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Abstract

Patients with chronic inflammation present increased blood levels of circulating cytokines and often are associated with symptoms of depression. The activation of
the immune cells microglia in the brain of depressed patients has been associated with a greater prevalence of suicide, indicating a crucial role of neuroinflammation
in the neuropathology of depression. In the modern lifestyle, decreased physical activity and increased sedentarism have emerged as risk factors for mental disorders,
including depression. The literature is very consistent that exercise is an antidepressant; however, the molecular mechanisms responsible for these beneficial effects are
far from being completely defined. We present evidence on the role of exercise in reducing neuroinflammation and inhibiting the assembly of the inflammasome in

the context of depression, focusing on the potential immunomodulatory role of the biomarker neopterin.

Introduction

Depression and inflammasome activation

Depression affects up to 20% of the population worldwide, leading
to a substantial social impact [1]. Major depressive disorder (MDD)
is a common neurological disorder mainly characterized by depressed
mood, low self-esteem and anhedonia. It is often accompanied by
disrupted sleeping, eating, and impaired cognition, fatigue, aches,
pain, digestive problems, reduced energy, among others [2,3]. Thus,
it is considered a widespread, devastating and chronic illness, which
causes profound socioeconomic burden and negative impact on the
functioning and the quality of life of patients [2,4]. The physiopathology
of depression is influenced by environmental and genetic factors,
including social relationships and specific alterations in genes’ coding,
i.e., neurotrophic factors, like brain-derived neurotropic factor (BDNF)
or brain signaling molecules such as 5-hydroxytryptamine (5-HT),
whose deficiency compromises many neuronal functions. In addition,
the physiopathology of depression has been associated with increased
oxidative stress status [5], mitochondrial dysfunction [6], reduced
neurogenesis [7] and chronic inflammation [8].

Inflammation is a protective and coordinated response to cellular
stress that results from the elegant communication among different
types of immune cells. Acute inflammation is an early and almost
immediate tissue response, i.e., to injury. It is non-specific, of short
duration, and occurs before the immune response is established. At
this stage, the main objective of the immune response is to remove
the cellular stress: injury, injurious agents, foreign bodies or aka
hypersensitivity reactions. On the other hand, chronic inflammation
is not a part of the natural healing process, and eventually chronic
inflammation will cause organ damage, including mental illness, since
the body is not prepared to cope with persistent unfocused immune
activity.
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The inflammatory response is coordinated by cytokines,
immunomodulatory molecules typically produced by immune cells
[9]. The immune response can be either toxic or protective, depending
on the signals the immune cells receive. The functions of the different
cytokines are very complex and will also depend on the context
and the concentration in relation to one another. Cytokines such as
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), interferon-y
(IFN-vy), and interleukin-1p (IL-1p) are considered to have profound
pro-inflammatory functions. On the contrary, cytokines such as
interleukin-4 (IL-4) and interleukin-10 (IL-10) are considered to have
anti-inflammatory properties [9].

Pro-inflammatory cytokines are mainly produced by immune
cells, such as macrophages, neutrophils, natural killer cells, microglia
and astrocytes. These cells are activated by the recognition of noxious
stimuli originated from pathogens or the host it, which is mediated by
molecular sensors, collectively called pattern recognition receptors.
Their activation leads to signaling pathways that can culminate in the
induction of transcription factors, as the kappa B nuclear factor (NF-
kB), a master pro-inflammatory transcription factor which induces the
synthesis of most pro-inflammatory cytokines (e.g., TNF-a, IL-1, IL-6,
IL-8, and IL-12).

Most cytokines due to the presence of signal peptides in its structure
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are released through classical secretory pathways after being packaged
in the Golgi and secreted by receptor-mediated release [10-12], or by
constitutive exocytosis upon their synthesis through the recycling of
endosomes and small secretory vesicles [13,14]. Cytokines lacking the
signal peptide required for endoplasmic reticulum entry are released
from the cells by non-classical pathways [15]. A well-known example
is the pro-inflammatory cytokine IL-1B, which is first generated as
the biologically inactive pro-IL-1p, and needs to be processed in its
mature form to be released and then exert its functions [16]. This
processing is usually mediated by caspase-1 [17]; however, some
studies have identified that pro-IL-1p processing can also be mediated
by neutrophil- and macrophage-derived serine proteases such as
proteinase-3, elastase, and cathepsin-G [18,19]. Thus, this caspase-
1-independent activation of pro-IL-1p is likely to occur in situations
when neutrophils are the major cell population in the inflammatory
infiltrate.

Caspase-1 is a protease synthesized as an inactive zymogen of 45
kDa consisting of a CARD and two subunits, p20 (20 kDa) and p10
(10 kDa), which together form the protease pro-domain. Pro-caspase-1
activation is mediated by the inflammasome, a cytosolic protein
complex, that functions as a platform for the assembly of two or more
pro-caspases, allowing its proteolytic self-cleavage and the formation
of an enzymatically active heterodimer composed of the subunits p20
and p10 [20,21].

The inflammasome is composed of i) a sensor/receptor protein
located in the cytosol that serves as a platform for the formation of the
complex, ii) an adapter protein, ASC [apoptosis-associated speck-like
protein containing a CARD (caspase recruitment domain)], and iii) an
effector protein, caspase-1[20]. The inflammasome formation facilitates
self-cleavage and the activation of caspase-1, which proteolytically
will cleave and allow the activation of two other pro-inflammatory
cytokines, IL-1p and IL-18 [17]. Pro-IL-1P and pro-IL-18 cytokines in
their mature forms will favor, therefore, pro-inflammatory and anti-
microbial responses [22,23].

There are four conventional or canonical inflammasomes which
process pro-IL-1f and pro-IL-18 via caspase-1: the NLRP1 (NLR
family protein, containing pyrin domain 1), NLRP3, IPAF (IL-1-
converting enzyme protease-activation factor) and AIM2 (absent
in melanoma 2). These inflammasomes differ primarily in structure,
requirement of the accessory protein ASC and potential activators.
The NLRP3 inflammasome is the most studied and best characterized
inflammasome due to its ability to detect both pathogen- and damage-
associated molecular patterns. In addition, emerging data have
demonstrated its activation in brain regions from different species, for
example, in the cerebral cortex [24] and hippocampus [25] of mice;
in the cerebral cortex [26,27], hippocampus [25], and striatum [28] of
rats, and in the frontal cortex [29] and hippocampus [30] of humans.

Although the inflammasome assembly is essential for host
defense, recent studies have shown that the persistent activation of
this complex is involved in the pathogenesis of various inflammatory
chronic diseases, including peripheral chronic conditions such as type
2 diabetes and central nervous system (CNS) disorders, including
Parkinson’s and Alzheimer’s diseases and depression [31-33]. In this
scenario, data from clinical studies have shown that MDD-affected
patients present increased expression of NLRP3 and caspase-1 in
blood cells and increased IL-1p and IL-18 levels in the serum, which
were reduced after an amitriptyline treatment [34]. Additionally,
experimental studies have shown that mice submitted to chronic
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unpredictable mild stress presented increased content of IL-1f,
caspase-1 and NLRP3 in the hippocampus and/or cortex [35,36].
Furthermore, the genetic deficiency of caspase-1 decreased depressive-
and anxiety-like behaviors, increased locomotor activity, and prevented
the exacerbation of depressive-like behaviors following chronic stress
in these animals [37]. Finally, the administration of the inflammasome
inhibitor VX-765 (a selective caspase-1 inhibitor) ameliorated
depression- and anxiety-like behaviors and reversed the increased
levels of IL-1p and IL-18 in the hippocampus of mice subjected to
ovariectomy [38]. Therefore, the inhibition of inflammasome assembly
seems to be a promising therapeutic target for depression.

Treating depression with exercise

Sedentarism and physical inactivity have emerged as additional
risk factors for mental disorders, in the last 50 years [39]. Like
depression, a sedentary lifestyle is becoming a prominent risk factor
for a variety of non-communicable diseases: diabetes mellitus, cancer
(colon and breast), obesity, and hypertension [40-46]. Conversely,
sedentarism and physical inactivity are both modifiable risk factors
[40,41,47]. Regular exercise brings a number of mental and physical
health benefits, including improved cognitive and memory functions,
bone and muscle density, enhanced immune response and reduced
risk of developing diseases and syndromes characterized by chronic
inflammation, including diabetes mellitus, obesity, heart disease,
metabolic syndromes and cancer [40,42-46,48,49].

Clinically, exercise has been a readily available therapeutic option,
effective as a first-line treatment in mild to moderate depression
[50,51]. Randomized and crossover clinical trials demonstrate the
efficacy of aerobic or resistance training exercise as a treatment for
depression in adults. The English Longitudinal Study of Ageing
showed that depressive symptoms and low-grade inflammation were
attenuated by physical activity intervention in 3,609 older adults. The
exercise-induced benefits were evidenced even without any other
intervention, by lower depressive scores when applying the Center for
Epidemiological Scale - Depression (CES-D), and by reduced serum
reactive protein C levels, respectively [48]. When supervised aerobic
physical exercise (45-50 min/week three times a week for four months)
was combined with pharmacotherapy the scores for depression were
also lower when applying the Beck Depression Inventory (BDI) and
Depression, and the Anxiety and Stress Scales (DASS)-21 [52].

Not only long exercise programs have been shown to have
antidepressant properties. Shorter protocols, including for example,
two weeks of physical exercise (3 sessions/week) improved depressive
symptoms and the physical and psychological domains of Quality of Life
in hospitalized patients [53]. Furthermore, ten days of aerobic exercise
(30 minutes walking on a treadmill/day) reduced the depression scores
measured by the Hamilton Rating Scale for Depression (HAM-D) [54].

Exercise programs are effective in attenuating depressive symptoms
in both young and older depressive patients. Regular physical exercise
(50 min jogging sessions; 5 sessions/week, during 8 weeks) reduced
HPA disruption by decreasing cortisol urinary levels in adolescent
females with depressive symptoms assessed with the CES-D [55]. In
another cohort, a combined program employing cognitive behavioral
therapy associated with aerobic exercise (12 weeks) and nutritional
orientation reduced body weight and attenuated depressive symptoms
in obese depressive teenagers [56].

On the other side, adult MDD patients (around 50 years old)
submitted to controlled aerobic exercise (3 times/week during 16
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weeks) showed better performances at the HAM-D and the BDI,
comparable to the effects of the treatment with the anti-depressant
sertraline hydrochloride [57]. Also, depressive symptoms and memory
performance, evaluated by the Geriatric Depression Scale-15, and the
Logical Memory subtests of the Wechsler Memory Scale-Revised, were
also improved in 65 years old MDD patients submitted to aerobic
exercise training (muscle strength training, postural balance retraining,
and dual-task training activities during 20 weeks) [58]. These cognitive
improvements in depressive patients could be linked to the physical
exercise-induced BDNF production. In this context, it has been
demonstrated that aerobic exercise increases serum BDNF levels and
improves the Profile of Mood States in women diagnosed with MDD
[59].

The success of exercise against depression is attributed to the
improvement of various mechanisms including the enhancement of
monoamine metabolism [60-62], neurotrophic factors formation and
blood vessel density and neurogenesis [63-66], antioxidant status,
mitochondrial activity, amid others [61]. Increased hippocampal
monoamine content and enhanced monoamines signaling with
reduced depressive-like behavior have been observed in mice submitted
to voluntary exercise during three to six weeks in the running wheel
(RW) [60,61]. Indeed, RW protocols have been extensively employed
to unravel some of the molecular mechanisms involved in its induced-
antidepressant-like effects in rodents. Examples are the enhanced
mitochondrial gene expression and activity [61], the reduced
endothelial mitochondrial superoxide production in aged mice [67]
or the increased hippocampal neurotrophic factor expression, such
as GDNF and BDNF [61]. Augmented expression of BDNF has also
been demonstrated in other exercise protocols, including the downhill
training [63] or the swimming training [64,68]. Also, increased
expression of c-Fos, a biomarker of neuronal activity [69], has been
shown to be upregulated in serotonergic neurons of the dorsal Rafe
nuclei, resulting in attenuation of anxious and depressive-like behavior
in rats submitted to low intensity aerobic exercise [70]; therefore,
acknowledging the involvement of exercise in enhancing hippocampal
neurogenesis, and dendritic plasticity [71]. Adiponectin, a hormone
secreted predominantly from adipocytes with insulin-sensitizing,
antidiabetic, anti-inflammatory, and antiatherogenic properties, that
alone can mimic many of the metabolic effects of physical exercise, has
also been linked to this effect. The hormone crosses the blood-brain
barrier and acts on receptors located preferentially in the hippocampus
[72], promoting neuronal differentiation. Yau and coworkers (2014)
demonstrated that adiponectin deficiency does not compromise
hippocampal neurogenesis, but diminished the effectiveness of exercise
in increasing the process. In agreement, clinical studies have reported
lower levels of plasma adiponectin in patients affected by depression
[73], which could be increased after antidepressant treatments [74].
However, the mechanisms underlying the adiponectin antidepressive
effects have not been defined yet.

Exercise also exerts overt anti-inflammatory effects, in part by
promoting appropriate hypothalamic-pituitary—adrenal (HPA) axis
function [64], by decreasing peripheral and/or hippocampal expression
of immune-related genes [66,75,76]. For instance, chronic exposure to
high levels of dexamethasone provoked, as expected, HPA disruption
characterized by reduced blood corticosterone levels and adrenal
cholesterol synthesis, and adrenal weight, which were prevented by a
four week-swimming training protocol [64]. In agreement, voluntary
exercise shorter the time to peak corticosterone and increased its decay
speed following restraint stress, indicating that exercise induces a more
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efficient - rapid and shortened - HPA response [77].

The hippocampal or pre-frontal cortex pro-inflammatory profile,
characterized by increased levels of IL-1pB, IL-6, TNF-a, IFN-y or
indoleamine-pyrrole 2,3-dioxygenase have also been shown to be
ameliorated after voluntary activity, and many other exercise protocols,
including endurance training, running in a treadmill, swimming
among others [26,64,78,80,81].

Focusing on the inhibition of inflammasome assembly
to treat depression with exercise

Recently, the anti-inflammatory effects of physical exercise were
also demonstrated to be mediated by regulating the activation of
the inflammasome. Mardare and colleagues (2016) showed that two
endurance training protocols improved glucose tolerance and reduced
biomarkers of inflammation and body weight in rodents treated
chronically with a high fat diet (HFD) by reducing the increase of
NLRP3 and IL-18 expression in adipose tissue [82]. Another recent
work demonstrated that a physical exercise protocol of moderate
intensity reduced the activation of NLRP3 inflammasome and the levels
of IL-1P and IL-18 in the mouse hippocampus, and it also ameliorated
the depression-like behavior induced by ovariectomy [83]. Cai and
colleagues (2016) also reported that endurance exercise reduced IL-1p
and also the NLRP3 hippocampal levels in HFD-induced obese rats,
effect that was associated with increased expression of BDNF [35].

Even though data is scarce regarding the inhibitory effect of
physical exercise on the activation of the inflammasome, the emerging
information is promising for the use of physical exercise as a non-
pharmacological treatment or a co-adjuvant therapy in depressive
disorders. Additionally, there is a great body of literature about
indirect examples of inhibition of inflammasome by physical exercise.
For example, Kang and colleagues (2016) and Chirico and colleagues
(2016) demonstrated a significant reduction of IL-1f (cytokine
processed by the inflammasome) in the brain of HDF-treated rodents
after submitting the animals to an endurance training [79,80]. As
mentioned above, physical exercise-reduced hippocampal IL-1p levels
have been extensively described in different physical activity protocols
and in different rodent strains [26,64,78-81,84].

Increasing neopterin with physical exercise to prevent
and treat depression

Neopterin is a byproduct of the de novo synthesis pathway of
tetrahydrobiopterin (BH4). Increased levels are produced under
conditions of cellular stress induced by inflammatory stimuli,
including IFN-y, LPS (bacterial lipopolysaccharide), hydrogen
peroxide (H,0,), among others [85-87]. The literature suggests that in
humans, macrophages and monocytes would be the main peripheral
producers of neopterin [88]. In this way, an increase in neopterin levels
in biological fluids has been considered a sensitive marker of immune
system activation. Elevated neopterin levels have been described in
diseases with an inflammatory component and also in high-intensity
physical exercise [89-93].

The central production of neopterin was not considered till 2013
when Kuehne et al, (2013) [94] suggested that neopterin would be
produced in the CNS based on i) an estimated low quotient (1/40)
for neopterin to cross the blood-brain barrier (BBB) [95] and ii) the
neopterin levels found in CSF being higher than the plasma or serum,
for example, in patients with neurological diseases with intact BBB
[94]. In agreement with this proposal of a central origin for neopterin,
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our group demonstrated that the pteridine is produced and secreted
from hippocampal slices and striatal astrocytes in conditions of
mitochondrial toxicity [96,97].

The number of investigations regarding increased plasma and
urinary neopterin concentrations in athletes and animals after high-
throughput exercise have been increasing since 1992 [91-93,98-
101]. Peripheral neopterin levels have been correlated with immune
system activation and oxidative stress. Elevated neopterin levels have
been described in the urine of rugby players shortly after playing and
correlated with increased oxidative stress and inflammatory status,
contributing to muscle damage [92]. De Lucas et al. (2013) [99]
studied neopterin concentration in an ultra-endurance MultiSport
Brazil competition (alternating off-road running, mountain biking and
kayaking; 90km) and found that several markers of muscle damage,
oxidative metabolism, and immune system activation were increased
in serum samples from these athletes. The authors postulated that the
increased neopterin concentration indicating the activation of the
immune system could still serve as a marker of extreme physical activity
or overtraining [99]. A significant increase in the urinary neopterin

concentration was also demonstrated in ultra-marathon runners which
was associated with increased oxidative stress, inflammatory response,
temporary impairment of renal function, fatigue and reduced physical
performance [100].

Although there are more thousands of publications in the literature
describing increased plasma/serum neopterin in different human
conditions, including physical exercise, little is known about the
pteridine functions in the body. Some authors have reported neopterin
as an exclusive excretion product, while others have associated high
concentrations of neopterin (higher than those encountered in
pathological conditions) with oxidative stress, inflammation, and
apoptosis [102-105], as observed during high-intensity physical
exercise when the immune system is activated. However, our group
has recently demonstrated that neopterin has antioxidant and anti-
inflammatory properties [97,106]. The intracerebroventricular (i.c.v.)
administration of neopterin improves the resistance to oxidative
stress in healthy adult Swiss mice cerebral cortex by increasing the
content of glutathione and the activity of the glutathione-metabolizing
antioxidant enzymes, glutathione peroxidase and glutathione reductase

< CNS diseases) ——ﬁ (InﬂammasomeActivation)

LPS slug/ml
$
Hours| — Pro - IL-1B
0> u P4
Neopterin 7" \u RT-PCR il @
(0-500 nM) H2DCF-DA L
/ ROS production / CASP1 expression
200, 2.0 o
B 5 !oL iﬁ
150 X 25 15
2 . 8= 1.8 - L
£ kk 5@ = .
s 100 == 35 1.0
o o)
< 2<
501 52 05
& Caspase-1 NLRP3
T T T = = M
Neopterin (nM) - 5 50 500 Neopterin ("M) - 5 50 500 ([ I G & {0
LPS 5 ug/ml o+ LPS 5 ug/ml o + ASC

”

e

( Physical Exercise )

C{ Neopterm) _-I

JL¢ \/\/\

2
o
=
Illustration by Priscila B. Rosa

Figure 1. Hypothesis based on evidence: Moderate intensity physical exercise would increase neopterin concentrations in brain cells, preventing oxidative stress induction and
inflammasome activation, and inducing, therefore, anti-depressant effects. Neopterin prevents oxidative stress and inflammasome assembly in human neurons. Cultured primary
neurons were obtained from 16-19 week old fetuses collected following therapeutic termination with informed consent. All experiments followed the ethical standards in accordance with
the Australian National Statement on Ethical Conduct in Human Research (2007) (HREC Application REF 5201300330). Primary neuronal culture was prepared from the mixed brain
cell cultures, and maintained using a protocol adapted from previously described by Guillemin et al. 2003 [114]. Cells were treated according to the scheme: cells were pre-conditioned
with neopterin (5-500 nM) for 24 hours. After that, LPS was added to the medium without removing neopterin. After 24 hours of co-exposure, the effects were evaluated by measuring
the oxidation of dichlorodihydrofluorescein diacetate (H2DCF-DA) (A) and the gene expression of caspase-1 (B). For H2DCF-DA oxidation, cells were incubated with the probe (10
mM) for 30 min. H2DCF-DA oxidation was indicated as percentage of fluorescence intensity compared to the controls [115]. Caspase-1 gene expression was determined by quantitative
qRT-PCR. The sequence primers used for CASP1 mRNA detection were CTCAGGCTCAGAAGGGAATG (forward) and CGCTGTACCCCAGATTTTGT (reverse); and for B2M were
AGGCTATCCAGCGTACTCCA (forward) and CGGCAGGCATACTCATCTTT (reverse). Gene expression is shown as the ratio of the studied transcripts relative to B2M measured in
triplicate. Values are presented as mean + SEM of three independent experiments. *P<0.05, ***P<(.001 vs. LPS (One-Way ANOVA followed by the Dunnett’s post- hoc test).

J Syst Integr Neurosci, 2016 doi: 10.15761/JSIN.1000147

Volume 3(1): 4-8



Martins RP (2016) Treating depression with exercise: The inflammasome inhibition perspective

[97]. In addition, neopterin i.c.v. injection decreased IL-6 levels in the
brain of LPS-treated IL-10 knockout aged mice [96]. Furthermore, our
group has also demonstrated that neopterin is an endogenous cognitive
enhancer by facilitating aversive memory acquisition and by reducing
the threshold to generate the hippocampal long-term potentiation [96],
an essential mechanism for memory formation [107]. Cognition and
learning are two processes known to be compromised in individuals
affected by depressive conditions, pointing out that facilitating
increasing concentrations of neopterin in the brain; i.e. induced by
aerobic and moderate physical exercise, would inhibit inflammation
and ameliorate brain cognitive function among others. In this scenario,
we have observed that human neurons pre-exposed to neopterin are
more resistant to oxidative stress and to inflammasome activation under
an inflammatory stimulus (Figure 1). To our knowledge, this is the first
report of inflammasome assembly inhibition in human neurons by an
endogenous compound. Figure 1A shows that human primary neurons
pre-incubated 24 h with neopterin (5-500nM) reduced the oxidation of
dichlorodihydrofluorescein diacetate (H2DCF-DA) when stimulated
with LPS (5ug/mL; 24 h). LPS increased reactive oxygen species (ROS)
production up to 60%, while all tested neopterin concentrations
prevented this effect [F<3,1 §=12.33%; P<0.001]. ROS production has been
extensively studied as an activator of inflammasome assembly [108-
110]. Due to the antioxidant properties of neopterin, increased levels of
the molecule become a strong candidate for inflammasome inhibition.
In addition, Figure 1B shows that neopterin pre-conditioning (50 and
500 nM) also prevented the LPS-induced caspase-1 gene expression

[F,5=7.90; P<0.05], a protein essential for the inflammasome assembly.

The inhibition of the inflammasome activation by neopterin
may be one of the mechanisms by which the pteridine exerts its
cognitive enhancer effects, since NLRP3 and NLRP1 inflammasomes
activation seems to play a role in the cognitive impairment observed in
experimental models characterized by neuroinflammation [30,31,111].
“In addition, previous studies have revealed that both caspase-1 and
ASC are involved in cognitive impairments induced, respectively,
by Escherichia coli neonatal infection followed by LPS exposure in
adulthood, and by mutations in B-amyloid precursor protein and
presenilin-1, mimicking Alzheimer’s disease in mice [112,113].”

Future directions

As pointed above, there is no data in the current literature about
the regulation of neopterin production by nerve cells, or about the
modulatory effect of the pteridine on the inflammasome assembly by
physical exercise. However, some new details about the antioxidant
and anti-inflammatory properties of this endogenous compound in
the CNS, and its capacity to positively enhance cognition have been
recently revealed by our group. It should be here remarked, that all
these three systems that can be experimentally enhanced by neopterin,
have been demonstrated to be compromised in depressive individuals.

Up-to-date neopterin levels have been investigated peripherally
(urine or serum/plasma) in humans or animal studies under different
high intensity physical activity protocols. High-intensity physical
activity protocols are known to compromise memory and to induce
oxidative stress and inflammation [60]. Therefore, we hypothesize
that neopterin brain production could be modulated under different
aerobic moderate intensity or endurance exercise protocols, preventing
oxidative stress induction, inflammasome activation, enhancing
cognition, and, therefore, inducing anti-depressant effects.
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