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Abstract: Depression is the most common and devastating psychiatric disorder in the world. Its
symptoms, especially during the pandemic, are observed in all age groups. Exercise training (ET) is
well known as a non-pharmacological strategy to alleviate clinical depression. The brain-derived
neurotrophic factor (BDNF) is one of the biological factors whose expression and secretion are
intensified in response to ET. BDNF is also secreted by contracted skeletal muscle that likely exerts
para-, auto- and endocrine effects, supporting the crosstalk between skeletal muscle and other
distant organs/tissues, such as the nervous system. This finding suggests that they communicate
and work together to induce improvements on mood, cognition, and learning processes as BDNF
is the main player in the neurogenesis, growth, and survival of neurons. Therefore, BDNF has
been recognized as a therapeutic factor in clinical depression, especially in response to ET. The
underlying mechanisms through which ET impacts depression are varied. The aim of this review
was to provide information of the biological markers of depression such as monoamines, tryptophan,
endocannabinoids, markers of inflammatory processes (oxidative stress and cytokines) stress and
sex hormones and their relationship to BDNF. In addition, we reviewed the effects of ET on BNDF
expression and how it impacts depression as well as the potential mechanisms mediating this process,
providing a better understanding of underlying ET-related mechanisms in depression.

Keywords: depression; BDNF; physical activity; exercise training; myokines; mood; cognition;
theories of depression

1. Introduction

Depression is currently the fourth most common health problem worldwide and it
will be shortly more prevalent, due to the Covid-19 pandemic, according to the World
Health Organization [1]. Today, over 350 million people worldwide suffer from depression,
accounting for 4.4% of the population. Including masked depression, this proportion rises
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up to 10%, especially in the adult population. The disease affects mainly adults and the
incidence depends on the age and region, being twice as often in women than men. The
symptoms of depression, described as chronic sadness, lack of interest, and pleasure in ac-
tivities, are commonly associated with other somatic diseases, meaning that approximately
10% of all adults experience the symptoms during a year [1-5]. Hu et al. [3] report that
in 1200 participants from China taking part in a study between January and February of
2020, 54% of responders reported they suffered moderate to severe psychological impacts
because of the Covid-19 pandemic, one-third of them suffered from moderate to severe
anxiety symptoms, and 17% obvious depressive symptoms. Eating and sleep disorders,
permanent fatigue, and lack of concentration are also reported [4]. Therefore, patients with
depression require support from their relatives and therapists, and very often pharmaco-
logical intervention [6]. In recent decades, a great deal of knowledge has been accumulated
about the neurological mechanisms involved in depression, including the influence of
inflammatory factors, the role of monoamines, and the influence of vascular disorders
and genetics on the physiopathology of depression, regardless of environmental factors,
eventually evolving to malfunction and/or damage to specific neural networks [7-11]. The
datasets of gene regulation in depression is created and a combined portrait was created for
men and women only [12]. Impairment of adult neurogenesis, altered nervous processes
and synaptic depression, and neuronal atrophy are just some of the neuroplasticity-related
processes that are at risk in patients with depression during clinical and experimental
studies [13-15].

The central mediator of neuronal plasticity, brain-derived neurotrophic factor (BDNF),
has been extensively studied for its role in synaptic formation and maintenance, and
for the ability of the central nervous system (CNS) to regenerate and adapt to possible
damage [16,17]. Higher BDNF levels are associated with better cognitive and psychiatric
states in both healthy subjects and depressed patients [18-20]. However, recent studies
have noted significant reductions in BDNF levels in depressed patients [21]. It has also been
documented that in elderly patients, reduction of BDNF in the blood has been recognized
as a biological marker of memory deficits and cognitive processes [20-25]. A number of
plausible physiological and neurological mechanisms/theories of depression have been
described [2]. The oldest postulated and biological mechanism is monoamine deficiency
(monoamine theory). Depression can also be explained by tryptophan deficiency and
disruption of the kynurenine pathway [26], metabolic stress with oxidative stress [27,28],
and hormonal, immunological disturbance [29]. Light deficiency and dysregulation of
circadian rhythms by serotonin deficiency are also important factors [30,31]. In addition,
depression in the elderly is caused by physiological failure of the body and deterioration
of the functions of the brain and its neurotransmitters [29]. It is well documented that
the aging brain retains a certain plasticity which can also be stimulated and corrected
by physical activity; however, there is also evidence of the processes of atrophy of the
brain structures with age. It has been shown that in people over 55 years of age without
dementia the hippocampal atrophy ranges from 1-2%, prefrontal cortex, caudate nucleus
and cerebellum 0.5-2%/a year, while stratum primary motor and sensorimotor regions
remain rather unchanged [32].

The benefits of ET for the human body and mental health have been well documented.
Regular ET has been described to be a preventive strategy against chronic disorders, such
as type II diabetes mellitus, overweight/obesity, and atherosclerosis [33-35]. In fact, several
benefits have been attributed to ET by improving cardiopulmonary function, stimulating
skeletal muscle and bone tissue growth, reducing fat mass, and regulating hormone and
whole-body lipid and glucose metabolism [35,36]. As a physiological regulator of BDNF
production [18,37,38], ET has been revealed as an alternative strategy for the therapy and
treatment of patients with disorders of nervous system, including depression [39,40]. Reg-
ular practice of ET facilitates everyday life, reduces everyday fatigue, positively influences
mood and emotional processes such as anxiety and the feeling of being lost [41], and is
currently recommended as an assessment strategy in the treatment and prevention of
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depression [42]. The effects of ET are widely recognized in brain function [43]; however,
the underlying mechanisms by which ET exerts its effects as an antidepressant method are
not fully understood.

2. Brain-Derived Neurotrophic Factor

BDNF belongs to a family of growth factors that also includes the nerve growth
factor, neurotrophin-3, and neurotrophin-4/5 [18]. BDNF is synthesized in the cell in
the form of a precursor molecule called pro-BDNF, converted into mature BDNF form
by post-translational cleavage, and then secreted into the extracellular space [44]. Both
molecular forms, mature BDNF and pro-BDNE, are biologically active and act through
specific receptors located in the cell nucleus and membrane [45]. BDNF binds to the
tyrosine kinase B (TrkB) receptor and the p75 neurotrophins receptor (p75NTR). BDNF
has a much greater affinity for the TrkB receptor than pro-BDNF, which, in turn, has a
greater affinity for p7/SNTR [46,47]. While the activation of the TrkB receptor produces
a protective and anti-apoptotic effect, the activation of p75NTR causes apoptotic and
neurodegenerative processes [18,44,45]. The TrkB receptor is largely expressed in the
neurons of the hippocampus [48].

According to Matthews et al. [49] and Rasmussen et al. [50], about 70-80% of circulat-
ing BDNF is produced in the brain at rest and in response to exercise training (ET). In the
central nervous system, BDNF is mainly synthesized in the hippocampus, and also in the
cerebral cortex, midbrain, thalamus (amygdaloidal body), hypothalamus, pons, or medulla
oblongata [51,52]. Thus, BNDF is able to cross the blood-brain barrier in both directions
and the variations of circulating BDNF concentration are likely come from both neurons
and glial cells of the central nervous system [50].

In blood, BDNF is stored mainly in platelets (99%) [53,54], which explains its higher
concentration in serum compared to plasma. Plasma BDNF levels decrease with age
and body mass gain, as opposed to the constant concentration of BDNF in serum and
platelets [55,56]. Other than by platelets, BDNF is also produced by T-cells, B-monocytes,
and endothelium cells [57]. In plasma, there is only a small amount of circulating free
BDNEF [58].

In women, the BDNF content in platelets varies throughout the menstrual cycle.
BDNF possibly is secreted by endometrium cells and its accumulation may be associated
to the phase of menstrual cycle. In the follicular phase, the plasma BDNF accumulation is
higher than luteal phase [56]. Moreover, menopause seems to have an impact on BDNF
accumulation. Postmenopausal women showed lower levels of BDNF than premenopausal
women [56]. Very low concentrations of BDNF have been observed in women who had not
menstruated for at least 6 months, as compared with postmenopausal concentrations. These
data suggest that there is an affinity between concentration of BDNF and sex hormones
in women. It seems that the expression of the TrkB receptor, which demonstrates a large
affinity for BDNEF, is under a positive regulation influence of some sex steroids such as
estrogen hormones [56,59,60].

In neurons, BDNF is present not only in the cytoplasm, but also near the dendritic
spines, influencing their development [61]. BDNF stimulates the processes of neuroplas-
ticity, which is manifested in neurogenesis, stimulation of the plasticity of serotoniner-
gic, dopaminergic, cholinergic, or noradrenergic neurons, dendritogenesis, and synap-
togenesis [62]. Additionally, BDNF facilitates the growth and survival of neurons and
microglia cells. It also participates in the differentiation of cells, potentiation of signal
transmission, induction, and the maintenance of long-term potentiation of synaptic en-
hancement [44,45,48,63]. Owing to these properties, BDNF improves cognition and takes
part in emotional processes, spatial orientation, and learning, as well as body coordina-
tion [48,61-66].

The BDNF gene is a single nucleotide polymorphism that was found to substitute va-
line (Val) to methionine (Met) at position 66 in pre-pro-BDNF (Val66Met) [67]. The mutation
can weaken the activity of the molecule and change the BDNF/pro-BDNF ratio. This single
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nucleotide polymorphism can influence the secretion of BDNF and is probably associated
to neuropathology and cognitive deficiencies [67,68]. It has been stated that the mutation
of Val66Met is correlated with depression occurrence. In patients with this mutation are
characterized by a smaller hippocampus size and related memory impairments [68].

In patients with depression the DNA methylation of BDNF and negative relationship
between serum BDNF level and miR-132/miR-182 levels are observed. An increase of
miR-30e, miR-132, miR-185, and miR-212 in serum level was also observed in depressed
patients [69].

3. Depression, Exercise, BDNF

Exercise training is recognized as a useful non-pharmacological strategy to improve
the treatment of depression, and concomitantly decrease the somatic symptoms of this
pathology [70]. Previous studies have shown that both endurance [22,30,71] and short-
term high-intensity anaerobic exercise [72-75] can increase BDNF levels in healthy and
depressed patients. According to Murawska — Ciatowicz et al. [76] BDNF levels after one
bout of exercise are dependent on duration time, intensity, and type of test/exercise and the
intensity of previous training. According to Rasmussen, BDNF is released from the brain
during exercise [50] and is produced by skeletal muscle in response to contraction [49]
and is responsible for muscle-brain crosstalk [77]. The influence of BDNF on biological
mechanisms is described below and shown in Figure 1.
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Figure 1. Potential mechanisms of ET impact on BDNF to decrease depression symptoms. (PGCl-x, peroxisome
proliferator-activated receptor-gamma coactivator; BDNF, brain-derived neurotrophic factor; CREB, cAMP-response element
binding protein).

ET promotes favorable adaptations in the brain by improving learning, memory and
cognitive processes in a depressed patient, as well as by an antidepressant effect [78].
However, the mechanisms behind this result are not clear and explained. It is thought that
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BDNF is a major factor since higher levels of this neurotrophin are seen after various ET
modalities [79].

In depressed patients, ET increased blood BDNF [22,80-82]. In most of these studies,
the increase of BDNF levels was also accompanied by an improvement in cognitive perfor-
mance, processing speed, working memory, and sleep quality. The sparse BDNF studies in
depressed patients participating in ET are shown in Table 1.

The most pronounced regulatory effect of ET on the brain is the oxygenation of the
brain tissue because an increase in blood pressure had an impact on vascular endothelial
activity and an increase in the diameter of the cerebral vessels [83]. Both endurance and
resistance ET have been shown to increase the secretion of neurotransmitters (monoamines
and noradrenaline), growth factors (vascular endothelial growth factor—VEGEF, BDNE),
and myokines by contracted skeletal muscle [84]. Skeletal muscle metabolites secreted into
the bloodstream, a by-product of ET (lactate, 3-hydroxybutyrate), also have a significant
effect on brain tissue [43,85,86]. These metabolites are transported into cerebral circulation
across the blood-brain barrier [43], and thus may contribute to several beneficial brain
cellular processes [83].

Interestingly, the most spectacular effect is the neurogenesis of the hippocampus [48],
which is the most essential component of neuronal plasticity, supporting the survival of
neuronal cells and the regulation of synaptic plasticity [40,87]. ET-induced BDNF secretion
has a positive regulatory effect on the neurogenesis-related mechanisms, stimulation of the

activity of brain structures, and an increase in the size of the hippocampus [65,66,87].

Table 1. Effects of exercise training on BDNF levels in depressed patients.

Reference

Subjects

ET intervention

Main Findings

Kurdi et al., 2019
[80]

n =70 elderly women; 35
with depression vs.
non-depressed women
Age: >50y

Aerobic training:

15min/day on treadmill; speed at 6 km/h
Duration: 28 days

35.3% 1 BDNF from initial value in
depressed and 16.3% from initial
value in non- depressed women

Gourgouvelis et al., 2018
[81]

n =16 MDD patients and
physical inactive;
Age: 3931 £7.02y

Combined aerobic and strenght trainings:
20 min; 3x/week (1 session of aerobic and 2 sessions of
strenght)
Aerobic training: 60 min at 60 and 80% of their
age-predicted HRmax
Strenght training: 2/3 supersets (without rest) with 8-12
rpts; exercises for main muscle groups at 95% of the 10 RM
Duration: 8 weeks

1 BDNF levels
1 31% in VOymax during exercise
| depression symptoms
1 sleep quality and cognitive function

Vedovelli et al., 2017
[82]

n = 31 women independent
and non-demented
subjects;Age: 80 to 97 y
n =22 subjects were
submitted to an ET
intervention

Combined aerobic and strenght trainings:
3x/week, 3 sets of 10 rpts and 30 s interval during 30 min.
Resistance bands exercises. Intensity: 50% of 1RM initially;

75% of 1RM in 3" month
At the end of session: 30 min walk with 75-85% HRmax
Duration: 3 months

1 BDNF
| depression symptoms
1 cognitive performance
1 muscle strenght of lower limbs and
aerobic condtion

Kallies et al., 2019

n =30 MDD outpatients
(n=17 women); n =7
patients with a single

depressive episode and

One bout of aerobic exercise:
Graded exercise test on a cycle ergometer starting at 25w

T BDNF
Larger BDNF increase in women with

(58] n = 23 patients with current with progression of 25w every 2 min, until exhaustion smaller number of platelets.
depressive disorder
Age:392 £ 114y
Z = ?)5 elderly women One bout of aerobic exercise: 1 BDNF (1mmed1at_ely after exercise
ge: 61.1 + 7.2 y with - e . cessation)
Laske et al., 2010 d . . Incremental exercise test on treadmill (initial walking speed . .
epressive episode of PSP . At 30 min of recovery, BDNF lower in
[22] : 3km/h). Speed and inclination increased simultaneously . .
recurrent unipolar every 3 min. comparison to baseline levels and
depression y ’ immediately after exercise cessation
One bout of aerobic exercise: 1 BDNF
Mever et al.. 2016 n =24 women with 30 min stationary bicycle with intensity: Main effect of measurement, but not
Y 189] v depression light (RPE = 11); moderate (RPE = 13); hard (RPE = 15) an effect of intensity

Age: 38.6 £14.0y

Blood taken before and within 10 min after completion of
each session

Acute improvement in depressed
mood, but not intensity depended

Szuhany and Otto, 2020
[90]

n =29 sedentary adults with
MDD or PDD with a current
major depressive episode
Age: 18-65y

Stretching exercise:
9 sessions of stretching behavioral activityDuration:
12 weeks
Balke protocol consisting of 2-min stage with speed and
grade increasing over time. BDNF collection occurred
immediately prior to test completion, immediately
following test completion and at 4", 8t and 16" week

4 BDNF at 4 8t and 16™ week
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Table 1. Cont.

Reference

Subjects ET intervention Main Findings

Aerobic exercise:
3 supervised aerobic sessions in the 1% week, 2 supervised

Dopp et al., 2020 dz =rels?as i;zcrlloél;s;enl:s vyitllll aerobic sessions in th(Ie 2“‘? week,gnd 1 supervised aerobic Aft?ré]%;\}’;eks'
[01] P ) d physically session in the 3 Week. ) | depression symptoms
inactive Blood take pre- and post-intervention. | CDRS-R score
Balke Fitness test at week 1 and 12
Duration: 12 weeks
Aerobic exercise:
Schuch et al.. 2014 n =26 depressed inpatients, 3x/week, targeted dose of 16.5 kcal/kg/week of aerobic 1 BDNF after 2 weeks.
[92] M RCT exercise, = at discharge in comparison to 2
Age: 42.81 +12.4 Single-stage submaximal treadmill walking test according weeks.
Ebbeling
Aerobic, strenght training and combinaed aerobic and strenght trainings:
Strenght training: 3x/week, six exercises for major muscles Strenght training:
. n=451 community-dwelling at 50-75% RM; 1 BDNF
Perelra[u;tl?l., 2013 older women, RCT Aerobic training: 5-min warm-up followed by 40 min of
Age: 65-89 y aerobic exercises at 65% and 80% age-predicted maximum Both aerobic and strenght trainings:
heart rate, 3x/week 1GDS score

Duration: 10 weeks

BDNEF, brain-derived neurotrophic factor; MDD, major depressive disorder; VOymax, maximal oxygen consumption; HRmax, maximal
heart rate; RM, repetition maximum; PDD, persistent depressive disorders; CDRS-R score, children’s depression rating scale revised; RCT,
randomized controlled trial; GDS, geriatric depression scale.

4. Potential Mechanisms of Exercise Training Impact on BDNF in Healthy and
Depressed Patients

ET constitutes a very strong stimulus to the brain and other organs and brings many
beneficial health effects to the whole body on many levels of its organization, from the
molecular level, through the cells, to the organs [93]. Data from numerous studies showed
that ET potential protects in neurodegenerative diseases [42,94]. Research reveals that
acute and chronic adaptations of exercise training have been related to stimulation of
neurogenesis, which is essential for nervous system plasticity [43,95]. Exercise training
stimulates new nerve connections and increases the number of synaptic vesicles. The
higher secretion of neurotransmitters has also been reported [95]. Moreover, ET was able
to induce substantial improvements in mating and memory processes, as well as in the
emotional sphere [49,90,96].

In response to ET, constant monitoring of movement patterns is required from the
brain, especially at the stage of learning new motor activities [41]. The beneficial influ-
ence of ET on brain health is manifested by the intensified blood supply to the brain,
improvement in brain oxygenation, and activation of many regions of the brain structures.
These facilitate better brain function, secretion of neurotransmitters that communicate at
different regions of the brain, and secretion of different chemical substances with growth
factor activity [43,83,97,98]. Besides the local effect of BDNF in the brain, some authors
suggest that the brain is the major source of circulating BDNF at rest and during exer-
cise [50]. In this sense, ET is an effective stimulus for BDNF synthesis as reported by several
studies [22,71,89,92].

Skeletal muscle is widely recognized as an endocrine organ [77,97]. Contracted skele-
tal muscles produce and secrete various biologically active molecules, known as myokines,
including BDNF [77,84,97,99,100]. They likely act in an endocrine-dependent manner to
favor the communication between skeletal muscle and distant organs, creating a network
that integrates several signals coming from various organs [77,84,97,101]. Therefore, the
communication between skeletal muscle and the nervous system through BDNF may con-
stitute one of the strongest factors that stimulates neurogenesis [99]. BDNF is responsible
for organ communication and can act as auto-, para-, or hemocrine-like fashion. Thus,
BDNF is an example of neurokine, myokine, and adipokine, with a wide range of action
with other cytokines [77,99,102]. Of particular interest is the continuous flow of information
between the skeletal muscles and the brain, known as crosstalk [97]. It is also speculated
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that BDNF and its receptor play a key role in the central regulation of the energy balance
through the BDNF/TrkB axis in adipose tissue [103], suggesting an interesting role for the
regulation of whole-body metabolism.

The impact of physical activity on BDNF secretion and its participation in cognitive
processes’ improvement has been reported [104]. An increase of BDNF concentration has
been observed after physical activities that are single but of varying intensity and time,
single but intense, or systematic, aerobic, and anaerobic, and also those that last for several
weeks or several months [104]. Moreover, the increase of BDNF concentration remains
transitional and rapid as the levels return to resting values 10-60 min after the exercise
training cessation [105,106].

Different molecular mechanisms have been proposed to explain how exercise/ET can
impact on BDNF synthesis in brain and peripheral tissues. One of the suggested is an
increase in Ca?* concentration in neurons and activation of signaling pathways: mitogen-
activated protein kinase/extracellular signal-regulated protein kinase (MAPK/ERK) and
Ca?* /calmodulin-dependent protein kinase, which are responsible for CREB phospho-
rylation and CREB transcription activation, and, consequently, transcription of the BDNF
gene [107,108]. ET resulted in an increase in the level of the activated transcription fac-
tor and CREB phosphorylated [109]. Together, these are signaling molecules that play
critical roles in synaptic plasticity, including learning and memory. Furthermore, this
constitutes an important pathway for the cytoskeleton protein synthesis, dendrites’” growth,
and branching in hippocampal neurons as well as inhibition of apoptotic growth [110].
Both BDNF and TrkB are widely and strongly expressed in the human brain. Activation
of TrkB upon attachment of BDNF activates many intracellular pathways, including the
MAPK/ERK pathways [65,77,111,112]. ET can cause persistent increases in phosphory-
lated CREB and BDNF that continue throughout the exercise period [109]. According to
Finkbeiner et al. [113] CREB is a major mediator of neurotrophins’ responses.

Wrann et al. [99] reported that BDNF secretion by the hippocampus was possible
owing to the activation of the peroxisome proliferator-activated receptor-gamma coactiva-
tor (PGC-1«)/fibronectin type III domain-containing protein 5 (FNDC5) (irisin) pathway.
PGC-1«x increases as a result of AMP kinase (AMPK) activation by a decrease in adeno-
sine triphosphate in the cell (JATP/AMP?) [114,115]. Similar to PGC-1x, AMPK takes
part in the intensification of oxidative processes, including initiation of mitochondrial
biogenesis by stimulating uncoupling protein expression; this contributes to greater oxygen
uptake and utilization by skeletal muscle cells [116]. BDNF stimulates AMPK expression
acting as an autocrine or paracrine factor. Moreover, cathepsin B and irisin secreted by
skeletal muscles can cross the blood-brain barrier and mediate BDNF expression in the
hippocampus [117-120]. It is believed that the neuroprotective effect of BDNF results from
the activation of the TrkB/MAPK/ERK1/2/IP3K/ Akt pathway, which inhibits apoptosis,
the neurotoxic effects of glutamate and nitric oxide, and the negative oxidative effects of
stress, which damage neurons [65,105,107].

Sleiman et al. [86] suggested a mechanism according to which 3-hydroxybutyrate,
one of the metabolites classified as ketone bodies, forming during ET in conditions of
oxygen deficiency, can activate BDNF promotors, promotor I in particular, and stimulate its
secretion. The authors have observed that intraventricular injection of 3-hydroxybutyrate
resulted in increased BDNF protein expression in the mouse hippocampus, as well as the
release of the TrkB receptor-dependent neurotransmitters.

Bergersen et al. [118] proposed very convincing and interesting mechanisms of a
quite possible contribution of lactate in BDNF secretion. Lactate, as an ET metabolite, can
activate several pathways leading to neuronal plasticity activation. It is also one of the
important metabolites produced during exercise, and assists as a fuel for the brain [119].
In the brain, it is produced by astrocytes and was able to cross the blood-brain barrier
from the periphery, and thus regulates many processes via specific monocarboxylate
transporters (MCTs). These transporters are spread within the brain in neurons (MCT-
2) or astrocytes (MCT-4) [120]. In the brain, lactate is transferred via MCTs to neurons,
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where it is converted to pyruvate for aerobic energy production in mitochondria. In
neurons, lactate is essential for the maintenance of long-term synaptic enhancement, a
phenomenon important in memory processes [121]. According to Descalzi et al. [121],
memory formation, as well as long-term potentiation, requires energy, which, in line
with the astrocyte-to-neuron lactate shuttle hypothesis, is formed from lactate transported
from astrocytes to neurons and converted into pyruvate. These findings suggest that
pyruvate and 3-hydroxybutyrate can replace lactate if the transport of lactate is attenuated.
Pyruvate and p-hydroxybutyrate can enter the Krebs cycle to produce energy. Newman
and Verdin [122] maintain that 3-hydroxybutyrate is not only an exercise metabolite but
also a significant releasing molecule. Yang et al. [123] reported that lactate takes part in
neuroplasticity through the expression of Arc, c-Fos, and Zif268 genes, as well as activation
of the N-methyl-D-aspartate receptor and the Erk1/2 release cascade.

El Hayek et al. [124] report that lactate-dependent increase in BDNF concentration is as-
sociated with the activation of the sirtuinl (SIRT1) deacetylase. SIRT1 increases the concen-
tration of PGC-1a and the secretion of FNDCS5, participating in the PGC-1a/FNDC5/BDNF
pathway [52]. This mechanism explains the role of effort-generated lactate in improving
spatial learning and memory processes. Systematically performed exercises can therefore
reduce the tension of the nervous system, increase the concentration of substances that
positively affect human emotions, and exert an antidepressant effect [125].

Considering all the findings explaining the effect of lactate on BDNF secretion and
its effect on cognition, we obtain another important argument in favor of being active and
participating in physical activity for health and recommending exercise as an important
therapeutic factor in mood disorders.

5. Neurobiological Mechanisms of Depression and BDNF
5.1. Monoamines

Several biological mechanisms underlying depression are shown in Figure 2. One
of the earliest explanations discussed was the monoamine theory, which relates to the
deficiency or disturbance of catecholamine (dopamine and norepinephrine) and serotonin
(5-hydroxytryptamine, 5-HT) secretion. In the light of this theory, depression is correlated
with the depletion or imbalance in the secretion of these monoamines [126]. Depression has
been treated with pharmacological agents such as selective serotonin and/or adrenaline
reuptake inhibitors to improve neurotransmission impulses in key areas of the brain—the
amygdala and hippocampus. However, at least 30% of depressed patients do not respond
positively to antidepressants based on monoamine reabsorption inhibitors [7].

5.1.1. Dopamine

This neurotransmitter, commonly known as the “pleasure hormone”, is the major
catechol neurotransmitter that is produced and secreted by dopaminergic neurons in the
human brain [127]. It is formed from the amino acid precursor of tyrosine that undergoes
several downstream conversions before the release of dopamine. Dopamine binds to a
series of receptors named dopamine receptors 1-5 (D1-D5) and participates in the regula-
tion of processes related to locomotion, learning, feeling pleasure, and motivation [128].
Dopamine does not cross the blood-brain barrier; therefore, it must be synthesized in the
central nervous system [129]. Increased dopamine concentration in the hypothalamus
nucleus accumbens, which is a component of the “reward system” in the brain, seems
to be a main biochemical mechanism of the “feeling of pleasure”, whereas disorders in
dopamine production, secretion, and function are common causes of Parkinsonian diseases
and schizophrenia [130].
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Figure 2. Biological markers of depression. (ROS, reactive oxygen species, BDNF, brain-derived neurotrophic factor).

It is thought that the dopamine system is responsible for drug addiction and the
development of drug abstinence syndrome. Those conclusions come from studies in
addiction to amphetamines and cocaine [129]. In depressed patients, a decreased activity
of the nigrostriatal pathway, responsible for motor skills and a part of the extrapyramidal
system, was found. Dopamine is degraded to biologically inactive homovanillic acid
by enzymes from the group of monoamine oxidases (MAO-A and MAO-B), as well as
catechol-O-methyltransferase [129]. BDNF has been shown to influence the release of
dopamine in the mesolimbic dopamine system [131].

5.1.2. Serotonin

Serotonin (5-hydroxytryptamine, 5-HT), commonly known as the “happiness hor-
mone”, is an important neurotransmitter of the central nervous system. It is involved
in mood, behavior, cognition, emotion, motor function, pain sensitivity regulation, and
neuroendocrine regulations related to appetite, reproduction, circadian rhythms, and sleep
since its metabolite is melatonin, the main regulator of sleep and rhythms [65,132]. Sero-
tonin is a derivative of the exogenous amino acid tryptophan and exerts its biological
effects through numerous receptors [132]. The antidepressant drug fluoxetine acts based
on MAQ inhibition in the synaptic cleft and the reuptake of serotonin [65]. Serotonin is
the most essential factor involved in BDNF signaling, playing a very important role in
the central nervous system, whereas its dysregulation is associated with different mental
disorders [48,132].

Studies have shown that BDNF promotes the survival and morphological differen-
tiation of 5-HT neurons and improves the functioning, sprouting, and growth of 5-HT
neurons in various brain regions [133].

As indicated by Martinovich and Lu [65], serotonin stimulates the expression of the
BDNF gene. BDNF has also been found to regulate the survival, development and func-
tion of serotonergic neurons, demonstrating the correlation between the two substances.
Some authors have postulated synergy between BDNF and serotonin signaling systems



Int. J. Environ. Res. Public Health 2021, 18, 7553 10 of 21

and a feedback loop between BDNF and serotonin secretion [65,66,133]. In patients with
depression, lower serum BDNF concentrations correlated with the severity of depres-
sion [29,66,134]. In addition, the cAMP response element binding protein (CREB) may also
be involved in the loop between BDNF and serotonin. The role of CREB is important for
long-term plasticity of neurons and increases the synthesis of L-dihydroxyphenylalanine
(L-DOPA), a dopamine precursor [48]. CREB activity is serotonin dependent, while sero-
tonin secretion is light dependent and is greater over long days [58,135]. Activated CREB
stimulates BDNF expression, while BDNF promotes CREB activation through the TrkB
receptor [135]. CREB is believed to be one of the molecular mechanisms of circadian
rhythms that are dependent on light/dark rhythms [136-139].

5.2. Stress

Stress is one of the most important causes of depression. Mental stress (psychological
stress), different than imposed by physical stress (e.g., ET), increases the risk of depression
by several hormonal, biochemical, and immunological disturbances [140-144].

Studies suggest that both estrogen and testosterone play a significant role in pro-
tecting the nervous system and decreasing depression symptoms [142]. The release of
glucocorticoids in response to stress is involved in the pathological mechanism of depres-
sion. Glucocorticoids exert their biological effects on gene expression through specific
receptors [143]. Hippocampus and other cerebral areas express two adrenal steroid recep-
tors — the mineralocorticoid receptor (MR, type 1) and the glucocorticoid receptor (GR,
type 2) [144]. Stress stimulates the hypothalamic-pituitary-adrenal (HPA) axis and pro-
vokes the secretion by the hypothalamus of the corticotrophin-releasing hormone, which
promotes the secretion of adrenocorticotropic hormone by the pituitary gland.

Adrenocorticotropic hormone induces the secretion of glucocorticoids by the adrenal
glands and increases the concentration of these hormones in the blood and cerebrospinal
fluid [145]. Higher concentrations of glucocorticoids, including cortisol, cause the reverse
inhibition of corticotrophin-releasing factor secretion, which is called negative feedback.

Prolonged exposure to stress causes disturbances in the assessment of the HPA axis
by increasing the concentration of glucocorticosteroids/cortisol in the blood and exerting a
negative/destructive effect on the cells of the nervous system, which may stimulate the
onset or intensification of depression [141]. Disturbances in the HPA axis and elevated
cortisol levels have been observed in depressed patients [141,146,147]. As a result of the
latter, the volume of the hippocampus decreases, which also causes negative feedback
disturbance [7,141,148].

Many studies provide evidence of the relationship between stress, depression, im-
paired neurogenesis in the hippocampus, and the negative feedback between BDNF and
cortisol [76]. HPA axis hyperactivity is considered one of the crucial biological factors
of mood disorders, including depression [146-149]. Lower BDNF secretion in depressed
patients may partly underlie the pathological mechanism of depression. BDNF secretion
in the hippocampus is reduced in response to stress, while its concentration is increased
after the intake of antidepressant drugs. Data from animals showed that BDNF injections
improved their locomotor activity and temperature rhythm [150].

As mentioned earlier, the volume of the hippocampus is reduced in depressed pa-
tients [69]. The hippocampus is the part of the brain structure and limbic system that is
responsible for learning and memory. It is especially accountable for memory processes —
long-term and spatial memory, but also feeling emotions [141]. Its damage is possible in
response to a prolonged stress. Such conclusions were drawn based on observing patients
with Cushing syndrome, in which excess cortisol concentration is one of the symptoms [7].

It is believed that HPA axis disorders may lead to psychogenic depression. In men, this
axis regulates the release of the steroid hormones testosterone and estradiol by the testes
through a hormonal cascade involving the gonadotropin-releasing hormone, luteinizing
hormone, and follicle-stimulating hormone. In patients with depression, the follicle-
stimulating hormone and luteinizing hormone concentrations do not differ from those
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recorded in healthy men; estradiol concentration slightly increases, while testosterone
concentration is significantly lower. In men, a decrease in testosterone concentration causes
mood disorders, cognitive problems, or fatigue, because testosterone is a neuroactive
hormone and its deficiency promotes the development of depression symptoms. Sex
steroid hormones regulate neurogenesis in the hippocampus or the prefrontal cortex [151].

On the other hand, estrogen increased BDNF expression in different brain regions, e.g.,
olfactory bulb, hippocampus, cortex, or amygdala [142]. In ovariectomized female rats,
estrogen treatment increased BDNF in the entorhinal cortex [142]. 173-estradiol (173-E2),
a precursor of estrogen, has been shown to promote cell differentiation and survival in
the culture of the hypothalamic, amygdala, and neocortical neurons. Moreover, 173-E2
protects neurons against cell death caused by oxidative stress. This hormone appears to
stimulate the same signaling pathways as BDNF [112]. The precursor of steroid hormone
dehydroepiandosterone (DHEA) and its sulphate ester (DHEA-S) also have neuroprotective
effects, interact with neurotrophins — BDNF, nerve growth factor, neurotrophin-3 — and,
thus, stimulate the axon growth. DHEA produces its biological effects by binding to the
tyrosine kinase A (TrkA) receptor and p75NTR in target cells. DHEA-S has been found to
stimulate the sympathetic nervous system by both inhibiting gamma-aminobutyric acid
and activating glutamate and N-methyl-D-aspartate receptor [152].

5.3. Stress, Neuroimmune Axis, and BDNF

In healthy individuals, hippocampus BDNF is very high, but stress significantly
reduces its secretion. Antidepressants, in turn, improve BDNF secretion and intensify
BDNEF-dependent signaling pathways [39]. BDNF is one of the factors involved in the
inflammatory process. Together with cytokines and chemokines, it cooperates in the
regulation of the neuroimmune axis. According to Jin et al. [29], BDNF expression is
affected by immune cell cytokines. The dysregulation of cytokine secretion in the brain
intensifies inflammation and increases reactive oxygen species (ROS) production, which
disrupts neuronal homeostasis and neurogenesis [2,153]. In fact, an administration of
pro-inflammatory cytokines caused a significant reduction of BDNF gene expression [84].

Clinical observations showed that traumatic events, by activating the HPA axis, in-
duced a stress response, activating many physiological mechanisms and intracellular
pathways. Depression is usually a consequence of injuries, such as disturbances in the HPA
axis, elevated cortisol concentrations, inflammatory processes, and oxidative stress [146].

A prolonged exposure to stress can cause neuronal degradation in various parts of
the brain, especially in the limbic system. The interactions between the hippocampus and
the amygdala and their mutual projections to areas of the prefrontal cortex are essential
for effective emotional processes and the storage of important information in long-term
memory [154].

5.4. Cytokines, Inflammation, and Oxidative Stress

The etiology of depression is still an open issue. The contribution of inflammation
is obvious. Numerous studies reveal that depression is much more common among
people suffering from chronic diseases with an ongoing inflammatory process. There is a
close functional relationship between the brain and the endocrine and immune systems.
The cells of the immune system and of various brain areas are equipped with hormone
receptors through which hormones exert their biological effects. Moreover, the expression
of receptors for several interleukins (IL) is observed in various parts of the brain, especially
in the hippocampus and hypothalamus. In these areas, expression of IL-1, IL-2, IL-6, and
tumor necrosis factor « receptors was demonstrated [2].

The cytokine theory of depression is supported by numerous studies in which an
increase in the number of leukocytes, neutrophils, or macrophages. Pro-inflammatory
substances secreted by these cells was observed, as well as changes in the subpopulations
of T lymphocytes, an increase in the CD4/CD8+ lymphocyte ratio and concentration of
acute-phase proteins of metalloproteinases [2].
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Cytokines are thought to modulate neuroplasticity and alter the synthesis, reuptake,
and metabolism of mood-regulating neurotransmitters. The participation of the inflamma-
tory process in the development of mood disorders is also translated by cytokines into the
modulation of synaptic plasticity and changes in the synthesis, reuptake, and metabolism
of neurotransmitters involved in the regulation of mood [155].

Inflammatory cytokines have been proven to influence the synthesis and reuptake of
serotonin, noradrenaline, and dopamine, whose disturbances are observed in depression
156]. In turn, the dose of IL-1 and IL-6 increases the secretion of corticoliberin and activates
the HPA axis [2,155,156]. According to this theory, it is believed that the behavioral distur-
bances observed in depression, as well as disturbances in the secretion of neurotransmitters
or stimulation of the HPA axis, are a consequence of the secretion of pro-inflammatory
cytokines. An overproduction of cytokines or their dosing to animals causes behavioral
reactions and neurochemical changes characteristic of the stress response. In addition,
the overproduction of the corticotrophin-releasing hormone may secondarily increase
cytokine secretion, disrupting the balance of pro-inflammatory and anti-inflammatory
cytokines. These findings provide evidence that cytokines are involved in neurohormonal
(neuroimmune-axis) and behavioral responses in depression [66,140].

Oxidative stress and ROS may contribute to the damage of neurons and adversely
affect the synthesis of BDNEF, because ROS cause oxidative modifications of proteins, lipids,
and nucleic acids [28]. They destroy cell membranes and cell receptors and modify the
activity of enzymes and genes. They disrupt the functions of cells and contribute to
their death. Therefore, it is believed that oxidative stress also causes neuroprogression
by interfering with neurotransmission, especially with regard to 5-HT signals [27]. In
depressed patients, a decreased sensitivity of 5-HT receptors has been observed as a result
of impaired neurogenesis of these neurons [28].

5.5. Neurotrophins

In depression, the variation of neurotrophins’ concentrations, especially BDNF, has
been reported [22,23]. According to current knowledge, there are also other biological fac-
tors associated with the development of depression that may be the target of the therapeutic
process [66]. Clinical studies show that depression may be associated with cell loss or atro-
phy, especially in the hippocampus and cortex [157]. The latest reports reveal relationships
of mood disorders with insufficient secretion of neurokines, i.e., protein substances that
act as growth factors stimulating neurons, e.g., for growth, differentiation, or production
of dendritic spines [62,65]. Disorders of their secretion constitute the basis of a theory
called the neurokine theory or neurotrophic theory, and the deficiency of neurokines can
be the reason for neuronal decline. The most researched and most important factor in this
theory is BDNE. It is essential for the growth, development, and survival of neurons. Brain
imaging studies of depressed patients show that, in addition to changes in the volume
of the limbic system area, the cell bodies of pyramidal neurons and glial cells are lost or
reduced [158].

It is believed that stress, especially chronic stress, through cortisol secretion due to dis-
ruption of the HPA axis, can cause neuronal loss in the hippocampus and impaired /reduced
production of neurons in the dentate gyrus, the main structure of the hippocampus re-
sponsible for neurogenesis [7]. More details on how antidepressants can act and influence
emotional state and mood through BDNF and in light of the theory of neurogenesis and
synaptic plasticity can be found in Harmer et al. [159].

5.6. Anandamide and 2-Arachidonoylglycerol

The human body produces molecules/chemicals with an effect similar to that of the
main psychoactive substance of marijuana, tetrahydrocannabinol, exerting its biological
influence through two main cannabinoid receptors: CB1 and CB2. These substances
are called endocannabinoids [160]. The CBI receptor is located mainly in the central
nervous system in various structures: in the cortex, hippocampus, basal ganglia, amygdala,
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hypothalamus, cerebellum, and limbic system, regulating emotions, satisfaction, feelings
of pleasure, and fear [161]. This system is important in the process of remembering and
motivating. A large accumulation of CB1 was also found in the layer of pyramidal cells of
the hippocampus responsible for the processes of learning and memory, and in the nucleus
accumbens, which is part of the human reward system, the main system of behavior
motivation, at the same time, being the basis of such phenomena as addiction. In turn,
the CB2 receptor occurs mainly peripherally, also in the peripheral nervous system, but is
mainly expressed on immune cells and the spleen [160,162].

There are two endocannabinoids produced in the greatest amount:
N-arachidonoylethanolamine (AEA) (anandamide) and 2-arachidonoylglycerol (2-AG).
Anandamide is found in small amounts in chocolate, producing similar effects to marijuana
tetrahydrocannabinol [161,162]. Data from different studies showed that exercise activates
the endocannabinoid system [163-165].

The word Ananda comes from Sanskrit and means joy, delight, and bliss [163]. In a
study by Sparling et al. [163] that involved runners and cyclists, after a 50 min exercise with
an intensity of 70-80% HRmax, a significant increase in the concentration of anandamide
was noted in both groups. Raichlen et al. [165] received that the secretion of AEA is
dependent on intensity. According to their study the most effective response of AEA to
30 min of exercise also occurs at an intensity of about 70-80% of AAMHR (age-adjusted
maximum heart rate), accounted according to the Tanaka formula. Both teams believe
that anandamide may be responsible for the analgesia during exercise, for alleviating
pain, tension, and anxiety, and for well-being. Furthermore, it is anandamide rather
than endorphins that are considered as one of possible mechanisms responsible for the
phenomenon known in sports as “runner’s high”, i.e., a state of contentment, euphoria,
and increased resistance to pain and fatigue; the molecular mass of endorphins is too high
for them to freely cross the blood-brain barrier [162,164,165]. Anandamide and 2-AG are
produced in postsynaptic neurons. AEA is formed of membrane phospholipid. The 2-AG
precursor is diacylglycerol. As a result of its metabolism, under the influence of various
enzymes, other bioactive compounds may be formed. Both endocannabinoids are found in
the peripheral blood in equal concentrations, and the brain concentration of 2-AG is about
170 times higher [166]. Both AEA and 2-AG are synthesized “on-demand” from membrane
phospholipids and released immediately without vesicle storage [167].

2-AG is a very important signaling mediator responsible for brain homeostasis and
anti-inflammatory and neuroprotective effects [168]. Some of the neuroprotective effect
of BDNF is mediated by 2-AG [169]. Heyman et al. [72] reported that anandamide might
be one of the key elements that contribute to increase BDNF concentration during ET
and delaying its return to the pre-exercise level, both immediately after exercise and
during recovery, suggesting that anandamide produced during ET may be one of the
antidepressant mechanisms.

5.7. Tryptophan Pathway/Kynurenine

The levels of serotonin and melatonin in the brain are closely related to the amount
of tryptophan in the body. Serotonin is produced from tryptophan by hydroxylation and
decarboxylation and then converted to melatonin [170].

Tryptophan is an essential amino acid. Its content in the body depends on the diet
and lifestyle, especially stress exposure. Its main source is a diet rich in protein. Inducing a
long-term state of tryptophan deficiency in the body may lead to mood disorders [99]. In
the digestive tract it is absorbed and converted into serotonin; 95% of serotonin is thought
to be composed of tryptophan, although only 1-2% of tryptophan is used to synthesize
serotonin [170]. The second source of serotonin synthesis are neurons of the nerve plexuses,
from which about 5% of serotonin is derived [26].

Increased activity of the HPA axis and the inflammatory process caused by cytokine
synthesis disturb the metabolism of tryptophan and significantly reduce its concentration
in the blood [2]. It has been proven that inflammatory markers—IL-1, IL-2, interferon—
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increase the activity of the enzyme indoleamine 2,3-dioxygenase (IDO) and increase the
metabolism of tryptophan towards the formation of kynurenine and several of its metabo-
lites, commonly known as kynurenines, at the cost of synthesis serotonin and melatonin [2].
The enzyme is found in the cells of various tissues, including neurons and astrocytes,
as well as in the microglia. A significant correlation was found between IDO activity,
inflammatory markers and the severity of depression [171]. It has also been shown that
some metabolites of tryptophan, the kynurenine pathway, the concentration of which is
increased by IDO activation, have an adverse effect on behavioral processes, including
Kynurenine causes anxiety and depressive symptoms, and its metabolites exert neurotoxic
and neurodegenerative effects [26,147,151].

6. Light, Sleep, and BDNF

According to studies, the development of depression is influenced by the lack or
deficiency of daylight or insufficient exposure to the sun [172]. These factors can result in
decreased activity of the serotonergic system and disturbances of circadian rhythms and
sleep, which are often observed in people with depression [172,173]. Light therapy has
been shown to have a similar effect on neurotransmitters as antidepressants or serotonergic
stimulants and is widely used in clinical settings for the treatment of depression [174].
It seems that sleep disturbances associated with its elongation or shortening may be an
important factor contributing to the development of depression. Interesting research on
the circadian rhythm of BDNF secretion was presented by Begliuomini et al. [56]. In this
study, they reported that BDNF levels were higher in the morning (8:00) and much lower
at noon (lower than at 8:00), and lowest at midnight. Moreover, Molendijk et al. observed
seasonal variability in BDNF secretion [30] and found a strong relationship between BDNF
concentration and the amount of sunlight. The lowest BDNF concentrations were recorded
between January and March. After this period of the year, BDNF levels continued to rise
until August and then declined systematically. It should be noted that the levels observed
in the fall remained slightly higher than in the January-May period.

Author Contributions: Conceptualization: EM.-C., S.R.-R. and A.M.; Writing—original draft prepa-
ration: EM.-C,, S.R.-R,, AM.,, MW, M.C,, G.G.d.A., M.P-B. and W.B.; Writing—review and editing:
EM-C,SR.-R,AM, MW, MC, G.G.d.A,, M.P-B. and W.B.; Project administration: E.M.-C.; Visu-
alization: M.C., M.W. and W.B.; Funding acquisition: E.M.-C. and A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: Internal grant of University School of Physical Education. Project No. 503 62/05 Effective-
ness of various therapeutic forms and their influence on nervous, muscular and vascular plasticity in
patients after ischemic stroke.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WHO. Depression. Available online: https:/ /www.who.int/health-topics/depression (accessed on 1 November 2020).

2. Gatecki, P; Talarowska, M. Inflammatory theory of depression. Psychiatr. Pol. 2018, 52, 437-447. [CrossRef] [PubMed]

3. Hu,S,; Tucker, L.; Wu, C,; Yang, L. Beneficial effects of exercise on depression and anxiety during the Covid-19 pandemic: A
narrative review. Front. Psychiatry 2020, 11, 587557. [CrossRef]

4.  Lim, G.Y; Tam, WW.; Lu, Y.;; Ho, C.S.; Zhang, M.W.; Ho, R.C. Prevalence of Depression in the Community from 30 Countries
between 1994 and 2014. Sci. Rep. 2018, 8, 2861. [CrossRef]

5. Licinio, J.; Wong, M.L. Advances in depression research: Second special issue, 2020, with highlights on biological mechanisms,
clinical features, co-morbidity, genetics, imaging, and treatment. Mol. Psychiatry 2020, 25, 1356-1360. [CrossRef]

6.  Hasler, G. Pathophysiology of depression: Do we have any solid evidence of interest to clinicians? World Psychiatry 2010, 9,
155-161. [CrossRef]


https://www.who.int/health-topics/depression
http://doi.org/10.12740/PP/76863
http://www.ncbi.nlm.nih.gov/pubmed/30218560
http://doi.org/10.3389/fpsyt.2020.587557
http://doi.org/10.1038/s41598-018-21243-x
http://doi.org/10.1038/s41380-020-0798-1
http://doi.org/10.1002/j.2051-5545.2010.tb00298.x

Int. J. Environ. Res. Public Health 2021, 18, 7553 15 of 21

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Boku, S.; Nakagawa, S.; Toda, H.; Hishimoto, A. Neural basis of major depressive disorder: Beyond monoamine hypothesis.
Psychiatry Clin. Neurosci. 2018, 72, 3-12. [CrossRef]

Bourin, M. Neurogenesis and neuroplasticity in major depression: Its therapeutic implication. Adv. Exp. Med. Biol. 2021, 1305,
157-173. [CrossRef] [PubMed]

Jesulola, E.; Micalos, P.; Baguley, I.]. Understanding the pathophysiology of depression: From monoamines to the neurogenesis
hypothesis model—Are we there yet? Behav. Brain Res. 2018, 341, 79-90. [CrossRef] [PubMed]

Amadio, P; Zara, M.; Sandrini, L.; Ieraci, A.; Barbieri, S.S. Depression and cardiovascular disease: The viewpoint of platelets. Int.
J. Mol. Sci. 2020, 21, 7560. [CrossRef] [PubMed]

Mazza, M.G.; De Lorenzo, R.; Conte, C.; Poletti, S.; Vai, B.; Bollettini, I.; Melloni, E.M.T.; Furlan, R.; Ciceri, F.; Rovere-Querini, P;
et al. Anxiety and depression in COVID-19 survivors: Role of inflammatory and clinical predictors. Brain Behav. Immun. 2020, 89,
594-600. [CrossRef] [PubMed]

Gammie, S.C. Creation of a gene expression portrait of depression and its application for identifying potential treatments. Sci.
Rep. 2021, 11, 3829. [CrossRef] [PubMed]

Chaudhury, D.; Liu, H.; Han, M.H. Neuronal correlates of depression. Cell Mol. Life Sci. 2015, 72, 4825-4848. [CrossRef]

Duric, V.; Duman, R.S. Depression and treatment response: Dynamic interplay of signaling pathways and altered neural processes.
Cell Mol. Life Sci. 2013, 70, 39-53. [CrossRef] [PubMed]

Duman, R.S. Depression: A case of neuronal life and death? Biol. Psychiatry 2004, 56, 140-145. [CrossRef] [PubMed]

Song, M.; Martinowich, K.; Lee, F.S. BDNF at the synapse: Why location matters. Mol. Psychiatry 2017, 22, 1370-1375. [CrossRef]
[PubMed]

Dieni, C.V.; Panichi, R.; Aimone, J.B.; Kuo, C.T.; Wadiche, ].I.; Overstreet-Wadiche, L. Low excitatory innervation balances high
intrinsic excitability of immature dentate neurons. Nat. Commun. 2016, 7, 11313. [CrossRef]

de Assis, G.G.; de Almondes, K.M. Exercise-dependent BDNF as a modulatory factor for the executive processing of individuals
in course of cognitive decline. A systematic review. Front. Psychol. 2017, 8, 584. [CrossRef]

Poon, C.H.; Heng, B.C.; Lim, L.W. New insights on brain-derived neurotrophic factor epigenetics: From depression to memory
extinction. Ann. N. Y. Acad. Sci. 2021, 1484, 9-31. [CrossRef]

Wagner, S.; Kayser, S.; Engelmann, J.; Schlicht, K.E,; Dreimiiller, N.; Ttischer, O.; Miiller-Dahlhaus, F; Braus, D.F; Tadi¢, A.; Neyazi,
A.; et al. Plasma brain-derived neurotrophic factor (pBDNF) and executive dysfunctions in patients with major depressive
disorder. World ]. Biol. Psychiatry 2019, 20, 519-530. [CrossRef]

Karege, E.; Perret, G.; Bondolfi, G.; Schwald, M.; Bertschy, G.; Aubry, ]. M. Decreased serum brain-derived neurotrophic factor
levels in major depressed patients. Psychiatry Res. 2002, 109, 143-148. [CrossRef]

Laske, C.; Banschbach, S.; Stransky, E.; Bosch, S.; Straten, G.; Machann, J.; Fritsche, A.; Hipp, A.; Niess, A.; Eschweiler, G.W.
Exercise-induced normalization of decreased BDNF serum concentration in elderly women with remitted major depression. Int.
J. Neuropsychopharmacol. 2010, 13, 595-602. [CrossRef]

Diniz, B.S.; Teixeira, A.L.; Talib, L.L.; Mendonga, V.A.; Gattaz, W.F; Forlenza, O.V. Serum brain-derived neurotrophic factor
level is reduced in antidepressant-free patients with late-life depression. World |. Biol. Psychiatry 2010, 11, 550-555. [CrossRef]
[PubMed]

Bus, B.A.; Tendolkar, I; Franke, B.; de Graaf, J.; den Heijer, M.; Buitelaar, ].K.; Oude Voshaar, R.C. Serum brain-derived
neurotrophic factor: Determinants and relationship with depressive symptoms in a community population of middle-aged and
elderly people. World ]. Biol. Psychiatry 2012, 13, 39-47. [CrossRef]

Komulainen, P.; Pedersen, M.; Hanninen, T.; Bruunsgaard, H.; Lakka, T.A.; Kivipelto, M.; Hassinen, M.; Rauramaa, T.H.; Pedersen,
B.K.; Rauramaa, R. BDNF is a novel marker of cognitive function in ageing women: The DR’s EXTRA Study. Neurobiol. Learn
Mem. 2008, 90, 596—-603. [CrossRef]

Cervenka, I.; Agudelo, L.Z.; Ruas, ].L. Kynurenines: Tryptophan’s metabolites in exercise, inflammation, and mental health.
Science 2017, 357, eaaf9794. [CrossRef] [PubMed]

Anderson, G.; Berk, M.; Dean, O.; Moylan, S.; Maes, M. Role of immune-inflammatory and oxidative and nitrosative stress
pathways in the etiology of depression: Therapeutic implications. CNS Drugs 2014, 28, 1-10. [CrossRef] [PubMed]

Vavakova, M.; Duragkovd, Z.; Trebaticka, J. Markers of oxidative stress and neuroprogression in depression disorder. Oxid. Med.
Cell Longev. 2015, 2015, 898393. [CrossRef] [PubMed]

Jin, Y,; Sun, L.H.; Yang, W.; Cui, R.J.; Xu, S.B. The Role of BDNF in the neuroimmune axis regulation of mood disorders. Front.
Neurol. 2019, 10, 515. [CrossRef]

Molendijk, M.L.; Spinhoven, P.; Polak, M.; Bus, B.A.; Penninx, B.W.; Elzinga, B.M. Serum BDNF concentrations as peripheral
manifestations of depression: Evidence from a systematic review and meta-analyses on 179 associations (N = 9484). Mol.
Psychiatry 2014, 19, 791-800. [CrossRef] [PubMed]

Fiske, A.; Wetherell, ].L.; Gatz, M. Depression in older adults. Ann. Rev. Clin. Psychol. 2009, 5, 363-389. [CrossRef] [PubMed]
Erickson, K.I.; Miller, D.L.; Roecklein, K.A. The aging hippocampus: Interactions between exercise, depression, and BDNF.
Neuroscientist 2012, 18, 82-97. [CrossRef] [PubMed]

Sirico, E,; Bianco, A.; D’Alicandro, G.; Castaldo, C.; Montagnani, S.; Spera, R.; Di Meglio, F.; Nurzynska, D. Effects of Physical
Exercise on adiponectin, leptin, and inflammatory markers in childhood obesity: Systematic review and meta-analysis. Child
Obes. 2018, 14,207-217. [CrossRef] [PubMed]


http://doi.org/10.1111/pcn.12604
http://doi.org/10.1007/978-981-33-6044-0_10
http://www.ncbi.nlm.nih.gov/pubmed/33834400
http://doi.org/10.1016/j.bbr.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29284108
http://doi.org/10.3390/ijms21207560
http://www.ncbi.nlm.nih.gov/pubmed/33066277
http://doi.org/10.1016/j.bbi.2020.07.037
http://www.ncbi.nlm.nih.gov/pubmed/32738287
http://doi.org/10.1038/s41598-021-83348-0
http://www.ncbi.nlm.nih.gov/pubmed/33589676
http://doi.org/10.1007/s00018-015-2044-6
http://doi.org/10.1007/s00018-012-1020-7
http://www.ncbi.nlm.nih.gov/pubmed/22585060
http://doi.org/10.1016/j.biopsych.2004.02.033
http://www.ncbi.nlm.nih.gov/pubmed/15271581
http://doi.org/10.1038/mp.2017.144
http://www.ncbi.nlm.nih.gov/pubmed/28937692
http://doi.org/10.1038/ncomms11313
http://doi.org/10.3389/fpsyg.2017.00584
http://doi.org/10.1111/nyas.14458
http://doi.org/10.1080/15622975.2018.1425478
http://doi.org/10.1016/S0165-1781(02)00005-7
http://doi.org/10.1017/S1461145709991234
http://doi.org/10.3109/15622970903544620
http://www.ncbi.nlm.nih.gov/pubmed/20109109
http://doi.org/10.3109/15622975.2010.545187
http://doi.org/10.1016/j.nlm.2008.07.014
http://doi.org/10.1126/science.aaf9794
http://www.ncbi.nlm.nih.gov/pubmed/28751584
http://doi.org/10.1007/s40263-013-0119-1
http://www.ncbi.nlm.nih.gov/pubmed/24150993
http://doi.org/10.1155/2015/898393
http://www.ncbi.nlm.nih.gov/pubmed/26078821
http://doi.org/10.3389/fneur.2019.00515
http://doi.org/10.1038/mp.2013.105
http://www.ncbi.nlm.nih.gov/pubmed/23958957
http://doi.org/10.1146/annurev.clinpsy.032408.153621
http://www.ncbi.nlm.nih.gov/pubmed/19327033
http://doi.org/10.1177/1073858410397054
http://www.ncbi.nlm.nih.gov/pubmed/21531985
http://doi.org/10.1089/chi.2017.0269
http://www.ncbi.nlm.nih.gov/pubmed/29762052

Int. J. Environ. Res. Public Health 2021, 18, 7553 16 of 21

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sampath Kumar, A.; Maiya, A.G.; Shastry, B.A.; Vaishali, K.; Ravishankar, N.; Hazari, A.; Gundmi, S.; Jadhav, R. Exercise and
insulin resistance in type 2 diabetes mellitus: A systematic review and meta-analysis. Ann. Phys. Rehabil. Med. 2019, 62, 98-103.
[CrossRef] [PubMed]

Vieira, A.F.; Costa, R.R.; Macedo, R.C.; Coconcelli, L.; Kruel, L.F. Effects of aerobic exercise performed in fasted v. fed state on fat
and carbohydrate metabolism in adults: A systematic review and meta-analysis. Br. ]. Nutr. 2016, 116, 1153-1164. [CrossRef]
[PubMed]

Borror, A.; Zieff, G.; Battaglini, C.; Stoner, L. The Effects of Postprandial Exercise on Glucose Control in Individuals with Type 2
Diabetes: A Systematic Review. Sports Med. 2018, 48, 1479-1491. [CrossRef] [PubMed]

de Assis, G.G.; Hoffman, J.R.; Gasanov, E.V. BDNF Val66Met polymorphism, the allele-specific analysis by qRT-PCR-a novel
protocol. Int. . Med. Sci. 2020, 17, 3058-3064. [CrossRef] [PubMed]

de Assis, G.G.; Cieszczyk, P. Exercise—A unique endogenous regulator of irisin, BDNE, leptin and cortisol against depression.
Baltic J. Health Phys. Act. 2020, 12, 1-8. [CrossRef]

Phillips, C. Brain-derived neurotrophic factor, depression, and physical activity: Making the neuroplastic connection. Neural
Plast. 2017, 2017, 7260130. [CrossRef]

Basso, J.C.; Suzuki, W.A. The effects of acute exercise on mood, cognition, neurophysiology, and neurochemical pathways: A
review. Brain Plast. 2017, 2, 127-152. [CrossRef]

Nelson, M.E.; Rejeski, W.J.; Blair, S.N.; Duncan, PW.; Judge, ].O.; King, A.C.; Macera, C.A.; Castaneda-Sceppa, C. Physical activity
and public health in older adults: Recommendation from the American College of Sports Medicine and the American Heart
Association. Med. Sci. Sports Exerc. 2007, 39, 1435-1445. [CrossRef]

De Sousa, R.A.L.; Rocha-Dias, I.; de Oliveira, L.R.S.; Improta-Caria, A.C.; Monteiro-Junior, R.S.; Cassilhas, R.C. Molecular
mechanisms of physical exercise on depression in the elderly: A systematic review. Mol. Biol. Rep. 2021, 48, 3853-3862. [CrossRef]
Di Liegro, C.M.; Schiera, G.; Proia, P; Di Liegro, I. Physical Activity and Brain Health. Genes 2019, 10, 720. [CrossRef]

Gibon, J.; Barker, P.A.; Séguéla, P. Opposing presynaptic roles of BDNF and ProBDNF in the regulation of persistent activity in
the entorhinal cortex. Mol. Brain 2016, 9, 23. [CrossRef]

Je, H.S,; Yang, F.; Ji, Y.; Nagappan, G.; Hempstead, B.L.; Lu, B. Role of pro-brain-derived neurotrophic factor (proBDNF) to mature
BDNF conversion in activity-dependent competition at developing neuromuscular synapses. Proc. Natl. Acad. Sci. USA 2012, 109,
15924-15929. [CrossRef]

Kowianski, P; Lietzau, G.; Czuba, E.; Waskow, M.; Steliga, A.; Morys, J. BDNF: A Key Factor with Multipotent Impact on Brain
Signaling and Synaptic Plasticity. Cell Mol. Neurobiol. 2018, 38, 579-593. [CrossRef]

Blum, R.; Konnerth, A. Neurotrophin-mediated rapid signaling in the central nervous system: Mechanisms and functions.
Physiology 2005, 20, 70-78. [CrossRef] [PubMed]

Liu, P.Z.; Nusslock, R. Exercise-mediated neurogenesis in the hippocampus via BDNEF. Front. Neurosci. 2018, 12, 52. [CrossRef]
[PubMed]

Matthews, V.B.; Astrom, M.B.; Chan, M.H.; Bruce, C.R.; Krabbe, K.S.; Prelovsek, O.; Akerstrom, T.; Yfanti, C.; Broholm, C.;
Mortensen, O.H.; et al. Brain-derived neurotrophic factor is produced by skeletal muscle cells in response to contraction and
enhances fat oxidation via activation of AMP-activated protein kinase. Diabetologia 2009, 52, 1409-1418. [CrossRef]

Rasmussen, P.; Brassard, P.; Adser, H.; Pedersen, M.V,; Leick, L.; Hart, E.; Secher, N.H.; Pedersen, B.K; Pilegaard, H. Evidence
for a release of brain-derived neurotrophic factor from the brain during exercise. Exp. Physiol. 2009, 94, 1062-1069. [CrossRef]
[PubMed]

Lu, B.; Nagappan, G.; Lu, Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb. Exp. Pharmacol. 2014, 220,
223-250. [CrossRef]

Miiller, P.; Duderstadt, Y.; Lessmann, V.; Miiller, N.G. Lactate and BDNF: Key mediators of exercise induced neuroplasticity? J.
Clin. Med. 2020, 9, 1136. [CrossRef] [PubMed]

Chacon-Fernandez, P.; Sauberli, K.; Colzani, M.; Moreau, T.; Ghevaert, C.; Barde, Y.A. Brain-derived neurotrophic factor in
megakaryocytes. J. Biol. Chem. 2016, 291, 9872-9881. [CrossRef] [PubMed]

Le Blang, J.; Fleury, S.; Boukhatem, I.; Bélanger, J.C.; Welman, M.; Lordkipanidzé, M. Platelets selectively regulate the release of
BDNF, but not that of its precursor protein, proBDNE. Front. Immunol. 2020, 11, 575607. [CrossRef] [PubMed]

Lommatzsch, M.; Zingler, D.; Schuhbaeck, K.; Schloetcke, K.; Zingler, C.; Schuff-Werner, P.; Virchow, J.C. The impact of age,
weight and gender on BDNF levels in human platelets and plasma. Neurobiol. Aging 2005, 26, 115-123. [CrossRef] [PubMed]
Begliuomini, S.; Casarosa, E.; Pluchino, N.; Lenzi, E.; Centofanti, M.; Freschi, L.; Pieri, M.; Genazzani, A.D.; Luisi, S.; Genazzani,
A.R. Influence of endogenous and exogenous sex hormones on plasma brain-derived neurotrophic factor. Hum. Reprod. 2007, 22,
995-1002. [CrossRef]

Gielen, A.; Khademi, M.; Muhallab, S.; Olsson, T.; Piehl, F. Increased brain-derived neurotrophic factor expression in white blood
cells of relapsing-remitting multiple sclerosis patients. Scand J. Immunol. 2003, 57, 493-497. [CrossRef]

Gejl, AK,; Enevold, C.; Bugge, A.; Andersen, M.S.; Nielsen, C.H.; Andersen, L.B. Associations between serum and plasma
brain-derived neurotrophic factor and influence of storage time and centrifugation strategy. Sci. Rep. 2019, 9, 9655. [CrossRef]
[PubMed]

Carbone, D.L.; Handa, R.J. Sex and stress hormone influences on the expression and activity of brain-derived neurotrophic factor.
Neuroscience 2013, 239, 295-303. [CrossRef]


http://doi.org/10.1016/j.rehab.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30553010
http://doi.org/10.1017/S0007114516003160
http://www.ncbi.nlm.nih.gov/pubmed/27609363
http://doi.org/10.1007/s40279-018-0864-x
http://www.ncbi.nlm.nih.gov/pubmed/29396781
http://doi.org/10.7150/ijms.50643
http://www.ncbi.nlm.nih.gov/pubmed/33173426
http://doi.org/10.29359/BJHPA.12.4.01
http://doi.org/10.1155/2017/7260130
http://doi.org/10.3233/bpl-160040
http://doi.org/10.1249/mss.0b013e3180616aa2
http://doi.org/10.1007/s11033-021-06330-z
http://doi.org/10.3390/genes10090720
http://doi.org/10.1186/s13041-016-0203-9
http://doi.org/10.1073/pnas.1207767109
http://doi.org/10.1007/s10571-017-0510-4
http://doi.org/10.1152/physiol.00042.2004
http://www.ncbi.nlm.nih.gov/pubmed/15653842
http://doi.org/10.3389/fnins.2018.00052
http://www.ncbi.nlm.nih.gov/pubmed/29467613
http://doi.org/10.1007/s00125-009-1364-1
http://doi.org/10.1113/expphysiol.2009.048512
http://www.ncbi.nlm.nih.gov/pubmed/19666694
http://doi.org/10.1007/978-3-642-45106-5_9
http://doi.org/10.3390/jcm9041136
http://www.ncbi.nlm.nih.gov/pubmed/32326586
http://doi.org/10.1074/jbc.M116.720029
http://www.ncbi.nlm.nih.gov/pubmed/27006395
http://doi.org/10.3389/fimmu.2020.575607
http://www.ncbi.nlm.nih.gov/pubmed/33324399
http://doi.org/10.1016/j.neurobiolaging.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15585351
http://doi.org/10.1093/humrep/del479
http://doi.org/10.1046/j.1365-3083.2003.01260.x
http://doi.org/10.1038/s41598-019-45976-5
http://www.ncbi.nlm.nih.gov/pubmed/31273250
http://doi.org/10.1016/j.neuroscience.2012.10.073

Int. J. Environ. Res. Public Health 2021, 18, 7553 17 of 21

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Chan, C.B,; Ye, K. Sex differences in brain-derived neurotrophic factor signaling and functions. J. Neurosci. Res. 2017, 95, 328-335.
[CrossRef] [PubMed]

Miranda, M.; Morici, J.F.; Zanoni, M.B.; Bekinschtein, P. Brain-Derived Neurotrophic Factor: A Key Molecule for Memory in the
Healthy and the Pathological Brain. Front. Cell Neurosci. 2019, 13, 363. [CrossRef]

Eadie, B.D.; Redila, V.A.; Christie, B.R. Voluntary exercise alters the cytoarchitecture of the adult dentate gyrus by increasing
cellular proliferation, dendritic complexity, and spine density. J. Comp. Neurol. 2005, 486, 39—47. [CrossRef] [PubMed]

De Vincenti, A.P,; Rios, A.S.; Paratcha, G.; Ledda, F. Mechanisms that modulate and diversify BDNF functions: Implications for
hippocampal synaptic plasticity. Front. Cell Neurosci. 2019, 13, 135. [CrossRef]

Cunha, C.; Brambilla, R.; Thomas, K.L. A simple role for BDNF in learning and memory? Front. Mol. Neurosci. 2010, 3, 1.
[CrossRef] [PubMed]

Martinowich, K.; Lu, B. Interaction between BDNF and serotonin: Role in mood disorders. Neuropsychopharmacology 2008, 33,
73-83. [CrossRef] [PubMed]

Yu, H.; Chen, Z.Y. The role of BDNF in depression on the basis of its location in the neural circuitry. Acta Pharmacol. Sin. 2011, 32,
3-11. [CrossRef]

Ward, D.D.; Summers, M.].; Saunders, N.L.; Ritchie, K.; Summers, J.J.; Vickers, J.C. The BDNF Val66Met polymorphism moderates
the relationship between cognitive reserve and executive function. Transl. Psychiatry 2015, 5, €590. [CrossRef]

Egan, M.E; Kojima, M.; Callicott, ].H.; Goldberg, T.E.; Kolachana, B.S.; Bertolino, A.; Zaitsev, E.; Gold, B.; Goldman, D.; Dean, M.;
et al. The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human memory and hippocampal
function. Cell 2003, 112, 257-269. [CrossRef]

Arosio, B.; Guerini, ER.; Voshaar, R.C.O.; Aprahamian, I. Blood brain-derived neurotrophic factor (BDNF) and major depression:
Do we have a translational perspective? Front. Behav. Neurosci. 2021, 15, 626906. [CrossRef] [PubMed]

Josefsson, T.; Lindwall, M.; Archer, T. Physical exercise intervention in depressive disorders: Meta-analysis and systematic review.
Scand. ]. Med. Sci. Sports 2014, 24, 259-272. [CrossRef]

Pereira, D.S.; de Queiroz, B.Z.; Miranda, A.S.; Rocha, N.P,; Felicio, D.C.; Mateo, E.C.; Favero, M.; Coelho, EM.; Jesus-Moraleida, F.;
Gomes Pereira, D.A.; et al. Effects of physical exercise on plasma levels of brain-derived neurotrophic factor and depressive
symptoms in elderly women-a randomized clinical trial. Arch Phys. Med. Rehabil. 2013, 94, 1443-1450. [CrossRef] [PubMed]
Heyman, E.; Gamelin, EX.; Goekint, M.; Piscitelli, F.; Roelands, B.; Leclair, E.; Di Marzo, V.; Meeusen, R. Intense exercise increases
circulating endocannabinoid and BDNF levels in humans—possible implications for reward and depression. Psychoneuroendocrinol-
ogy 2012, 37, 844-851. [CrossRef]

Antunes, B.M.; Rossi, EE.; Teixeira, A.M.; Lira, ES. Short-time high-intensity exercise increases peripheral BDNF in a physical
fitness-dependent way in healthy men. Eur. J. Sport Sci. 2020, 20, 43-50. [CrossRef]

Renteria, I.; Garcia-Suarez, P.C.; Martinez-Corona, D.O.; Moncada-Jiménez, ].; Plaisance, E.P,; Jiménez-Maldonado, A. Short-term
high-Intensity interval training increases systemic brain-derived neurotrophic factor (BDNF) in healthy women. Eur. J. Sport Sci.
2020, 20, 516-524. [CrossRef]

Garcia-Sudrez, P.C; Renteria, I; Plaisance, E.P.; Moncada-Jiménez, J.; Jiménez-Maldonado, A. The effects of interval training on
peripheral brain derived neurotrophic factor (BDNF) in young adults: A systematic review and meta-analysis. Sci. Rep. 2021, 11,
8937. [CrossRef] [PubMed]

Murawska-Ciatowicz, E.; de Assis, G.G.; Clemente, EM.; Feito, Y.; Stastny, P.; Zuwata-Jagietto, J.; Bibrowicz, B.; Wolariski, P. Effect
of four different forms of high intensity training on BDNF response to Wingate and Graded Exercise Test. Sci. Rep. 2021, 11, 8599.
[CrossRef]

Pedersen, B.K. Physical activity and muscle-brain crosstalk. Nat. Rev. Endocrinol. 2019, 15, 383-392. [CrossRef]

Al-Qahtani, A.M.; Shaikh, M.A.K,; Shaikh, I.A. Exercise as a treatment modality for depression: A narrative review. Alex. J. Med.
2018, 54, 429-435. [CrossRef]

Marinus, N.; Hansen, D.; Feys, P; Meesen, R.; Timmermans, A.; Spildooren, J. The impact of different types of exercise training
on peripheral blood brain-derived neurotrophic factor concentrations in older adults: A meta-analysis. Sports Med. 2019, 49,
1529-1546. [CrossRef] [PubMed]

Kurdi, EN.; Flora, R. Physical exercise increased brain-derived neurotrophic factor in elderly population with depression. Open
Access Maced. ]. Med. Sci. 2019, 7, 2057-2061. [CrossRef]

Gourgouvelis, J.; Yielder, P; Clarke, 5.T.; Behbahani, H.; Murphy, B.A. Exercise leads to better clinical outcomes in those receiving
medication plus cognitive behavioral therapy for major depressive disorder. Front. Psychiatry 2018, 9, 37. [CrossRef] [PubMed]
Vedovelli, K.; Giacobbo, B.L.; Corréa, M.S.; Wieck, A.; Argimon, LLL.; Bromberg, E. Multimodal physical activity increases
brain-derived neurotrophic factor levels and improves cognition in institutionalized older women. Geroscience 2017, 39, 407-417.
[CrossRef] [PubMed]

Delezie, J.; Handschin, C. Endocrine crosstalk between skeletal muscle and the brain. Front. Neurol. 2018, 9, 698. [CrossRef]
[PubMed]

Bostrom, P.; Wu, J.; Jedrychowski, M.P,; Korde, A.; Ye, L.; Lo, J.C.; Rasbach, K.A.; Bostrom, E.A.; Choi, ].H.; Long, ].Z.; etal. A
PGC1-a-dependent myokine that drives brown-fat-like development of white fat and thermogenesis. Nature 2012, 481, 463—468.
[CrossRef]


http://doi.org/10.1002/jnr.23863
http://www.ncbi.nlm.nih.gov/pubmed/27870419
http://doi.org/10.3389/fncel.2019.00363
http://doi.org/10.1002/cne.20493
http://www.ncbi.nlm.nih.gov/pubmed/15834963
http://doi.org/10.3389/fncel.2019.00135
http://doi.org/10.3389/neuro.02.001.2010
http://www.ncbi.nlm.nih.gov/pubmed/20162032
http://doi.org/10.1038/sj.npp.1301571
http://www.ncbi.nlm.nih.gov/pubmed/17882234
http://doi.org/10.1038/aps.2010.184
http://doi.org/10.1038/tp.2015.82
http://doi.org/10.1016/S0092-8674(03)00035-7
http://doi.org/10.3389/fnbeh.2021.626906
http://www.ncbi.nlm.nih.gov/pubmed/33643008
http://doi.org/10.1111/sms.12050
http://doi.org/10.1016/j.apmr.2013.03.029
http://www.ncbi.nlm.nih.gov/pubmed/23602881
http://doi.org/10.1016/j.psyneuen.2011.09.017
http://doi.org/10.1080/17461391.2019.1611929
http://doi.org/10.1080/17461391.2019.1650120
http://doi.org/10.1038/s41598-021-88496-x
http://www.ncbi.nlm.nih.gov/pubmed/33903670
http://doi.org/10.1038/s41598-021-88069-y
http://doi.org/10.1038/s41574-019-0174-x
http://doi.org/10.1016/j.ajme.2018.05.004
http://doi.org/10.1007/s40279-019-01148-z
http://www.ncbi.nlm.nih.gov/pubmed/31270754
http://doi.org/10.3889/oamjms.2019.574
http://doi.org/10.3389/fpsyt.2018.00037
http://www.ncbi.nlm.nih.gov/pubmed/29559928
http://doi.org/10.1007/s11357-017-9987-5
http://www.ncbi.nlm.nih.gov/pubmed/28707283
http://doi.org/10.3389/fneur.2018.00698
http://www.ncbi.nlm.nih.gov/pubmed/30197620
http://doi.org/10.1038/nature10777

Int. J. Environ. Res. Public Health 2021, 18, 7553 18 of 21

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Evans, M.; Cogan, K.E.; Egan, B. Metabolism of ketone bodies during exercise and training: Physiological basis for exogenous
supplementation. J. Physiol. 2017, 595, 2857-2871. [CrossRef]

Sleiman, S.F.; Henry, J.; Al-Haddad, R.; El Hayek, L.; Abou Haidar, E.; Stringer, T.; Ulja, D.; Karuppagounder, S.S.; Holson, E.B.;
Ratan, R.R.; et al. Exercise promotes the expression of brain derived neurotrophic factor (BDNF) through the action of the ketone
body B-hydroxybutyrate. Elife 2016, 5, e15092. [CrossRef] [PubMed]

Calabrese, F.; Rossetti, A.C.; Racagni, G.; Gass, P; Riva, M.A.; Molteni, R. Brain-derived neurotrophic factor: A bridge between
inflammation and neuroplasticity. Front. Cell Neurosci. 2014, 8, 430. [CrossRef] [PubMed]

Kallies, G.; Rapp, M.A,; Fydrich, T.; Fehm, L.; Tschorn, M.; Teran, C.; Schwefel, M.; Pietrek, A.; Henze, R.; Hellweg, R.;
et al. Serum brain-derived neurotrophic factor (BDNF) at rest and after acute aerobic exercise in major depressive disorder.
Psychoneuroendocrinology 2019, 102, 212-215. [CrossRef] [PubMed]

Meyer, J.D.; Koltyn, K.E.; Stegner, A.].; Kim, ].S.; Cook, D.B. Relationships between serum BDNF and the antidepressant effect of
acute exercise in depressed women. Psychoneuroendocrinol. 2016, 74, 286-294. [CrossRef]

Szuhany, K.L.; Otto, M.W. Assessing BDNF as a mediator of the effects of exercise on depression. J. Psychiatry Res. 2020, 123,
114-118. [CrossRef]

Dropp, R.; Miklja, Z.; Jurries, E.; Mooney, A. Exercise in adolescent depression: Fitness, clinical outcomes, and BDNE. J. Neurol.
Neurobiol. 2020, 6. [CrossRef]

Schuch, E.B.; Vasconcelos-Moreno, M.P,; Borowsky, C.; Zimmermann, A.B.; Wollenhaupt-Aguiar, B.; Ferrari, P.; de Almeida Fleck,
M.P. The effects of exercise on oxidative stress (TBARS) and BDNF in severely depressed inpatients. Eur. Arch. Psychiatry Clin.
Neurosci. 2014, 264, 605-613. [CrossRef] [PubMed]

Rocha-Rodrigues, S.; Rodriguez, A.; Becerril, S.; Ramirez, B.; Gongalves, 1.O.; Beleza, J.; Frithbeck, G.; Ascensao, A.; Magalhaes,
J. Physical exercise remodels visceral adipose tissue and mitochondrial lipid metabolism in rats fed a high-fat diet. Clin. Exp.
Pharmacol. Physiol. 2017, 44, 386-394. [CrossRef]

Tari, A.R.; Norevik, C.S.; Scrimgeour, N.R.; Kobro-Flatmoen, A.; Storm-Mathisen, J.; Bergersen, L.H.; Wrann, C.D.; Selbaek, G.;
Kivipelto, M.; Moreira, ].B.N.; et al. Are the neuroprotective effects of exercise training systemically mediated? Prog. Cardiovasc.
Dis. 2019, 62, 94-101. [CrossRef]

Walsh, E.I; Smith, L.; Northey, J.; Rattray, B.; Cherbuin, N. Towards an understanding of the physical activity-BDNF-cognition
triumvirate: A review of associations and dosage. Ageing Res. Rev. 2020, 60, 101044. [CrossRef] [PubMed]

Zhao, C.; Wang, Z. Influence of physical exercise on health and positive emotions of college students. Rev. Argent. De Clinica
Psicologica 2020, 29, 1234.

Severinsen, M.C.K.; Pedersen, B.K. Muscle-organ crosstalk: The emerging roles of myokines. Endocr. Rev. 2020, 41, 594-609.
[CrossRef]

Erickson, K.I.; Prakash, R.S.; Voss, M.W.; Chaddock, L.; Heo, S.; McLaren, M.; Pence, B.D.; Martin, S.A.; Vieira, V.J.; Woods, J.A.
Brain-derived neurotrophic factor is associated with age-related decline in hippocampal volume. J. Neurosci. 2010, 30, 5368-5375.
[CrossRef]

Wrann, C.D.; White, ].P.; Salogiannnis, J.; Laznik-Bogoslavski, D.; Wu, J.; Ma, D.; Lin, ].D.; Greenberg, M.E.; Spiegelman, B.M.
Exercise induces hippocampal BDNF through a PGC-1at/FNDC5 pathway. Cell Metab. 2013, 18, 649-659. [CrossRef]

Cao, L.; Choi, E.Y,; Liu, X.; Martin, A.; Wang, C.; Xu, X.; During, M.]. White to brown fat phenotypic switch induced by genetic
and environmental activation of a hypothalamic-adipocyte axis. Cell Metab. 2011, 14, 324-338. [CrossRef]

Rocha-Rodrigues, S.; Rodriguez, A.; Gouveia, A.M.; Gongalves, I.O.; Becerril, S.; Ramirez, B.; Beleza, J.; Frithbeck, G.; Ascensao,
A.; Magalhaes, ]. Effects of physical exercise on myokines expression and brown adipose-like phenotype modulation in rats fed a
high-fat diet. Life Sci. 2016, 165, 100-108. [CrossRef] [PubMed]

Chaldakov, G.N.; Tonchev, A.B.; Aloe, L. NGF and BDNF: From nerves to adipose tissue, from neurokines to metabokines. Riv.
Psichiatry 2009, 44, 79-87.

Nakagomi, A.; Okada, S.; Yokoyama, M.; Yoshida, Y.; Shimizu, I.; Miki, T.; Kobayashi, Y.; Minamino, T. Role of the central nervous
system and adipose tissue BDNF/TrkB axes in metabolic regulation. NPJ Aging Mech. Dis. 2015, 1, 1-11. [CrossRef]

Szuhany, K.L.; Bugatti, M.; Otto, M.W. A meta-analytic review of the effects of exercise on brain-derived neurotrophic factor. J.
Psychiatry Res. 2015, 60, 56-64. [CrossRef]

Matczynska, P; Piotrowicz, Z.; Drabarek, D.; Langfort, J.; Chalimoniuk, M. The role of the brain-derived neurotrophic factor
(BDNF) in neurodegenerative processes and in the neuroregeneration mechanisms induced by increased physical activity. Postepy
Biochem. 2019, 65, 2-8. [CrossRef] [PubMed]

Schmidt-Kassow, M.; Schiddle, S.; Otterbein, S.; Thiel, C.; Doehring, A.; Lotsch, J.; Kaiser, J. Kinetics of serum brain-derived
neurotrophic factor following low-intensity versus high-intensity exercise in men and women. Neuroreport 2012, 23, 889-893.
[CrossRef] [PubMed]

Jiménez-Maldonado, A.; Renteria, I.; Garcia-Suarez, P.C.; Moncada-Jiménez, J.; Freire-Royes, L.E. The impact of high-intensity
interval training on brain derived neurotrophic factor in brain: A mini-review. Front. Neurosci. 2018, 12, 839. [CrossRef] [PubMed]
Fernandes, J.; Arida, R-M.; Gomez-Pinilla, F. Physical exercise as an epigenetic modulator of brain plasticity and cognition.
Neurosci. Biobehav. Rev. 2017, 80, 443-456. [CrossRef] [PubMed]

Shen, H.; Tong, L.; Balazs, R.; Cotman, C.W. 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, 219-229. [CrossRef]


http://doi.org/10.1113/JP273185
http://doi.org/10.7554/eLife.15092
http://www.ncbi.nlm.nih.gov/pubmed/27253067
http://doi.org/10.3389/fncel.2014.00430
http://www.ncbi.nlm.nih.gov/pubmed/25565964
http://doi.org/10.1016/j.psyneuen.2018.12.015
http://www.ncbi.nlm.nih.gov/pubmed/30583245
http://doi.org/10.1016/j.psyneuen.2016.09.022
http://doi.org/10.1016/j.jpsychires.2020.02.003
http://doi.org/10.16966/2379-7150.167
http://doi.org/10.1007/s00406-014-0489-5
http://www.ncbi.nlm.nih.gov/pubmed/24487616
http://doi.org/10.1111/1440-1681.12706
http://doi.org/10.1016/j.pcad.2019.02.003
http://doi.org/10.1016/j.arr.2020.101044
http://www.ncbi.nlm.nih.gov/pubmed/32171785
http://doi.org/10.1210/endrev/bnaa016
http://doi.org/10.1523/JNEUROSCI.6251-09.2010
http://doi.org/10.1016/j.cmet.2013.09.008
http://doi.org/10.1016/j.cmet.2011.06.020
http://doi.org/10.1016/j.lfs.2016.09.023
http://www.ncbi.nlm.nih.gov/pubmed/27693382
http://doi.org/10.1038/npjamd.2015.9
http://doi.org/10.1016/j.jpsychires.2014.10.003
http://doi.org/10.18388/pb.2019_251
http://www.ncbi.nlm.nih.gov/pubmed/30901514
http://doi.org/10.1097/WNR.0b013e32835946ca
http://www.ncbi.nlm.nih.gov/pubmed/22964969
http://doi.org/10.3389/fnins.2018.00839
http://www.ncbi.nlm.nih.gov/pubmed/30487731
http://doi.org/10.1016/j.neubiorev.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28666827
http://doi.org/10.1016/S0306-4522(01)00315-3

Int. J. Environ. Res. Public Health 2021, 18, 7553 19 of 21

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.

136.

137.

138.

139.

140.

Lafenetre, P.; Leske, O.; Wahle, P.; Heumann, R. The beneficial effects of physical activity on impaired adult neurogenesis and
cognitive performance. Front. Neurosci. 2011, 5, 51. [CrossRef]

Loprinzi, P.D.; Frith, E. A brief primer on the mediational role of BDNF in the exercise-memory link. Clin. Physiol. Funct. Imaging
2019, 39, 9-14. [CrossRef]

Numakawa, T.; Yokomaku, D.; Richards, M.; Hori, H.; Adachi, N.; Kunugi, H. Functional interactions between steroid hormones
and neurotrophin BDNF. World |. Biol. Chem. 2010, 1, 133-143. [CrossRef]

Finkbeiner, S.; Tavazoie, S.F.; Maloratsky, A.; Jacobs, K.M.; Harris, KM.; Greenberg, M.E. CREB: A major mediator of neuronal
neurotrophin responses. Neuron 1997, 19, 1031-1047. [CrossRef]

Wrann, C.D. FNDC5/irisin-their role in the nervous system and as a mediator for beneficial effects of exercise on the brain. Brain
Plast. 2015, 1, 55-61. [CrossRef] [PubMed]

Liang, H.; Ward, W.E. PGC-1alpha: A key regulator of energy metabolism. Adv. Physiol. Educ. 2006, 30, 145-151. [CrossRef]
[PubMed]

Tiano, J.P.; Springer, D.A.; Rane, S.G. SMAD3 negatively regulates serum irisin and skeletal muscle FNDC5 and peroxisome
proliferator-activated receptor y coactivator 1-« (PGC-1«) during exercise. J. Biol. Chem. 2015, 290, 7671-7684. [CrossRef]
[PubMed]

Moon, H.Y.; Becke, A.; Berron, D.; Becker, B.; Sah, N.; Benoni, G.; Janke, E.; Lubejko, S.T.; Greig, N.H.; Mattison, J.A.; et al.
Running-induced systemic cathepsin B secretion is associated with memory function. Cell Metab. 2016, 24, 332-340. [CrossRef]
Bergersen, L.H. Lactate transport and signaling in the brain: Potential therapeutic targets and roles in body-brain interaction. J.
Cereb. Blood Flow Metab. 2015, 35, 176-185. [CrossRef]

Quistorff, B.; Secher, N.H.; Van Lieshout, ]J.J. Lactate fuels the human brain during exercise. FASEB ]. 2008, 22, 3443-3449.
[CrossRef]

Deitmer, ].W.; Theparambil, S.M.; Ruminot, I.; Noor, S.I.; Becker, H.M. Energy dynamics in the brain: Contributions of astrocytes
to metabolism and pH homeostasis. Front. Neurosci. 2019, 13, 1301. [CrossRef]

Descalzi, G.; Gao, V.; Steinman, M.Q.; Suzuki, A.; Alberini, C.M. Lactate from astrocytes fuels learning-induced mRNA translation
in excitatory and inhibitory neurons. Commun. Biol. 2019, 2, 1-11. [CrossRef]

Newman, J.C.; Verdin, E. 3-Hydroxybutyrate: A signaling metabolite. Annu. Rev. Nutr. 2017, 37, 51-76. [CrossRef]

Yang, J.; Ruchti, E.; Petit, ] -M.; Jourdain, P.; Grenningloh, G.; Allaman, I.; Magistretti, P.J. Lactate promotes plasticity gene
expression by potentiating NMDA signaling in neurons. Proc. Natl. Acad. Sci. USA 2014, 111, 12228-12233. [CrossRef] [PubMed]
El Hayek, L.; Khalifeh, M.; Zibara, V.; Abi Assaad, R.; Emmanuel, N.; Karnib, N.; El-Ghandour, R.; Nasrallah, P; Bilen, M.;
Ibrahim, P. Lactate mediates the effects of exercise on learning and memory through SIRT1-dependent activation of hippocampal
brain-derived neurotrophic factor (BDNEF). . Neurosci. 2019, 39, 2369-2382. [CrossRef] [PubMed]

Craft, L.L.; Perna, EM. The benefits of exercise for the clinically depressed. Prim. Care Companion J. Clin. Psychiatry 2004, 6, 104.
[CrossRef]

Delgado, P.L. Depression: The case for a monoamine deficiency. J. Clin. Psychiatry 2000, 61 (Suppl. 6), 7-11.

Chinta, S.J.; Andersen, J.K. Dopaminergic neurons. Int. |. Biochem. Cell Biol. 2005, 37, 942-946. [CrossRef] [PubMed]

Beninger, R.J. The role of dopamine in locomotor activity and learning. Brain Res. 1983, 287, 173-196. [CrossRef]

Drozak, J.; Bryla, ]. Dopamine: Not just a neurotransmitter. Postepy Hig. Med. Dosw. 2005, 59, 405-420.

Abi-Dargham, A. Do we still believe in the dopamine hypothesis? New data bring new evidence. Int. J. Neuropsychopharmacol.
2004, 7 (Suppl. 1), S-S5. [CrossRef]

Narita, M.; Aoki, K.; Takagi, M.; Yajima, Y.; Suzuki, T. Implication of brain-derived neurotrophic factor in the release of dopamine
and dopamine-related behaviors induced by methamphetamine. Neuroscience 2003, 119, 767-775. [CrossRef]

Olivier, B. Serotonin: A never-ending story. Eur. J. Pharmacol. 2015, 753, 2-18. [CrossRef]

Jiang, D.G,; Jin, S.L.; Li, G.Y;; Li, Q.Q.; Li, Z.R.,; Ma, H.X.; Zhuo, C.J.; Jiang, R.H.; Ye, M.]. Serotonin regulates brain-derived
neurotrophic factor expression in select brain regions during acute psychological stress. Neural Regen. Res. 2016, 11, 1471-1479.
[CrossRef]

Palazidou, E. The neurobiology of depression. Br. Med. Bull. 2012, 101, 127-145. [CrossRef]

Nair, A.; Vaidya, V.A. Cyclic AMP response element binding protein and brain-derived neurotrophic factor: Molecules that
modulate our mood? J. Biosci. 2006, 31, 423-434. [CrossRef] [PubMed]

Yoo, ].M.; Lee, B.D.; Sok, D.E.; Ma, ].Y.; Kim, M.R. Neuroprotective action of N-acetyl serotonin in oxidative stress-induced
apoptosis through the activation of both TrkB/CREB/BDNF pathway and Akt/Nrf2/antioxidant enzyme in neuronal cells. Redox
Biol. 2017, 11, 592-599. [CrossRef]

Ginty, D.; Kornhauser, J.; Thompson, M.; Bading, H.; Mayo, K.; Takahashi, J.; Greenberg, M. Regulation of CREB phosphorylation
in the suprachiasmatic nucleus by light and a circadian clock. Science 1993, 260, 238-241. [CrossRef] [PubMed]

Dibner, C.; Schibler, U.; Albrecht, U. The mammalian circadian timing system: Organization and coordination of central and
peripheral clocks. Ann. Rev. Physiol. 2010, 72, 517-549. [CrossRef]

Wang, H.; Xu, J.; Lazarovici, P.; Quirion, R.; Zheng, W. cAMP response element-binding protein (CREB): A possible signaling
molecule link in the pathophysiology ofsSchizophrenia. Front. Mol. Neurosci. 2018, 11, 255. [CrossRef] [PubMed]

Hughes, M.M.; Connor, T.J.; Harkin, A. Stress-related immune markers in depression: Implications for treatment. Int. |.
Neuropsychopharmacol. 2016, 19, pyw001. [CrossRef]


http://doi.org/10.3389/fnins.2011.00051
http://doi.org/10.1111/cpf.12522
http://doi.org/10.4331/wjbc.v1.i5.133
http://doi.org/10.1016/S0896-6273(00)80395-5
http://doi.org/10.3233/BPL-150019
http://www.ncbi.nlm.nih.gov/pubmed/28480165
http://doi.org/10.1152/advan.00052.2006
http://www.ncbi.nlm.nih.gov/pubmed/17108241
http://doi.org/10.1074/jbc.M114.617399
http://www.ncbi.nlm.nih.gov/pubmed/25648888
http://doi.org/10.1016/j.cmet.2016.05.025
http://doi.org/10.1038/jcbfm.2014.206
http://doi.org/10.1096/fj.08-106104
http://doi.org/10.3389/fnins.2019.01301
http://doi.org/10.1038/s42003-019-0495-2
http://doi.org/10.1146/annurev-nutr-071816-064916
http://doi.org/10.1073/pnas.1322912111
http://www.ncbi.nlm.nih.gov/pubmed/25071212
http://doi.org/10.1523/JNEUROSCI.1661-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/30692222
http://doi.org/10.4088/PCC.v06n0301
http://doi.org/10.1016/j.biocel.2004.09.009
http://www.ncbi.nlm.nih.gov/pubmed/15743669
http://doi.org/10.1016/0165-0173(83)90038-3
http://doi.org/10.1017/S1461145704004110
http://doi.org/10.1016/S0306-4522(03)00099-X
http://doi.org/10.1016/j.ejphar.2014.10.031
http://doi.org/10.4103/1673-5374.191222
http://doi.org/10.1093/bmb/lds004
http://doi.org/10.1007/BF02704114
http://www.ncbi.nlm.nih.gov/pubmed/17006024
http://doi.org/10.1016/j.redox.2016.12.034
http://doi.org/10.1126/science.8097062
http://www.ncbi.nlm.nih.gov/pubmed/8097062
http://doi.org/10.1146/annurev-physiol-021909-135821
http://doi.org/10.3389/fnmol.2018.00255
http://www.ncbi.nlm.nih.gov/pubmed/30214393
http://doi.org/10.1093/ijnp/pyw001

Int. J. Environ. Res. Public Health 2021, 18, 7553 20 of 21

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.
169.

McEwen, B.S.; Nasca, C.; Gray, ].D. Stress effects on neuronal Structure: Hippocampus, amygdala, and prefrontal cortex.
Neuropsychopharmacology 2016, 41, 3-23. [CrossRef] [PubMed]

Sohrabji, F.; Lewis, D.K. Estrogen-BDNF interactions: Implications for neurodegenerative diseases. Front. Neuroendocrinol. 2006,
27,404-414. [CrossRef] [PubMed]

Timmermans, S.; Souffriau, J.; Libert, C. A General introduction to glucocorticoid biology. Front. Immunol. 2019, 10, 1545.
[CrossRef] [PubMed]

Reul, ].M.; de Kloet, E.R. Two receptor systems for corticosterone in rat brain: Microdistribution and differential occupation.
Endocrinology 1985, 117, 2505-2511. [CrossRef]

Siefken, K.; Junge, A.; Laemmle, L. How does sport affect mental health? An investigation into the relationship of leisure-time
physical activity with depression and anxiety. Hum. Mov. 2019, 20, 62-74. [CrossRef]

Ruiz, N.A.L.; Del Angel, D.S.; Olguin, H.J.; Silva, M.L. Neuroprogression: The hidden mechanism of depression. Neuropsychiatr.
Dis. Treat. 2018, 14, 2837-2845. [CrossRef] [PubMed]

Dantzer, R. Neuroimmune Interactions: From the Brain to the Immune System and Vice Versa. Physiol. Rev. 2018, 98, 477-504.
[CrossRef] [PubMed]

MacQueen, G.M.; Campbell, S.; McEwen, B.S.; Macdonald, K.; Amano, S.; Joffe, R.T.; Nahmias, C.; Young, L.T. Course of illness,
hippocampal function, and hippocampal volume in major depression. Proc. Natl. Acad. Sci. USA 2003, 100, 1387-1392. [CrossRef]
Givalois, L.; Naert, G.; Rage, F; Ixart, G.; Arancibia, S.; Tapia-Arancibia, L. A single brain-derived neurotrophic factor injection
modifies hypothalamo-pituitary-adrenocortical axis activity in adult male rats. Mol. Cell Neurosci. 2004, 27, 280-295. [CrossRef]
[PubMed]

Naert, G.; Ixart, G.; Tapia-Arancibia, L.; Givalois, L. Continuous i.c.v. infusion of brain-derived neurotrophic factor modifies
hypothalamic-pituitary-adrenal axis activity, locomotor activity and body temperature rhythms in adult male rats. Neuroscience
2006, 139, 779-789. [CrossRef]

Filova, B.; Ostatnikova, D.; Celec, P.; Hodosy, ]. The effect of testosterone on the formation of brain structures. Cells Tissues Organs
2013, 197, 169-177. [CrossRef] [PubMed]

Taylor, M.K. Dehydroepiandrosterone and dehydroepiandrosterone sulfate: Anabolic, neuroprotective, and neuroexcitatory
properties in military men. Mil. Med. 2013, 178, 100-106. [CrossRef]

Stepanichev, M.; Dygalo, N.N.; Grigoryan, G.; Shishkina, G.T.; Gulyaeva, N. Rodent models of depression: Neurotrophic and
neuroinflammatory biomarkers. Biomed. Res. Int. 2014, 2014, 932757. [CrossRef] [PubMed]

Radley, J.; Morilak, D.; Viau, V.; Campeau, S. Chronic stress and brain plasticity: Mechanisms underlying adaptive and
maladaptive changes and implications for stress-related CNS disorders. Neurosci. Biobehav. Rev. 2015, 58, 79-91. [CrossRef]
[PubMed]

Khairova, R.A.; Machado-Vieira, R.; Du, J.; Manji, HK. A potential role for pro-inflammatory cytokines in regulating synaptic
plasticity in major depressive disorder. Int. J. Neuropsychopharmacol. 2009, 12, 561-578. [CrossRef]

Miller, A.H.; Maletic, V.; Raison, C.L. Inflammation and its discontents: The role of cytokines in the pathophysiology of major
depression. Biol. Psychiatry 2009, 65, 732-741. [CrossRef]

Duman, R.S.; Malberg, J.; Nakagawa, S.; D’Sa, C. Neuronal plasticity and survival in mood disorders. Biol. Psychiatry 2000, 48,
732-739. [CrossRef]

Licznerski, P.; Duman, R.S. Remodeling of axo-spinous synapses in the pathophysiology and treatment of depression. Neuroscience
2013, 251, 33-50. [CrossRef]

Harmer, C.J.; Duman, R.S.; Cowen, P.J. How do antidepressants work? New perspectives for refining future treatment approaches.
Lancet Psychiatry 2017, 4, 409-418. [CrossRef]

Meyer, ].D.; Crombie, K.M.; Cook, D.B.; Hillard, C.J.; Koltyn, K.F. Serum Endocannabinoid and Mood Changes after Exercise in
Major Depressive Disorder. Med. Sci. Sports Exerc. 2019, 51, 1909-1917. [CrossRef] [PubMed]

Wilson, R.L; Nicoll, R.A. Endocannabinoid signaling in the brain. Science 2002, 296, 678-682. [CrossRef] [PubMed]

Dietrich, A.; McDaniel, W.F. Endocannabinoids and exercise. Br. J. Sports Med. 2004, 38, 536-541. [CrossRef] [PubMed]
Sparling, P.B.; Giuffrida, A.; Piomelli, D.; Rosskopf, L.; Dietrich, A. Exercise activates the endocannabinoid system. Neuroreport
2003, 14, 2209-2211. [CrossRef] [PubMed]

Raichlen, D.A; Foster, A.D.; Gerdeman, G.L.; Seillier, A.; Giuffrida, A. Wired to run: Exercise-induced endocannabinoid signaling
in humans and cursorial mammals with implications for the ‘runner’s high’. J. Exp. Biol. 2012, 215, 1331-1336. [CrossRef]
[PubMed]

Raichlen, D.A.; Foster, A.D,; Seillier, A.; Giuffrida, A.; Gerdeman, G.L. Exercise-induced endocannabinoid signaling is modulated
by intensity. Eur. J. Appl. Physiol. 2013, 113, 869-875. [CrossRef]

Huang, W.J.; Chen, W.W.; Zhang, X. Endocannabinoid system: Role in depression, reward and pain control. Mol. Med. Rep. 2016,
14, 2899-2903. [CrossRef]

Stella, N.; Schweitzer, P.; Piomelli, D. A second endogenous cannabinoid that modulates long-term potentiation. Nature 1997, 388,
773-778. [CrossRef] [PubMed]

Xu, J.-Y.; Chen, C. Endocannabinoids in synaptic plasticity and neuroprotection. Neuroscientist 2015, 21, 152-168. [CrossRef]
Selvam, R.; Yeh, M.L.; Levine, E.S. Endogenous cannabinoids mediate the effect of BDNF at CA1 inhibitory synapses in the
hippocampus. Synapse 2019, 73, €22075. [CrossRef]


http://doi.org/10.1038/npp.2015.171
http://www.ncbi.nlm.nih.gov/pubmed/26076834
http://doi.org/10.1016/j.yfrne.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17069877
http://doi.org/10.3389/fimmu.2019.01545
http://www.ncbi.nlm.nih.gov/pubmed/31333672
http://doi.org/10.1210/endo-117-6-2505
http://doi.org/10.5114/hm.2019.78539
http://doi.org/10.2147/NDT.S177973
http://www.ncbi.nlm.nih.gov/pubmed/30464468
http://doi.org/10.1152/physrev.00039.2016
http://www.ncbi.nlm.nih.gov/pubmed/29351513
http://doi.org/10.1073/pnas.0337481100
http://doi.org/10.1016/j.mcn.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15519243
http://doi.org/10.1016/j.neuroscience.2005.12.028
http://doi.org/10.1159/000345567
http://www.ncbi.nlm.nih.gov/pubmed/23306974
http://doi.org/10.7205/MILMED-D-12-00296
http://doi.org/10.1155/2014/932757
http://www.ncbi.nlm.nih.gov/pubmed/24999483
http://doi.org/10.1016/j.neubiorev.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26116544
http://doi.org/10.1017/S1461145709009924
http://doi.org/10.1016/j.biopsych.2008.11.029
http://doi.org/10.1016/S0006-3223(00)00935-5
http://doi.org/10.1016/j.neuroscience.2012.09.057
http://doi.org/10.1016/S2215-0366(17)30015-9
http://doi.org/10.1249/MSS.0000000000002006
http://www.ncbi.nlm.nih.gov/pubmed/30973483
http://doi.org/10.1126/science.1063545
http://www.ncbi.nlm.nih.gov/pubmed/11976437
http://doi.org/10.1136/bjsm.2004.011718
http://www.ncbi.nlm.nih.gov/pubmed/15388533
http://doi.org/10.1097/00001756-200312020-00015
http://www.ncbi.nlm.nih.gov/pubmed/14625449
http://doi.org/10.1242/jeb.063677
http://www.ncbi.nlm.nih.gov/pubmed/22442371
http://doi.org/10.1007/s00421-012-2495-5
http://doi.org/10.3892/mmr.2016.5585
http://doi.org/10.1038/42015
http://www.ncbi.nlm.nih.gov/pubmed/9285589
http://doi.org/10.1177/1073858414524632
http://doi.org/10.1002/syn.22075

Int. J. Environ. Res. Public Health 2021, 18, 7553 21 of 21

170.

171.

172.

173.

174.

Jenkins, T.A.; Nguyen, ].C.; Polglaze, K.E.; Bertrand, P.P. Influence of Tryptophan and Serotonin on Mood and Cognition with a
Possible Role of the Gut-Brain Axis. Nutrients 2016, 8, 56. [CrossRef] [PubMed]

Wichers, M.C.; Koek, G.; Robaeys, G.; Verkerk, R.; Scharpe, S.; Maes, M. IDO and interferon-«-induced depressive symptoms: A
shift in hypothesis from tryptophan depletion to neurotoxicity. Mol. Psychiatry 2005, 10, 538-544. [CrossRef] [PubMed]
Germain, A.; Kupfer, D.J. Circadian rhythm disturbances in depression. Hum. Psychopharmacol. Clin. Exp. 2008, 23, 571-585.
[CrossRef] [PubMed]

Adrien, J. Neurobiological bases for the relation between sleep and depression. Sleep Med. Rev. 2002, 6, 341-351. [CrossRef]
[PubMed]

Paprocka-Borowicz, M.; Trafalska, A.; Borowicz, W.A. Efficacy of Phototherapy in Reducing the Symptoms of Depression in
Patients Rehabilitated due to the Dysfunction of Locomotor System. Pielegniarstwo Zdr. Publiczne Nurs. Public Health 2015, 5,
121-130.


http://doi.org/10.3390/nu8010056
http://www.ncbi.nlm.nih.gov/pubmed/26805875
http://doi.org/10.1038/sj.mp.4001600
http://www.ncbi.nlm.nih.gov/pubmed/15494706
http://doi.org/10.1002/hup.964
http://www.ncbi.nlm.nih.gov/pubmed/18680211
http://doi.org/10.1053/smrv.2001.0200
http://www.ncbi.nlm.nih.gov/pubmed/12531125

	Introduction 
	Brain-Derived Neurotrophic Factor 
	Depression, Exercise, BDNF 
	Potential Mechanisms of Exercise Training Impact on BDNF in Healthy and Depressed Patients 
	Neurobiological Mechanisms of Depression and BDNF 
	Monoamines 
	Dopamine 
	Serotonin 

	Stress 
	Stress, Neuroimmune Axis, and BDNF 
	Cytokines, Inflammation, and Oxidative Stress 
	Neurotrophins 
	Anandamide and 2-Arachidonoylglycerol 
	Tryptophan Pathway/Kynurenine 

	Light, Sleep, and BDNF 
	References

