. Therefore, presenting how pre- and post-
exercise can potentially modulate the BDNF and PGC-alpha to
improve brain health could reveal BDNF and PGC-alpha as
therapeutical targets for improving brain health.

As mentioned, exercise is one of the major nontherapeutic
methods in maintaining brain health. For example, endurance
training (treadmill running) improves neurogenesis in the
hippocampal area (6), while resistance training can increase the
proliferation of neural cells and neurogenesis (7). We systematically
analyzed the available results in different databases, including
PubMed, Web of Science, and Google Scholar, focusing on articles
published in the last two decades related to physical activity, physical
exercise, brain health, BDNF, and PGC-1 alpha. The search strategy
involved a combination of keywords and abstracts (MeSH terms)
related to physical activity, physical exercise, BDNF, and PGC-1
alpha. These keywords were used with the boolean operators (AND
and OR) to identify articles that directly addressed the link between
physical exercise and BDNF and PGC-1 alpha in brain health.

Pleiotropic effects of BDNF

The novel neurotrophic factor called BDNF was identified in
1982 to support the survival and growth of chick embryo dorsal
ganglia (8). Since then, several studies have been reported on
different aspects of BDNF in the central nervous system,
including its role in neuronal development and synaptic plasticity
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(9-11), indicating the role of BDNF as a key regulator in the
learning and memory (12). Although these studies show the
importance of BDNF in brain physiology and pathology, its
multifunctional role with various signaling pathways in the larger
aspects still fails to formulate specific hypotheses or directions for
future research, which is a daunting challenge in this field (13).
Therefore, additional studies that specifically stimulate the
activation of BDNF or its upstream targets, which can activate
BDNEF, could take BDNF research to the next level.

BDNF is a single molecule that could transiently activate multiple
signaling based on its expression, concentration, and release site.
Physical exercise can also activate this molecule or its upstream
targets to activate BDNF exclusively (13, 14). For instance, exercise-
induced activation of PGC-1 alpha, a mitochondrial biogenesis
protein (15, 16), could mediate this BDNF activation. This can
contribute to neuronal health by reducing ROS concentration and
oxidative stress and increasing neuronal survival. Nevertheless, it is
unclear whether PGC-1 alpha-induced biogenesis is the major reason
for all these BDNF-induced benefits in the brain. Evidence suggests
that PGC-1 alpha promotor activation can increase BDNF levels in
the hippocampal region (17, 18). This may be due to the activation of
extracellular signal-regulated kinases (ERKs) and cAMP response
element-binding protein (CREB), which mediate the activation of
PGC-1 alpha by BDNF (18-20), while BDNF-activated PGC-1 alpha,
nuclear respiratory factor 1/2 (NRF1/2), and mitochondrial
transcription factor TFAM can increase mitochondrial biogenesis
and synapse formation in the hippocampal neurons (18). However,
there is currently no comprehensive review of how exercise-induced
PGC-1 alpha regulates the beneficial effects of BDNF in the central
nervous system.

Exercise role on BDNF downstream
signaling for brain health

Both pro and matured BDNF proteins are expressed at higher
levels in the hippocampal and cortex regions of the brain. Exercise
could influence the transport of BDNF within the axon terminal and
dendritic compartments. However, whether exercise can initially
activate pro or matured BDNF for signaling activities is unknown.
For instance, an exercise-induced (both aerobic and resistance with
high-intensity) increase in lactate can directly activate the matured
BDNF in the brain, either directly or through enzymatical cleavages of
pro-BDNF (21-23). This could further activate the BDNF-induced
signaling. For example, treadmill exercise once a week for two weeks
can increase the BDNF-mediated N-methyl-D-aspartate (NMDA)
receptor expression to improve neuronal plasticity and synaptic
signaling through its ionotropic properties (24-26). Further, running
exercise increases the activation of glutamate receptors to improve
mental health (27). Furthermore, voluntary wheel-running exercise-
induced activation of tyrosine receptor kinase B (TrkB) by BDNF
enhanced dopamine release, possibly triggering the many downstream
pathways for improving neuronal functions and survival (28). For
example, TrkB activation can lead to activate the Src homolog domain
2 (SH2) and phosphorylation of the Phospholipase C-y (PLC-y),
phosphatidylinositol 3 kinase/mechanistic target of rapamycin (PI3K/
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mTOR) activation, and mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) pathways (29-31) (Figure 1). All
of these signals are linked to the improvement of synaptic plasticity. For
example, 5 weeks of aerobic exercise programs decreased the
phosphorylation of PLC-y to normalize the BDNF upregulation and
glial hyperactivity in neuropathic pain (32). In addition, exercise-
induced activation of PLC-y pathway could activate the PI3k/Akt
and Ras/Erk1/2 signaling, which are responsible for survival and
regeneration (33). Also, exercise-induced activation of the PLC-y
pathway can support calcium release by activating calcium-
dependent protein kinases for regulating synaptic plasticity and
proliferation and differentiation. Swimming exercise can increase
the activation of TrkB receptor and BDNF (34), which could activate
the MAPK and PLC-y pathways to influence the presynaptic
neurotransmitter release.

The interplay between BDNF and
PGC-1 alpha for maintaining brain
health-role of exercise

As mentioned, BDNF regulates cell proliferation, differentiation,
and survival in brain physiology and pathology. For example,

10.3389/fendo.2024.1433750

activating protein synthesis signaling, such as the mammalian
target of rapamycin (mTOR), by BDNF could increase translation
and local protein synthesis within the axon body. Physical exercise
(treadmill exercise for 2 weeks for 20 mins a day for five days/week) is
the obvious activator of protein synthesis signaling, including AKT/
mTOR by BDNF-mediated autophagy, resulting in microglia
polarization after the peripheral nerve injury, evidenced by the
higher expression of autophagy markers such as LC3-II/LC3-I and
Beclinl (35-37) (Figure 2). This may be due to the PGC-1 alpha-
mediated BDNF that could cause the microglial M1/M2 polarization
and autophagy flux to prevent neurotoxicity (38). However, this effect
depends on the dose-response relationship between exercise
protocols and BDNF concentration or PGC-1 alpha levels. For
instance, acute exercise for 15 minutes and 4 hours of rowing can
increase BDNF concentration, while long-term sprint exercise can
decrease BDNF levels (39). These findings suggest that exercise
protocols can significantly influence the concentration of BDNF,
especially for longer periods with higher intensity, which can
negatively influence BDNF levels (Figure 2). In addition to PGC-1
alpha, running exercise can activate other transcription factors like
cAMP response element-binding protein (CREB), increasing BDNF
expression and promoting hippocampal neuron survival (40). For
example, running exercise doubles the CREB level in the
hippocampus, and it can be kept increasing for at least a week (41).
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Possible signaling pathways that interfere with BDNF and PGC-1 alpha during exercise: Exercise-induced lactate increases BDNF concentration
mediated by Sirtl, PGC-1 alpha, and FNDC5. Exercise-induced beta-hydroxybutyrate decreases HDAC2 and HDACS3 for epigenetic regulation,
favoring BDNF levels. CREB activation activates PGC-1 alpha to increase BDNF concentration. Exercise-induced phosphorylation of PLC-y increases
BDNF-induced glutamate release and Ca2+ flux. Exercise-induced phosphorylation of PLC-y activates CREB through PI3/AKT, Ras/Raf, MEK/MAPK/

ERK1/2. CREB can activate PGC-1 alpha to increase BDNF.
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Regular physical exercise can increase BDNF levels, which can activate PGC-1 alpha and FNDC5. This can lead to the activation of the mTOR
signaling pathway, resulting in an increase in local protein synthesis in the axon body. Additionally, BDNF can induce autophagy, which causes
microglial polarization. This helps to remove damaged neurons. However, it is important to note that high-intensity exercise with longer duration
can decrease BDNF concentration, as indicated in the graphical representation. On the other hand, acute exercise with high intensity can increase

the BDNF level, as shown by the green mark.

Other exercise-induced signaling, such as insulin-like growth factor-1
and nitric oxide/cGMP, can crosstalk for increasing CREB
expression, resulting in higher levels of BDNF in the neurons (42).
Further, maintaining synaptic plasticity requires local protein
synthesis; exercise-induced BDNF could compensate for the local
protein synthesis by activating mTOR signaling (43-46). A study has
reported that BDNF can regulate the transport of mRNAs and their
translations in the synapses by altering the initiation and elongation
phase of protein synthesis (47). This can help in the long-term
alteration of the synaptic proteome (47). In addition, mTOR is
involved in neuronal development, synaptic plasticity, and
cognition (48), and any deregulation in the mTOR signaling can be
involved in brain pathologies such as Parkinson’s disease and
Alzheimer’s disease. Studies have shown that exercise with different
protocols (treadmill running) regulates the mTOR signaling (35, 44),
which could contribute to more specific functions in the brain,
including axonal sprouting and regeneration and myelination and
dendritic spine growth (48). Moreover, mTOR regulates the
mitochondrial function in the neuronal cell through PGC-1 alpha
by reducing the accumulation of ROS in the neuronal cell. Running
exercises for 90 days could activate the PGC-1 alpha and other
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protein expressions, including fibronectin type III domain-containing
protein 5 (FNDC5) and mTOR, extracellular signal-regulated kinases
(ERK), and sirtuin 1 (SIRT1) in the hippocampal (49). The possible
mechanism for these protein expressions in the hippocampus may be
due to the expression of PGC 1 alpha, which might regulate FNDC5/
BDNF (50) (Table 1).

Other signaling proteins, such as SIRT1, can also regulate the PGC-
1 alpha by exercise. For example, swimming could reduce
neuroinflammation through SIRT1-mediated pathways, including
PGC-1 alpha, and improve cognitive functions (56). Furthermore,
NMDAR plays a crucial role in neuronal communication, and
treadmill running exercise regulates the NMDAR by BDNF
expression for regulating dendritic regeneration, which can
contribute to decrease the neurologic and psychiatric disorders (25).
In addition, other studies have shown that exercise-induced activation
of NMDAR could induce motor neuron protection and learning
capacity (57, 58). Exercise plays a significant role in activating
Dexrasl, essential for promoting hippocampal neurogenesis and
improving cell survival. Inhibition of Dexrasl, on the other hand,
can interfere with the exercise-dependent activation of ERK/MAPK
and CREB, abolish NMDAR upregulation, and inhibit BDNF in the
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TABLE 1 Exercise protocols that interferes the BDNF and PGC-1 alpha-induced signaling pathways in brain health.

Exercise types

Duration and protocols

Pathways that interfere

BDNF and PGC-1 alpha

Significance

References

Acute aerobic exercise

Two 30-min exercise bouts
(cycle ergometer)

Lactate induced activation of BDNF is
mediated by SIRT1, PGC-1 alpha

Neurological and cognitive
improvements and learning memory.

(51)

and FNDCS5.
Motorized treadmill for Exercise is running at a speed of 2 Treadmill exercise induced NMDA Improve neuronal plasticity and (52)
30 min once a day for meters/min for the first 5 min, 5 receptor decrease the synaptic signaling through its
2 weeks meters/min for the next 5 min, and 8 neuronal apoptosis ionotropic properties and inhibit the
meters/min for the last 50 min neuronal apoptosis.
voluntary wheel- 30 days TrKB and BDNF increase could Exercise induced BDNF could (28)
running exercise enhance the dopamine release enhance the dopamine release in
in striatum neuropsychiatric disorders, including
Parkinson's, depression, and anxiety.
Swimming exercise Once a day for 5 days for 5 weeks Exercise induced phosphorylation of PLC-y phosphorylation can improve (32)
(Animal study) PLC-y increase the BDNF induced the recovery of mechanical allodynia
glutamate release. after nerve lesion.
BDNF and other cellular signaling Converging BDNF mediated signaling
such as nitric oxide and kinase can improve in neuropathic pain.
pathways such as PKA, ERK and
PLCy-1 can increase the
CREB phosphorylation.
Swimming exercise Swimming exercise was consist of 15 This exercise protocol could activate Activation of BDNF induced survival (53)
(Animal studies) min/day, 5 days/week, to begin their BDNF/TrkB survival signaling such as pathways decrease the
exercise training for first two weeks. MEK/MAPK/ERK, PI3K/AKT, and neural apoptosis.
Next duration was extendend upto 20 Bcl2-family survival pathways.
min from 3rd week and 30 mins
during the 4th to 12th weeks.
treadmill exercise Treadmill exercise training was Treadmill exercise could increase Improve the cognitive dysfunction and (54)
performed at 12 m/min, 60 min/day, 5 | BDNF, PI3-k/Akt pathway and HSP70 neuronal survival.
days/week for 3 months. for improving AB-induced
cognitive dysfunction
running wheel exercise Voluntary exercise for 4 weeks Exercise induced increase of f3- Changes in the epigenetic landscape to (55)
hydroxybutyrate decreases the promote BDNF expression and
HDAC2 and HDACS3 to increase exercise induced B-hydroxybutyrate
the BDNF increase the neurotransmitter release
via TrkB receptor.
Running exercise 30 days of free- running Running exercise activate the PGC-1 Reducing the accumulation of ROS (49)

wheel exercise

alpha mediated BDNF
through FNDC5

and oxidative damage in the neuronal
cell and improve the
mitochondrial function.

dentate gyrus (59). Therefore, the activation of Dexrasl through
exercise is crucial for maintaining healthy brain function. In
addition, other PGC- 1 alpha stimulating factors, such as nitric oxide
and estrogen, could be positively regulated by exercise (60-63), and this
could be helpful to increase the mitochondrial biogenesis through
PGC- 1 alpha for restoring synaptic functions in neurodegenerative
diseases such as Parkinson's and Alzheimer’s diseases (18).
Nevertheless, further research is required to determine whether these
factors can upregulate the BDNF through PGC-1 alpha.

Effect of environmental enrichment
and physical exercise on
BDNF response

An enriched environment naturally influences brain morphology,
molecular signaling, and behavior (64, 65). This effect has primarily
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been observed in laboratory settings (66). However, an excessively
enriched environment can also negatively impact brain functions due
to the stress it imposes on the organism, resulting in reduced
sensorimotor stimulation (67). A recent study has demonstrated that
a combination of physical exercise and an enriched environment yields
superior effects on the brain by activating molecules such as BDNF/
TrkB (68). For example, combining an enriched environment and
swimming exercise improved the BDNF/TrkB response more than
either the enriched environment or swimming alone, suggesting the
effectiveness of the combined approach (69). A study has shown that
treadmill running for 40 mins for 6 days at a moderate intensity in an
enriched environment improved learning and memory through
elevating BDNF/TrkB (70). This is mainly due to rearranging novel
objects to induce a fresh, enriched environment (70). At the molecular
level, PGC-1 alpha could be the main trigger for BDNF response under
an enriched environment and exercise. A study has shown that an
enriched environment increased cognitive impairment in the aged
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oftspring by reducing neuroinflammation and oxidative stress through
elevating Sirt1/PGC-1 alpha and FNDC5, which can overlap the BDNF
signaling for its elevation. These BDNF-induced cognitive
improvements are due to neural plasticity, including BDNF-induced
neurogenesis and BDNF-caused structural modification and molecular
changes. For example, elevation of BDNF response due to an enriched
environment increases the neurogenesis through pCREB, stromal-cell
derived factor-1, and C-X-C chemokine receptor type 4 and improves
cognition (70). In addition, enriched environment influences the
epigenetic landscape by affecting the BDNF gene methylation. For
example, enriched environment reduced the exon IV expression by
reversing histone methylation, which is linked with the
pathophysiology of depression (71). Physical exercise has also been
linked with the alteration of the epigenetic landscape, and studies have
shown that exercise decreases BDNF methylation and increases BDNF
mRNA, which increases learning and memory (72). However, it is
important to recognize that these effects should be further studied in an
enriched environment and under physical exercise conditions.

Conclusion and future directions

Physical exercise has several benefits for promoting a healthy
body and mind at any age. This can claim that exercise is one of the
nonpharmacological therapies that delays the negative effects of
physiological aging and pathological neurodegeneration on brain
health. The exercise protocols used to achieve these benefits in
rodents and humans have varied in terms of types, intensity,
duration, and individual phenotypes and genotypes. While
exercise is known to maintain physical and mental health, it is
unclear whether it should be seen as an enjoyable activity or as a
drug or therapy to influence brain health. Further studies are
needed to determine how different exercise protocols, whether
performed before, during, or after exercise, can affect molecular
signaling in the brain. Specifically, researchers need to investigate
how individual molecules or proteins activated by exercise can
influence downstream molecules in molecular signaling and
contribute to brain health. For example, a single molecule
activated by exercise can synergistically impact the entire brain
(57), such as BDNF, which can activate various downstream targets
to improve plasticity, proliferation, differentiation, and cell survival
while helping release multiple neurotransmitters (55, 57). Other
pharmacological approaches, such as gene therapy, can also
increase BDNF. However, the vector toxicity used in this method
can cause protein instability and tumor formation in the local
neuron, mainly; protein instability can increase BDNF expression
overly and may produce deleterious effects on neuronal circuits,
learning, and memory (73). To circumvent this issue, engineered
cell grafts can be used to increase BDNF expression, which can
improve motor performance and decrease striatal neuron damage
(74). Nevertheless, graft rejection may be a risk factor in this
approach. Other small molecules, such as drugs (ampakines,
memantine, and riluzole), significantly enhance the expression
and release of BDNF to treat Alzheimer’s and Parkinson’s
diseases (75, 76). In addition, approaches like intermittent fasting,
enriched environment, and physical exercise can also increase the
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BDNF response (76). Exercise-induced activation of PGC-1 alpha
can regulate BDNF expression to bring about the benefits of both
BDNF and PGC-1 alpha, such as increasing mitochondrial
biogenesis and decreasing ROS formation and oxidative damage.
However, it still needs to be determined whether exercise activates
these molecules simultaneously or activation of one molecule leads
to the activation of others, and further investigation is necessary in
this regard.

Certain groups cannot perform physical exercise for various
reasons, such as aging, undergoing a rehabilitation program, or
having motor function impairment. Recently, virtual reality-based
exercise programs have been developed to support these individuals.
Further research is needed to investigate how molecular changes
occur during virtual exercise programs. If these types of exercise
programs prove to be effective, they could be particularly useful for
people who are unable to perform real-time exercise programs.
Designing exercise programs tailored to each individual’s needs
could potentially overcome people’s genetic and epigenetic
differences. This could be particularly helpful in understanding the
benefits of exercise on the nervous system, considering that each
individual’s learning system is unique and may cause frequent
changes in the genetics and epigenetics of the brain. In particular,
studying the expression of exercise-induced genes such as PGC-1
alpha and BDNF during or after exercise could provide insights into
the specific benefits of these molecular targets for brain health.

Author contributions

XB: Conceptualization, Writing - original draft, Writing - review
& editing. JF: Writing — review & editing. X]J: Writing — review &
editing. AT: Writing - review & editing, Conceptualization, Writing —
original draft.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1433750
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Bi et al.

References

1. Mortality GBD. Causes of Death Collaborators. Global, regional, and national life
expectancy, all-cause and cause-specific mortality for 249 causes of death, 1980-2015: a
systematic analysis for the Global Burden of Disease Study (2015). Lancet. (2016)
388:1459-5445. doi: 10.1016/S0140-6736(16)31012-1

2. World Health Organization. Noncommunicable diseases (2021). Available online
at: https://wwwwho.int/news-room/fact-sheets/detail/noncommunicable-diseases
(Accessed September 16, 2023).

3. Guthold R, Stevens GA, Riley LM, Bull FC. Worldwide trends in insufficient
physical activity from 2001 to 2016: A pooled analysis of 358 population-based surveys
with 1.9 million participants. Lancet Glob Health. (2018) 6:¢1077-86. doi: 10.1016/
$2214-109X(18)30357-7

4. World Health Organization (WHO). WHO Guidelines on physical activity and
sedentary behaviour: Web annex evidence profiles. Geneva: WHO (2020).

5. Vecchio LM, Meng Y, Xhima K, Lipsman N, Hamani C, Aubert I. The
neuroprotective effects of exercise: maintaining a healthy brain throughout aging.
Brain Plast. (2018) 4:17-52. doi: 10.3233/BPL-180069

6. Inoue K, Okamoto M, Shibato J, Lee MC, Matsui T, Rakwal R, et al. Long-Term
Mild, rather than Intense, Exercise Enhances Adult Hippocampal Neurogenesis and
Greatly Changes the Transcriptomic Profile of the Hippocampus. PloS One. (2015) 10:
€0128720. doi: 10.1371/journal.pone.0128720

7. Lee MC, Inoue K, Okamoto M, Liu YF, Matsui T, Yook JS, et al. Voluntary
resistance running induces increased hippocampal neurogenesis in rats comparable to
load-free running. Neurosci Lett. (2013) 537:6-10. doi: 10.1016/j.neulet.2013.01.005

8. Barde YA, Lindsay RM, Monard D, Thoenen H. New factor released by cultured
glioma cells supporting survival and growth of sensory neurones. Nature. (1978)
274:818. doi: 10.1038/274818a0

9. Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric
disorders. Pharmacol Rev. (2012) 64:238-58. doi: 10.1124/pr.111.005108

10. Baydyuk M, Wu XS, He L, Wu LG. Brain-derived neurotrophic factor inhibits
calcium channel activation, exocytosis, and endocytosis at a central nerve terminal. |
Neurosci. (2015) 35:4676-82. doi: 10.1523/]NEUROSCI.2695-14.2015

11. Ji §J, Jaffrey SR. Intra-axonal translation of SMAD1/5/8 mediates retrograde
regulation of trigeminal ganglia subtype specification. Neuron. (2012) 74:95-107.
doi: 10.1016/j.neuron.2012.02.022

12. Camuso S, La Rosa P, Fiorenza MT, Canterini S. Pleiotropic effects of BDNF on
the cerebellum and hippocampus: Implications for neurodevelopmental disorders.
Neurobiol Dis. (2022) 163:105606. doi: 10.1016/j.nbd.2021.105606

13. Wang CS, Kavalali ET, Monteggia LM. BDNF signaling in context: From
synaptic regulation to psychiatric disorders. Cell. (2022) 185:62-76. doi: 10.1016/
j.cell2021.12.003

14. de Sousa Fernandes MS, Ordonio TF, Santos GCJ, Santos LER, Calazans CT,
Gomes DA, et al. Effects of physical exercise on neuroplasticity and brain function: A
systematic review in human and animal studies. Neural Plast. (2020) 2020:8856621.
doi: 10.1155/2020/8856621

15. Thirupathi A, da Silva Pieri BL, Queiroz JAMP, Rodrigues MS, de Bem Silveira
G, de Souza DR, et al. Strength training and aerobic exercise alter mitochondrial
parameters in brown adipose tissue and equally reduce body adiposity in aged rats. J
Physiol Biochem. (2019) 75:101-8. doi: 10.1007/s13105-019-00663-x

16. Thirupathi A, de Souza CT. Multi-regulatory network of ROS: the
interconnection of ROS, PGC-1 alpha, and AMPK-SIRT1 during exercise. ] Physiol
Biochem. (2017) 73:487-94. doi: 10.1007/s13105-017-0576-y

17. Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcriptional
repression of PGC-lalpha by mutant huntingtin leads to mitochondrial dysfunction
and neurodegeneration. Cell. (2006) 127:59-69. doi: 10.1016/j.cell.2006.09.015

18. Cheng A, Wan R, Yang JL, Kamimura N, Son TG, Ouyang X, et al. Involvement
of PGC-1a in the formation and maintenance of neuronal dendritic spines. Nat
Commun. (2012) 3:1250. doi: 10.1038/ncomms2238

19. Herzig S, Hedrick S, Morantte I, Koo SH, Galimi F, Montminy M. CREB controls
hepatic lipid metabolism through nuclear hormone receptor PPAR-gamma. Nature.
(2003) 426:190-3. doi: 10.1038/nature02110

20. Barco A, Pittenger C, Kandel ER. CREB, memory enhancement and the
treatment of memory disorders: promises, pitfalls and prospects. Expert Opin Ther
Targets. (2003) 7:101-14. doi: 10.1517/14728222.7.1.101

21. Edman S, Horwath O, van der Stede T, Blackwood SJ, Moberg I, Strémlind H,
et al. Pro-brain-derived neurotrophic factor (BDNF), but not mature BDNF, is
expressed in human skeletal muscle: implications for exercise-induced
neuroplasticity. Funct (Oxf). (2024) 5:zqae005. doi: 10.1093/function/zqae005

22. Lira FS, Conrado de Freitas M, Gerosa-Neto ], Cholewa JM, Rossi FE.
Comparison between full-body vs. Split-body resistance exercise on the brain-

derived neurotrophic factor and immunometabolic response. J Strength Cond Res.
(2020) 34:3094-102. doi: 10.1519/JSC.0000000000002653

23. Marston KJ, Newton MJ, Brown BM, Rainey-Smith SR, Bird S, Martins RN, et al.
Intense resistance exercise increases peripheral brain-derived neurotrophic factor. J Sci
Med Sport. (2017) 20:899-903. doi: 10.1016/j.jsams.2017.03.015

Frontiers in Endocrinology

10.3389/fendo.2024.1433750

24. Park JK, Lee SJ, Kim TW. Treadmill exercise enhances NMDA receptor
expression in schizophrenia mice. J Exerc Rehabil. (2014) 10:15-21. doi: 10.12965/
jer.140088

25. Benarroch EE. Brain-derived neurotrophic factor: Regulation, effects, and
potential clinical relevance. Neurology. (2015) 84:1693-704. doi: 10.1212/
'WNL.0000000000001507

26. Lituma PJ, Kwon HB, Alvina K, Lujan R, Castillo PE. Presynaptic NMDA
receptors facilitate short-term plasticity and BDNF release at hippocampal mossy fiber
synapses. Elife. (2021) 10:¢66612. doi: 10.7554/eLife.66612.sa2

27. Dietrich MO, Mantese CE, Porciuncula LO, Ghisleni G, Vinade L, Souza DO,
et al. Exercise affects glutamate receptors in postsynaptic densities from cortical mice
brain. Brain Res. (2005) 1065:20-5. doi: 10.1016/j.brainres.2005.09.038

28. Bastioli G, Arnold JC, Mancini M, Mar AC, Gamallo-Lana B, Saadipour K, et al.
Voluntary exercise boosts striatal dopamine release: evidence for the necessary and
sufficient role of BDNF. ] Neurosci. (2022) 42:4725-36. doi: 10.1523/JNEUROSCI.2273-
21.2022

29. Pradhan ], Noakes PG, Bellingham MC. The role of altered BDNF/TrkB
signaling in amyotrophic lateral sclerosis. Front Cell Neurosci. (2019) 13:368.
doi: 10.3389/fncel.2019.00368

30. Jin W. Regulation of BDNF-TrkB signaling and potential therapeutic strategies
for parkinson's disease. J Clin Med. (2020) 9:257. doi: 10.3390/jcm9010257

31. Kufe DW, Pollock RE, Weichselbaum RR, Bast RC, Gansler TS, Holland JF, et al.
Signaling pathways of tyrosine kinase receptors. In: Kufe DW, Pollock RE,
Weichselbaum RR, et al, editors. Holland-Frei Cancer Medicine, 6th edition. BC
Decker, Hamilton (ON (2003).

32. Almeida C, DeMaman A, Kusuda R, Cadetti F, Ravanelli MI, Queiroz AL, et al.
Exercise therapy normalizes BDNF upregulation and glial hyperactivity in a mouse
model of neuropathic pain. Pain. (2015) 156:504-13. doi: 10.1097/01.j.pain.
0000460339.23976.12

33. Kiss Bimbova K, Bacova M, Kisucka A, Galik J, Ileninova M, Kuruc T, et al.
Impact of Endurance Training on Regeneration of Axons, Glial Cells, and Inhibitory
Neurons after Spinal Cord Injury: A Link between Functional Outcome and
Regeneration Potential within the Lesion Site and in Adjacent Spinal Cord Tissue.
Int J Mol Sci. (2023) 24:8616. doi: 10.3390/ijms24108616

34. Teymuri Kheravi M, Nayebifar S, Aletaha SM, Sarhadi S. The effect of two types
of exercise preconditioning on the expression of TrkB, TNF-c, and MMP2 genes in rats
with stroke. BioMed Res Int. (2021) 2021:5595368. doi: 10.1155/2021/5595368

35. BaiJ, Geng B, Wang X, Wang S, Yi Q, Tang Y, et al. Exercise facilitates the M1-
to-M2 polarization of microglia by enhancing autophagy via the BDNF/AKT/mTOR
pathway in neuropathic pain. Pain Physician. (2022) 25:E1137-51.

36. Zhang K, Wang F, Zhai M, He M, Hu Y, Feng L, et al. Hyperactive neuronal
autophagy depletes BDNF and impairs adult hippocampal neurogenesis in a
corticosterone-induced mouse model of depression. Theranostics. (2023) 13:1059-75.
doi: 10.7150/thno.81067

37. Smith ED, Prieto GA, Tong L, Sears-Kraxberger I, Rice JD, Steward O, et al.
Rapamycin and interleukin-1f impair brain-derived neurotrophic factor-dependent
neuron survival by modulating autophagy. J Biol Chem. (2014) 289:20615-29.
doi: 10.1074/jbc.M114.568659

38. Lang J, Gao L, Wu J, Meng J, Gao X, Ma H, et al. Resveratrol attenuated
manganese-induced learning and memory impairments in mice through PGC-1Alpha-
mediated autophagy and microglial M1/M2 polarization. Neurochem Res. (2022)
47:3414-27. doi: 10.1007/s11064-022-03695-w

39. Hebisz P, Cortis C, Hebisz R. Acute effects of sprint interval training and chronic
effects of polarized training (Sprint interval training, high intensity interval training,
and endurance training) on choice reaction time in mountain bike cyclists. Int |
Environ Res Public Health. (2022) 19:14954. doi: 10.3390/ijerph192214954

40. Chen M]J, Russo-Neustadt AA. Running exercise-induced up-regulation of
hippocampal brain-derived neurotrophic factor is CREB-dependent. Hippocampus.
(2009) 19:962-72. doi: 10.1002/hipo.20579

41. Shen H, Tong L, Balazs R, Cotman CW. Physical activity elicits sustained
activation of the cyclic AMP response element-binding protein and mitogen-activated
protein kinase in the rat hippocampus. Neuroscience. (2001) 107:219-29. doi: 10.1016/
$0306-4522(01)00315-3

42. Riccio A, Alvania RS, Lonze BE, Ramanan N, Kim T, Huang Y, et al. A nitric
oxide signaling pathway controls CREB-mediated gene expression in neurons. Mol Cell.
(2006) 21:283-94. doi: 10.1016/j.molcel.2005.12.006

43. Intlekofer KA, Berchtold NC, Malvaez M, Carlos AJ, McQuown SC,
Cunningham M]J, et al. Exercise and sodium butyrate transform a subthreshold
learning event into long-term memory via a brain-derived neurotrophic factor-
dependent mechanism. Neuropsychopharmacology. (2013) 38:2027-34. doi: 10.1038/
npp.2013.104

44. Lloyd BA, Hake HS, Ishiwata T, Farmer CE, Loetz EC, Fleshner M, et al. Exercise
increases mTOR signaling in brain regions involved in cognition and emotional
behavior. Behav Brain Res. (2017) 323:56-67. doi: 10.1016/j.bbr.2017.01.033

frontiersin.org


https://doi.org/10.1016/S0140-6736(16)31012-1
https://wwwwho.int/news-room/fact-sheets/detail/noncommunicable-diseases
https://doi.org/10.1016/S2214-109X(18)30357-7
https://doi.org/10.1016/S2214-109X(18)30357-7
https://doi.org/10.3233/BPL-180069
https://doi.org/10.1371/journal.pone.0128720
https://doi.org/10.1016/j.neulet.2013.01.005
https://doi.org/10.1038/274818a0
https://doi.org/10.1124/pr.111.005108
https://doi.org/10.1523/JNEUROSCI.2695-14.2015
https://doi.org/10.1016/j.neuron.2012.02.022
https://doi.org/10.1016/j.nbd.2021.105606
https://doi.org/10.1016/j.cell.2021.12.003
https://doi.org/10.1016/j.cell.2021.12.003
https://doi.org/10.1155/2020/8856621
https://doi.org/10.1007/s13105-019-00663-x
https://doi.org/10.1007/s13105-017-0576-y
https://doi.org/10.1016/j.cell.2006.09.015
https://doi.org/10.1038/ncomms2238
https://doi.org/10.1038/nature02110
https://doi.org/10.1517/14728222.7.1.101
https://doi.org/10.1093/function/zqae005
https://doi.org/10.1519/JSC.0000000000002653
https://doi.org/10.1016/j.jsams.2017.03.015
https://doi.org/10.12965/jer.140088
https://doi.org/10.12965/jer.140088
https://doi.org/10.1212/WNL.0000000000001507
https://doi.org/10.1212/WNL.0000000000001507
https://doi.org/10.7554/eLife.66612.sa2
https://doi.org/10.1016/j.brainres.2005.09.038
https://doi.org/10.1523/JNEUROSCI.2273-21.2022
https://doi.org/10.1523/JNEUROSCI.2273-21.2022
https://doi.org/10.3389/fncel.2019.00368
https://doi.org/10.3390/jcm9010257
https://doi.org/10.1097/01.j.pain.0000460339.23976.12
https://doi.org/10.1097/01.j.pain.0000460339.23976.12
https://doi.org/10.3390/ijms24108616
https://doi.org/10.1155/2021/5595368
https://doi.org/10.7150/thno.81067
https://doi.org/10.1074/jbc.M114.568659
https://doi.org/10.1007/s11064-022-03695-w
https://doi.org/10.3390/ijerph192214954
https://doi.org/10.1002/hipo.20579
https://doi.org/10.1016/S0306-4522(01)00315-3
https://doi.org/10.1016/S0306-4522(01)00315-3
https://doi.org/10.1016/j.molcel.2005.12.006
https://doi.org/10.1038/npp.2013.104
https://doi.org/10.1038/npp.2013.104
https://doi.org/10.1016/j.bbr.2017.01.033
https://doi.org/10.3389/fendo.2024.1433750
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Bi et al.

45. Aakalu G, Smith WB, Nguyen N, Jiang C, Schuman EM. Dynamic visualization
of local protein synthesis in hippocampal neurons. Neuron. (2001) 30:489-502.
doi: 10.1016/S0896-6273(01)00295-1

46. Lang UE, Hellweg R, Seifert F, Schubert F, Gallinat J. Correlation between serum
brain-derived neurotrophic factor level and an in vivo marker of cortical integrity. Biol
Psychiatry. (2007) 62:530-5. doi: 10.1016/j.biopsych.2007.01.002

47. Leal G, Comprido D, Duarte CB. BDNF-induced local protein synthesis and
synaptic plasticity. Neuropharmacology. (2014) 76:C:639-56. doi: 10.1016/
j.neuropharm.2013.04.005

48. Bockaert ], Marin P. mTOR in brain physiology and pathologies. Physiol Rev.
(2015) 95:1157-87. doi: 10.1152/physrev.00038.2014

49. Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, et al.
Exercise induces hippocampal BDNF through a PGC-10/FNDCS5 pathway. Cell Metab.
(2013) 18:649-59. doi: 10.1016/j.cmet.2013.09.008

50. Belviranli M, Okudan N. Exercise training protects against aging-induced
cognitive dysfunction via activation of the hippocampal PGC-10/FNDC5/BDNF
pathway. Neuromolecular Med. (2018) 20:386-400. doi: 10.1007/s12017-018-8500-3

51. El Hayek L, Khalifeh M, Zibara V, Abi Assaad R, Emmanuel N, Karnib N, et al.
Lactate mediates the effects of exercise on learning and memory through SIRT1-
dependent activation of hippocampal brain-derived neurotrophic factor (BDNF).
J Neurosci. (2019) 39:2369-82. doi: 10.1523/J]NEUROSCI.1661-18.2019

52. Ferris LT, Williams JS, Shen CL. The effect of acute exercise on serum brain-
derived neurotrophic factor levels and cognitive function. Med Sci Sports Exerc. (2007)
39:728-34. doi: 10.1249/mss.0b013e31802f04c7

53. Cheng SM, Lee SD. Exercise training enhances BDNF/TrkB signaling pathway
and inhibits apoptosis in diabetic cerebral cortex. Int J Mol Sci. (2022) 23:6740.
doi: 10.3390/ijms23126740

54. Koo JH, Kwon IS, Kang EB, Lee CK, Lee NH, Kwon MG, et al. Neuroprotective
effects of treadmill exercise on BDNF and PI3-K/Akt signaling pathway in the cortex of
transgenic mice model of Alzheimer's disease. ] Exerc Nutr Biochem. (2013) 17:151-60.
doi: 10.5717/jenb.2013.17.4.151

55. Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E, Stringer T, et al.
Exercise promotes the expression of brain derived neurotrophic factor (BDNF) through
the action of the ketone body B-hydroxybutyrate. Elife. (2016) 5:¢15092. doi: 10.7554/
eLife.15092.012

56. Wei W, Lin Z, Xu P, Lv X, Lin L, Li Y, et al. Diet control and swimming exercise
ameliorate HFD-induced cognitive impairment related to the SIRT1-NF-«xB/PGC-1¢
Pathways in apoE-/- mice. Neural Plast. (2023) 2023:9206875. doi: 10.1155/2023/
9206875

57. Biondi O, Grondard C, Lécolle S, Deforges S, Pariset C, Lopes P, et al. Exercise-
induced activation of NMDA receptor promotes motor unit development and survival
in a type 2 spinal muscular atrophy model mouse. J Neurosci. (2008) 28:953-62.
doi: 10.1523/J]NEUROSCI.3237-07.2008

58. Yu Q, Li X, Wang J, Li Y. Effect of exercise training on long-term potentiation
and NMDA receptor channels in rats with cerebral infarction. Exp Ther Med. (2013)
6:1431-6. doi: 10.3892/etm.2013.1319

59. Bouchard-Cannon P, Lowden C, Trinh D, Cheng HM. Dexras1 is a homeostatic
regulator of exercise-dependent proliferation and cell survival in the hippocampal
neurogenic niche. Sci Rep. (2018) 8:5294. doi: 10.1038/s41598-018-23673-z

60. Nisoli E, Clementi E, Paolucci C, Cozzi V, Tonello C, Sciorati C, et al.
Mitochondrial biogenesis in mammals: the role of endogenous nitric oxide. Science.
(2003) 299:896-9. doi: 10.1126/science.1079368

Frontiers in Endocrinology

08

10.3389/fendo.2024.1433750

61. Klinge CM. Estrogenic control of mitochondrial function and biogenesis. J Cell
Biochem. (2008) 105:1342-51. doi: 10.1002/jcb.21936

62. Geng T, Li P, Yin X, Yan Z. PGC-10. promotes nitric oxide antioxidant defenses
and inhibits FOXO signaling against cardiac cachexia in mice. Am J Pathol. (2011)
178:1738-48. doi: 10.1016/j.ajpath.2011.01.005

63. Perry MC, Dufour CR, Tam IS, B'chir W, Giguere V. Estrogen-related receptor-
o coordinates transcriptional programs essential for exercise tolerance and muscle
fitness. Mol Endocrinol. (2014) 28:2060-71. doi: 10.1210/me.2014-1281

64. Van Praag H, Kempermann G, Gage FH. Neural consequences of environmental
enrichment. Nat Rev Neurosci. (2000) 1:191-8. doi: 10.1038/35044558

65. Milgram NW, Siwak-Tapp CT, Araujo J, Head E. Neuroprotective effects of
cognitive enrichment. Ageing Res Rev. (2006) 5:354-69. doi: 10.1016/j.arr.2006.04.004

66. Grinan-Ferrée C, Perez-Caceres D, Gutiérrez-Zetina SM, Camins A,
PalomeraAvalos V, Ortufio-Sahagun D, et al. Environmental enrichment improves
behavior, cognition, and brain functional markers in young senescence-accelerated
prone mice (SAMP8). Mol Neurobiol. (2016) 53:2435-50. doi: 10.1007/s12035-015-
9210-6

67. Shilpa BM, Bhagya V, Harish G, Srinivas Bharath MM, Shankaranarayana Rao
BS. Environmental enrichment ameliorates chronic immobilisation stress-induced
spatial learning deficits and restores the expression of BDNF, VEGF, GFAP and
glucocorticoid receptors. Prog Neuropsychopharmacol Biol Psychiatry. (2017) 76:88—
100. doi: 10.1016/j.pnpbp.2017.02.025

68. Xu L, Zhu L, Zhu L, Chen D, Cai K, Liu Z, et al. Moderate exercise combined
with enriched environment enhances learning and memory through BDNF/TrkB
signaling pathway in rats. Int ] Environ Res Public Health. (2021) 18:8283.
doi: 10.3390/ijerph18168283

69. Wang CL. The Effects of Swimming Movement and Rich Environment on
Autism Rats’ Learning and Memory Ability and Mechanism Research. Jilin University,
Changchun, China (2016).

70. Zhang XQ, Mu JW, Wang HB, Jolkkonen J, Liu TT, Xiao T, et al. Increased
protein expression levels of pCREB, BDNF and SDF-1/CXCR4 in the hippocampus
may be associated with enhanced neurogenesis induced by environmental enrichment.
Mol Med Rep. (2016) 14:2231-7. doi: 10.3892/mmr.2016.5470

71. Costa GA, de Gusmao Taveiros Silva NK, Marianno P, Chivers P, Bailey A,
Camarini R. Environmental enrichment increased bdnf transcripts in the prefrontal
cortex: implications for an epigenetically controlled mechanism. Neuroscience. (2023)
526:277-89. doi: 10.1016/j.neuroscience.2023.07.001

72. Voisey ], Lawford B, Bruenig D, Harvey W, Morris CP, Young RM, et al.
Differential BDNF methylation in combat exposed veterans and the association with
exercise. Gene. (2019) 698:107-12. doi: 10.1016/j.gene.2019.02.067

73. Croll SD, Suri C, Compton DL, Simmons MV, Yancopoulos GD, Lindsay RM,
et al. Brain-derived neurotrophic factor transgenic mice exhibit passive avoidance
deficits, increased seizure severity and in vitro hyperexcitability in the hippocampus
and entorhinal cortex. Neuroscience. (1999) 93:1491-506. doi: 10.1016/S0306-4522(99)
00296-1

74. Zuccato C, Cattaneo E. Role of brain-derived neurotrophic factor in Huntington’s
disease. Prog Neurobiol. (2007) 81:294-330. doi: 10.1016/j.pneurobio.2007.01.003

75. Fumagalli F, Racagni G, Riva MA. The expanding role of BDNF: a therapeutic
target for Alzheimer’s disease? Pharmacogenomics J. (2006) 6:8-15. doi: 10.1038/
§).tp}.6500337

76. Zuccato C, Cattaneo E. Brain-derived neurotrophic factor in neurodegenerative
diseases. Nat Rev Neurol. (2009) 5:311-22. doi: 10.1038/nrneurol.2009.54

frontiersin.org


https://doi.org/10.1016/S0896-6273(01)00295-1
https://doi.org/10.1016/j.biopsych.2007.01.002
https://doi.org/10.1016/j.neuropharm.2013.04.005
https://doi.org/10.1016/j.neuropharm.2013.04.005
https://doi.org/10.1152/physrev.00038.2014
https://doi.org/10.1016/j.cmet.2013.09.008
https://doi.org/10.1007/s12017-018-8500-3
https://doi.org/10.1523/JNEUROSCI.1661-18.2019
https://doi.org/10.1249/mss.0b013e31802f04c7
https://doi.org/10.3390/ijms23126740
https://doi.org/10.5717/jenb.2013.17.4.151
https://doi.org/10.7554/eLife.15092.012
https://doi.org/10.7554/eLife.15092.012
https://doi.org/10.1155/2023/9206875
https://doi.org/10.1155/2023/9206875
https://doi.org/10.1523/JNEUROSCI.3237-07.2008
https://doi.org/10.3892/etm.2013.1319
https://doi.org/10.1038/s41598-018-23673-z
https://doi.org/10.1126/science.1079368
https://doi.org/10.1002/jcb.21936
https://doi.org/10.1016/j.ajpath.2011.01.005
https://doi.org/10.1210/me.2014-1281
https://doi.org/10.1038/35044558
https://doi.org/10.1016/j.arr.2006.04.004
https://doi.org/10.1007/s12035-015-9210-6
https://doi.org/10.1007/s12035-015-9210-6
https://doi.org/10.1016/j.pnpbp.2017.02.025
https://doi.org/10.3390/ijerph18168283
https://doi.org/10.3892/mmr.2016.5470
https://doi.org/10.1016/j.neuroscience.2023.07.001
https://doi.org/10.1016/j.gene.2019.02.067
https://doi.org/10.1016/S0306-4522(99)00296-1
https://doi.org/10.1016/S0306-4522(99)00296-1
https://doi.org/10.1016/j.pneurobio.2007.01.003
https://doi.org/10.1038/sj.tpj.6500337
https://doi.org/10.1038/sj.tpj.6500337
https://doi.org/10.1038/nrneurol.2009.54
https://doi.org/10.3389/fendo.2024.1433750
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The interplay between BDNF and PGC-1 alpha in maintaining brain health: role of exercise
	Introduction
	Pleiotropic effects of BDNF
	Exercise role on BDNF downstream signaling for brain health
	The interplay between BDNF and PGC-1 alpha for maintaining brain health-role of exercise
	Effect of environmental enrichment and physical exercise on BDNF response
	Conclusion and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


