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A B S T R A C T

A wide array of molecular pathways has been investigated during the past decade in order to understand the
mechanisms by which the practice of physical exercise promotes neuroprotection and reduces the risk of de-
veloping communicable and non-communicable chronic diseases. While a single session of physical exercise may
represent a challenge for cell homeostasis, repeated physical exercise sessions will improve immunosurveillance
and immunocompetence. Additionally, immune cells from the central nervous system will acquire an anti-in-
flammatory phenotype, protecting central functions from age-induced cognitive decline. This review highlights
the exercise-induced anti-inflammatory effect on the prevention or treatment of common chronic clinical and
experimental settings. It also suggests the use of pterins in biological fluids as sensitive biomarkers to follow the
anti-inflammatory effect of physical exercise.

1. Introduction

The practice of physical activity and/or physical exercise is an ef-
ficient free-drug strategy for the prevention and treatment of several
chronic diseases. A great body of scientific evidence has contributed to
establish a positive correlation between a physically active lifestyle and
health benefits [1]. According to the Physical Activity Guidelines for
Americans, individuals affected by chronic diseases should practice a
minimum of 150 min per week of moderate-intensity exercise, or at
least 75 min per week of vigorous-intensity aerobic physical activity to
improve health [2]. Additional health benefits can also be promoted by
performing muscle-strengthening activities involving all main muscle
groups at least twice a week [2].

Due to enhanced musculoskeletal function, cardiorespiratory and
metabolic health, sleep, pain management, cognition, learning,
memory and more, the practice of physical exercise represents a non-
pharmacological primary clinical tool for the prevention of many dis-
eases whose physiopathology is linked to acute or sustained immune
system activation [3–5]. In general repeated moderate intensity ex-
ercise enhances the immune function response, reinforces the anti-
oxidative capacity, reduces oxidative stress, and increases the efficiency
of energy generation, therefore reducing the incidence of inflammatory
diseases [6,7]. Acute bouts of physical exercise also regulate the im-
mune response, i.e. by transiently redistributing immune cells to

peripheral tissues, resulting in a heightened state of im-
munocompetence [8].

Inflammation is a biological response of the immune system that
prevents, limits, and repairs damage by invading pathogens or en-
dogenous biomolecules. Although acute inflammation is a transient
inflammatory response and is beneficial to the organism, a persitent
inflammatory response is associated with tissue dysfunction and pa-
thology [9]. Examples of chronic non-communicable diseases with in-
flammation as a physiopathological key component are obesity, type 2
diabetes mellitus (T2DM), atherosclerosis, cardiovascular diseases,
cancer, asthma, dementia and neurodegenerative diseases [6,10–16].
COVID-19 (coronavirus disease 2019) is a communicable disease re-
sponsible for the ongoing global pandemic [17]. Recent evidence has
demonstrated that COVID-19 impairs the immune system response by
inducing leukopenia with increased levels of pro-inflammatory media-
tors. Furthermore, this immune dysregulation might have a fatal out-
come mainly in individuals with pre-existing medical conditions and in
elderly patients in whom a chronic inflammation status is expected
[18,19]. In this scenario, it has been shown that physical exercise im-
proves overall health and reduces all-cause mortality risk (for a revision
see ref. [20]). Indeed, the practice of physical exercise helps to manage
T2DM [21], lower blood pressure, reduce the risk of heart attacks,
hypertension and stroke [12], reduce risk of developing breast and
colon cancer [22], protect from accelerated cognitive decline [23,24],
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and enhance immune responses to pathogens and vaccinations [8,25].
The activation of the immune system results in the release of cy-

tokines that can be classified into pro- (including IL-1, IL-8, TNF-α, IFN-
γ, VEGF, among others) or anti-inflammatory (i.e. IL-2, IL-4, IL-10, IL-
13) factors [26]. Chronic physical exercise can guide the immune
system response by favoring an anti-inflammatory status, which ap-
pears to be the key factor in improving health, mainly in chronic dis-
eases [6]. In this review, we highlight the main findings in the literature
on the (i) beneficial effect of physical exercise on the antioxidant
system, on neurotrophic factors and on the microglia phenotype to
promote neuroprotection; (ii) anti-inflammatory effect of the regular
practice of moderate-intensity physical exercise on communicable and
chronic non-communicable diseases, and finally we suggest (iii) the use
of immune system activation biomarkers to follow the anti-in-
flammatory effects of physical exercise.

2. Material and methods

2.1. Search strategy and selection criteria

The United States' electronic database National Library of Medicine
(PubMED) platform was used as a searching tool with the following
indexers: physical exercise or physical activity combined with in-
flammation, immune system, biomarkers, neopterin, central nervous
system, tetrahydrobiopterin or pain. Only articles written in English,
published between 1973 and 2020, with the terms physical exercise or
physical activity plus another key word (or synonym) in the title, ab-
stract or keywords list were included. Articles without relevant content
for this review, or that did not describe the physical exercise protocol
were not included. Additional references were sought through hand-
searching the bibliographies of relevant studies (Fig. 1). The searches
were carried out between June 2019 and February 2020.

3. Definition of physical exercise

The Physical Activity Guidelines for Americans stresses that the
effects of physical exercises that promote biochemical and physiological
adaptations favoring health benefits are dependent on overload, pro-
gression, and specificity [2]. Physical activity is defined as any bodily
movement produced by skeletal muscles, which results in energy ex-
penditure above resting levels [27]. Examples of physical activity in-
cludes occupational activities (e.g., work, domestic cleaning), transport
(e.g., walking or cycling to work) and leisure-time activities (e.g.,
playing, dancing) [27]. When physical activity is planned, structured,
and repetitive and has as a final or intermediate objective the

improvement or maintenance of physical fitness, it is defined as phy-
sical exercise [27] (the definition of the main terms related to exercise
are presented in Table 1). Exercise bouts disrupt bodily homeostasis by
provoking perturbations in different cells, tissues, and organs and thus
increasing body's metabolic activity. The contracting skeletal muscles
engaged in exercise consequently increase muscle energy and oxygen
demands [27,28].

The practice of physical exercise can elicit acute or chronic bio-
chemical and physiological responses based on the exercise frequency,
volume and intensity (Fig. 1). Acute physiological responses are asso-
ciated, for example, with the immediate effects of a single bout of ex-
ercise, which induce alterations in the homeostasis of the whole body,
e.g., increase in the heart rate, transient tissue redistribution of immune
cells [30–32]. Physical activity and physical exercise can be both acute
and chronic. When a single bout of exercise (acute physical exercise) is
repeated over time it becomes a chronic exercise, which can also be
defined as exercise training [30,33]. The intensity of exercise de-
termines the overall physiological responses to exercise training (see
the classification of physical exercise intensities in Table 2), and it is
typically expressed as a percentage of the maximum oxygen uptake
(VO2max) of the individual. [1,28]. VO2max represents the maximum
aerobic capacity and high energy use during exercise, and it is defined
as the combined capacities of the pulmonary and cardiovascular sys-
tems to deliver oxygen to skeletal muscles, and the ability of those
muscles to utilize it [28]. At rest, the average of the whole-body oxygen
consumption in an adult individual is about 3.5 mL/kg/min. The resting
body oxygen consumption is about 20%–25% of this value. Endurance
athletes can exceed 25 times resting values, while in untrained subjects
usually does not exceed 15 times [34].

Many literature reports show that the regular practice of physical
exercise can be considered as a tool to prevent and/or to treat numerous
clinical conditions, e.g., high blood pressure, cardiovascular risk, insulin
resistance and body mass percentage [12,21,22,35]. However, if ex-
ceeded the minimum recommended amounts of physical activity, more
significant improvements could be obtained in terms of quality and
physical fitness [1]. On the other hand, physical exercise below a
minimum intensity, will not cause changes in body homeostasis, and
therefore will not stimulate biochemical and physiological adaptations
favoring a healthier lifestyle [1]. Indeed, a sedentary behavior in-
creases, for example, the risk of dementia and the development of
cognitive impairment [36]. On the other hand, vigorous intensity
physical exercise is usually associated to adverse cardiovascular events
such as sudden cardiac death or acute myocardial infarction [1,2].
Therefore, there is a dose–response relationship between physical ex-
ercise and health outcomes (Fig. 2). It implies that the practice of
physical exercise, a free-drug treatment, takes into account the health
or fitness outcome that the individual craves.

4. Immune system modulation by the practice of physical exercise

The practice of physical exercise inherently consumes energy, gen-
erates reactive oxygen species (ROS), and activates the immune system,
having both, positive and eventually harmful effects depending on the
type and degree of the activated immune system responses [37]. It has
been widely described that the regular practice of physical exercise of
moderate intensity promotes an anti-inflammatory status, and there-
fore, in long term, prevents the development of chronic diseases.
However, high-intensity physical exercise or competitions, have been
shown able to promote a pro-inflammatory scenario [38–40]. Although
the hypothesis of the immunological “open window” after intense
physical exercise is widely disseminated in the literature, some aspects
regarding the immunological dynamics after acute bout of physical
exercise remains controversial (for review see [8]).

The “open-window” hypothesis suggests that an impairment of the
immune system after vigorous exercise increases the risk of contracting
an upper respiratory system infection [3,8,32]. The immune systemFig. 1. - Flowchart of literature search.
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activation is a response to a stressor, aiming to restore cellular home-
ostasis. The inflammatory process plays a crucial role in the home-
ostasis, mainly through active defense against various harmful stimuli
such as neurotropic viral infections and/or traumatic damage, pro-
moting the reestablishment of cellular and tissue function [41,42]. The
innate (natural) and acquired (adaptive) immune system are re-
sponsible for providing the primary defense against pathogens [43].

Pathogenic stimuli are conserved microbial structures, such as
bacterial lipopolysaccharide (LPS), lipoproteins, flagellin, or bacterial
and viral nucleic acids [42]. These structures are classified as molecular
patterns associated with pathogens (PAMPs) or microorganisms
(MAMPs) [44,45]. When they invade tissues and/or the circulatory
system, PAMPs/MAMPs can initiate an inflammatory response medi-
ated by cells of innate immunity, with consequent release of damage-
associated molecular patterns (DAMPs). DAMPs are endogenous stimuli
that can be damaged cells (debris) or molecules released during cell

death such as ATP, which induce the production of pro-inflammatory
cytokines in response to damage or stress [46].

Natural killer cells and phagocytes, including, neutrophils, mono-
cytes and macrophages, represent the first line of innate immune
system against viral infection and are highly responsive to acute aerobic
exercise [47,48]. However, an increased susceptibility to upper re-
spiratory tract infections (URTI), e.g., cold or influenza, can occur when
the innate immune system is compromised [3,8]. Regular moderate-
intensity exercise may reduce URTI symptoms; while vigorous acute
physical exercise may increase the susceptibility to contracting an in-
fection [43]. However, the modulation of the innate immune system to
physical exercise can change according to the type, intensity and vo-
lume of exercise, or even with timing of measurement in relation to the
training session. For example, after acute vigorous exercise occurs a
dramatic influx of natural killer cells and CD8+ T lymphocytes which
exhibit elevated cytotoxicity and tissue migrating potential [32].

The acquired immune response is developed throughout life, which
can be through exposure to diseases or immunization by vaccines.
Lymphocytes are the main cells involved in acquired immunity, and are
responsible for secreting antibodies and cytokines, including IFN-γ and
TNF- α [43,49]. During vigorous aerobic exercise is observed that
peripheral blood lymphocyte is increased, suggesting an exercise-in-
duced immune system activation [8]. However, 1-2 h post-exercise a
decreased in the peripheral blood lymphocyte is observed, representing
to the athlete a period of risk to contract infections and reinforcing the
hypothesis that exercise promote a short-term window of immune
suppression [32]. On the other hand, the lymphopenia described as a
resulting of performing vigorous-intensity exercise might represent a
heightened state of immunosurveillance and competence driven by a
preferential mobilization of cells to more susceptible areas to infection
after physical exercise (e.g., lungs and gut) [8].

The regular practice of moderate-intensity of exercise has been ex-
tensively recommended to counteract sustained low-grade chronic in-
flammation in the periphery and also in the brain [6,26]. Many ex-
perimental studies using mouse models have shown that physical
exercise decreased hippocampal proliferation of microglia (macro-
phage-like immune cells of the CNS) [26,50,51], hippocampal expres-
sion of immune-related genes [52], nuclear NF-κB activation [52], and
the expression of pro-inflammatory cytokines, such as TNF-α [53], IFN-
γ [26] and IL-1β [54]. The anti-inflammation induced by chronic
physical exercise has been demonstrated to involve a differential cy-
tokine response represented by increased circulating IL-6 levels fol-
lowed by a rise in IL-1ra and IL-10 levels and a suppression of TNF
production [26,55]. The sustained modulation on the circulating levels
of cytokines may influence the brain function, from behavior to several
other vital functions [56]. For example, chronic exercise promotes the
production IL-4 to enhance hippocampal-regulated learning and cog-
nition by stimulating the synthesis of the neurotrophin brain-derived
neurotrophic factor (BDNF) [56], to induce microglia to release BDNF,
insulin-like growth factor (IGF-1) and transforming growth factor β

Table 1
– Definition of physical exercise-related terms.

Terms Definitions

Physical activity Any bodily movement generated by skeletal muscles which results in energy expenditure above resting levels [1,27]
Physical exercise Planned, structured, and repetitive bodily movement performed in order to improve and/or maintain one or more components of physical fitness [1,27]
Physical fitness A set of attributes that are either health- or skill-related.

The degree to which these attributes can be measured by specific tests as stated in [27]
Physical function Capacity of an individual to carry out physical activities. It is a direct reflection of motor function and control.

Physical fitness and habitual physical activity are independent predictors of functional independence, disability, morbidity, and mortality [1]
Physical inactivity State in which bodily movements are minimal and energy expenditure approximates the resting metabolic rate [29]
Sedentary behavior Activity that involves little or no movement or physical activity, characterized by energy expenditure ≤1.5 METa, e.g., in a sitting, reclining, or lying

posture [1]

a MET: metabolic equivalent of task (index of energy expenditure; 1 MET = 3.5 mL oxygen/kg/min uptake).

Table 2
– Intensities of physical exercise.

Physical exercise intensity VO2max* MET&

Very light < 37% <2
Light 37–45% 2–2.9
Moderate 46–63% 3–5.9
Vigorous 64–90% 6–8.7
Near-maximal to maximal ≥ 91% ≥ 8.8

MET: Metabolic equivalent of task (index of energy expenditure; 1
MET = 3.5 mL/kg/min oxygen uptake). *VO2max: Combined capacities of the
pulmonary and cardiovascular systems to deliver oxygen to contracting skeletal
muscles, and the ability of those &muscles to utilize it.

Fig. 2. The practice of physical activity, physical exercise and exercise training
induce beneficial health outcomes.
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(TGF-β), for enhancing neuronal functioning [56]. An anti-in-
flammatory status has also shown to increase the activity of specific
transcription factors, i.e., REST (RE1-silencing transcription factor;
otherwise called neuron-restrictive silence factor). REST, currently de-
scribed as a facilitator of cognition, was demonstrated to be inactivated
in individuals affected by cognitive disorders, including Alzheimer's
disease and increased in the hippocampus of aged-mice submitted to a
protocol of physical activity [57].

4.1. Blood–brain barrier and inflammation

The blood–brain barrier (BBB) regulates the passage of substances
essential for brain health, such as nutrients and vitamins, besides de-
fending the brain from invading agents, being therefore, essential for
homeostasis and brain function [58,59]. The BBB is a complex structure
consisting of endothelial cells, pericytes, vascular smooth muscle cells,
astrocytes, microglia and neurons [59,60]. Interactions between these
components have led to the concept of the neurovascular unit, where
each cell type contributes to the BBB function [60,61]. The main
structures responsible for the integrity of the BBB are the tight junctions
[59]. The maintenance of adherence, gap and tight junctions between
the different cell types within the neurovascular unit of the BBB is es-
sential for CNS homeostasis [59]. The structural integrity of the barrier
maintains the functionality of the brain, and its rupture or increased
permeability might be associated with dysfunction and the develop-
ment of many autoimmune neurological disorders [59,60].

BBB dysfunction indicate a decrease in barrier tightness and a gain
of permeability [60]. The BBB disruption exposes the brain to periph-
eral cytokines and immune cells, which subsequently activates micro-
glial cells and changes the extracellular environment promoting neu-
rotoxicity (see the brain resident immune cells in Table 3) [62].
Impaired permeability also favor the entry of plasma proteins, toxins
and leukocytes, which may compromise different brain regions, re-
sulting in motor and cognitive impairment [59,62]. This process further
increases the activation of the immune system creating a vicious cycle.
In this context, the anti-inflammatory effect of physical exercise could
either reduce peripheral inflammation, decreasing the entry of in-
flammatory cells in the brain or maintaining the density of tight junc-
tions in the BBB (for a revision see ref. [61]).

4.2. The anti-inflammatory facet of IL-6 driven by exercise

IL-6 is in general classified as a pro-inflammatory cytokine, since
secreted by T-cells and macrophages, it promotes the immune system
activation, leading to inflammation [64]. However, it has been shown
that IL-6 and IL-6-induced acute phase proteins have anti-inflammatory
and immunosuppressive effects when they come from skeletal muscle
(myokine function), decreasing the pro-inflammatory response of the
immune system [65]. This differential effect of IL-6 has been shown to
be induced by physical exercise (Fig. 3). Muscle IL-6 production is
controlled by Ca+2 and glycogen/p38 mitogen activated protein kinase

(MAPK) stimuli, known to be associated to muscle contraction [66].
Usually, plasma IL-6 peak occurs as soon as the physical exercise ends,
returning to basal levels in a few hours after recovery [67,68]. Modest
increases of IL-6 are expected after exercise of low to moderate intensity
or in intermittent physical exercise protocols of a shorter duration [68].
Under long-term physical exercise (over 2.5 h; e.g. marathon runners)
muscle and blood IL-6 levels increase up to 100-fold, which is accom-
panied by raised levels of anti-inflammatory and cytokine inhibitors
such as IL-1rα and IL-10 levels [26,55,68]. The release of these med-
iators by blood mononuclear cells may possibly represent a mechanisms
to control exacerbated inflammation, especially in elite athlete
[38,69,70].

Reduction of the pro-inflammatory mediators IL-18, C-reactive
protein, TNF-α and IL-1β levels [71–73], and a marked increase in IL-10
have been identified in blood from exercised individuals [74]. The in-
creased anti-inflammatory IL-10 levels can counteract the effect of pro-
inflammatory cytokines and to banish immune cells tissue infiltration
by reducing the levels of adhesion molecules, such as ICAM-1, de-
monstrated through in vitro experiments using bone marrow cells
[26,75].

The exercise-induced production of circulating IL-6 increases during
and after physical exercise, while in the brain the levels rise more
slowly [67,68,76,77]. By measuring the levels of IL-6 in arterial and
jugular venous during and after prolonged exhaustive exercise, it was
demonstrated that IL-6 is released also from the brain [76,77]. In-
creased brain IL-6 levels driven by physical exercise has been shown to
promote many effects on glutamate release by astrocytes, therefore,
controlling neuronal excitability, signal propagation within glial net-
works and synaptic transmission, and the release of MKP-1 (systemic
macrophage-released MAPK phosphatise-1) that negatively regulates
pro-inflammatory macrophages activation, demonstrated in male mice
after chronic treadmill exercise-training [78].

5. Anti-inflammatory effects of physical exercise

The anti-inflammatory cytokines, including IL-10 and IL-6, belong
to a group of regulatory mediators that govern the pro-inflammatory
cytokine response mediated by IL-1β, IFN-γ, TNF-α, and others. In this
scenario, the regular practice of physical exercise of moderate intensity
can be considered as an immune system controller, able to improve
defenses against infections and decrease the chances of chronic diseases
(Fig. 3) [3,20].

The anti-inflammatory effects of physical exercise appear to be
controlled by multiple mechanisms. Some of them are represented by
(i) increased production of adrenaline, cortisol, growth hormone, pro-
lactin, among others that have immunomodulatory effects by influen-
cing leukocyte trafficking and functions [13,70]; (ii) visceral fat loss
[79]; (iii) improved levels of anti-inflammatory myokines by the
working skeletal muscle (see Table 4) [80], and (iv) diminishing the
expression of TLRs in immune cells.

Table 3
– Function of brain resident immune cells.

Brain resident immune cells

Cell type Physiological cell function

Microglia Glial cell that inspect the local microenvironment and respond to injuries by releasing pro-inflammatory molecules; phagocytosis clearance of
apoptotic cells [63]

Astrocytes Help form the physical structure of the brain and play a number of active roles, including the secretion or absorption of neural transmitters and
maintenance of the BBB [63]

Pericytes Regulate the BBB permeability; the clearance and phagocytosis cellular debris; and has a neurogenic potential being able to differentiate into neurons
[63]

Perivascular macrophages Phagocytosis of cellular and pathogenic debris; maintains brain homeostasis; maintains tight junctions; initiation of the CNS acute phase response via
the production of prostaglandins [63]

BBB: blood brain barrier; CNS: central nervous system.
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(i) Physical exercise-induced release of stress hormones. Adrenaline and
noradrenaline are the fast-acting fight or flight hormones produced
by the adrenal glands on direct signaling from the brain under a
stressful stimulus. Cortisol is a steroid hormone also produced by
the adrenal glands, not released instantly as adrenalin, but rather
taking minutes since it involves a stepwise activation of the
amygdala. Both, adrenaline and cortisol, rapidly increase during
exercise and once released, adrenaline activates the sequential
releases of corticotropin-releasing hormone by the hypothalamus,
adrenocorticotropic hormone by the pituitary gland, and finally of
cortisol by the adrenal glands (for revision see ref. [26,70]). The
responses induced by the release of adrenaline and cortisol typi-
cally are upstream of the immune system response.
Catecholamine signaling occurs though of the β-adrenoceptors
present on T-cells, natural killer cells, macrophages and neu-
trophils, which increase intracellular cyclic adenosine monopho-
sphate levels by G-coupled protein activation [70]. Ex vivo ex-
periments using blood of healthy volunteers has been shown that
catecholamines are able to reduce the production of cytokines in-
duced by LPS, e.g. TNF-α and IL-1β, presenting an anti-in-
flammatory role [81]. In addition, the increased plasma cortisol
levels appears to be mediated by exercise-induced IL-6 [55] and

dependent to the intensity and duration of physical exercise [70].
After long-term physical exercise the cortisol show an im-
munosuppressive action, since cortisol has a role in maintaining
the neutrophilia and lymphopenia [26].

(ii) Physical exercise-induced anti-inflammatory effects on adiposity.
Increased visceral adipose tissue (white adipose tissue; WAT) de-
position is a risk factor for the developing of many chronic in-
flammatory conditions, including the pandemics of obesity, and
T2DM, and the public health problems, chronic pain and cardio-
vascular diseases [14–16]. WAT is known to produce many adi-
pokines, including TNF-α, IL-6, IL-18, leptin and retinol-binding
protein 4. Excessive WAT provokes the reduction of plasma anti-
inflammatory mediators, leading to the development of a chronic
low-grade systemic inflammatory state [13,82]. Immune infiltra-
tion (macrophages and T-cells) into the WAT are known to facil-
itate and perpetuate the inflammatory state of this endocrine tissue
in obesity [13]. Abdominal adiposity is known to positively cor-
relate with a sedentary behavior [79]. In this scenario, it is widely
known that the regular practice of physical exercise decreases the
activation of the immune system in the WAT and prevents the risk
of diabetes. The volume of physical exercise is proportional to the
induced anti-inflammatory effect, for example, the greater the

Fig. 3. Effects of physical inactivity and different intensities of physical exercise on the inflammatory response (IL-6 and neopterin) and health outcome (risk of
infection, chronic non-communicable diseases and neuroprotection). MET: metabolic equivalent of task.

Table 4
– Example of myokines regulated by exercise in humans.

Myokine Biological function stimulated Biological sample

IL-6 Anti-inflammation Plasma [94], skeletal muscle [95]
IL-7 T-and B-cell development Plasma [96], skeletal muscle [97]
IL-8 Endothelial cell proliferation angiogenic factor Plasma [96], skeletal muscle [98]
IL-10 Anti-inflammation Plasma [38], skeletal muscle [99], adipose tissue

[100]
IL-15 Maturation and redistribution of killer cells Plasma [101], skeletal muscle [102]
BDNF Neuronal development; synaptic plasticity; cell survival; differentiation Serum [103]
Irisin Thermogenesis and training adaptation to exercise; neuronal mitochondrial activity; neuroprotection; bone

resorption
Plasma [24], CSF [24]

LIF Platelet formation, haematopoietic cell proliferation, bone formation, neural survival and formation; muscle
satellite cell proliferation

Skeletal muscle [104]

IGF-1 Osteogenic factor Plasma [105], skeletal muscle [106]
VEGF Angiogenic factor Plasma [107], CSF [108], skeletal muscle [109]

BDNF: brain-derived neurotrophic factor; CSF: cerebrospinal fluid, IGF-1: insulin-like growth factor; IL: interleukin; LIF: leukemia inhibitor factor; VEGF: vascular
endothelial growth factor.
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volume of the training (> 45 min), the bigger is the visceral adi-
pose tissue mass loss [79].

(iii) Increased production and release of anti-inflammatory myokines from
contracting skeletal muscle. Contracting skeletal muscle produces
myokines, such as IL-6, IL-15 and irisin, which exert beneficial
effects on the adipocyte metabolism [79]. It has been demon-
strated that infusion of IL-6 in healthy individuals delays gastric
emptying with positive effects on postprandial glycemia [83], in-
creases glucose uptake [84] and lipid mobilization and oxidation
[85], reducing therefore the risk for metabolic disorders. Indeed, it
has been demonstrated that the blockage of IL-6 signaling com-
promised the exercise-induced reduction of WAT in obese in-
dividuals [79].
IL-15 is also an anabolic factor present in the muscle and related
with reduced WAT mass [80,86]. The high expression of IL-15
prevents rodents from the visceral fat deposit by increasing lean
body mass, and it has been shown to be increased in trained human
muscle [86–88]. Therefore, either IL-6 and IL-15 have a significant
role in lipid metabolism by preventing obesity development.
Irisin, another myokine released into the circulation by exercise
training, has demonstrated to induce thermogenic actions in adi-
pose tissue in rodents and humans [89,90]. Irisin is a cleaved
product from fibronectin type III domain-containing protein 5
(FNDC5), a transmembrane precursor protein expressed in muscle
and released into the bloodstream through the control of the per-
oxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α)
[89]. Irisin has been recently shown to be linked to the exercise-
induced beneficial effects in the cardiovascular, digestive, immune
and adipose systems [89,91]. Moderate increased circulating irisin
levels induced browning of WAT with increased expression of
uncoupling protein 1 (UCP1), reducing obesity and insulin re-
sistance in mice [89]. It has also been demonstrated that irisin has
additional benefits by counterbalancing some of the comorbidities
induced by obesity. Physical exercise-liked increased irisin in the
blood and brain protects from cognitive impairment and improves
memory in mice [24]. Irisin also has been correlated to bone mi-
neral density in soccer players [92] and prevented bone loss in
healthy mice [93].

More examples of myokines released by the practice of physical
exercise are presented in Table 4.

(iv) Reduced expression of TLRs in immune cells. Systemic inflammation
is controlled by the activation of TLRs signaling. TLRs are highly
conserved transmembrane proteins that play an important role in
the detection and recognition of microbial pathogens, and they can
also be activated by endogenous danger signals of tissue damage,
such as heat shock proteins [26]. It has been demonstrated that
physical inactivity correlates with augmented TLRs activation, and
consequently, in the development of chronic non-communicable
diseases. On the other hand, chronic exercise has been demon-
strated to decrease cell-surface expression of TLRs on immune cells
[72].

6. Physical exercise as a non-pharmacological intervention for
neuroprotection

The regular practice of physical exercise is known to be beneficial
for the CNS health and function, counteracting age-related cognitive
decline and dementia risk in humans and rodents [36,110]. A great
body of evidence has shown that exercise improves neurological im-
pairments induced by brain injury and promotes functional recovery by
preventing neuronal loss [111]. Moderate physical exercise training has
been shown to promote neuroplasticity [112], neurogenesis [113] and
neuroprotection [114], in addition to hippocampus-dependent learning
and memory [115,116].

Most of the pre-clinical studies reporting physical exercise-induced
neuroprotection have been based on the voluntary paradigm by using
the running wheel. The beneficial effects of voluntary exercise in the
brain are postulated to be related to increased expressions of neuro-
trophic factors, including BDNF [115,117], glial cell-derived neuro-
trophic factor (GDNF) [112], fibroblast growth factor 2 [118], IGF-1
[119] and REST [57,120]. Additionally, mediators circulating in the
blood released by the skeletal muscle, such as irisin, also regulate the
positive effects of exercise on the CNS, stimulating BDNF expression in
the mice hippocampus [24,121]. In line, it has been shown that ex-
perimental peripheral inflammation compromises neurogenesis, re-
duces the content of neurotrophic factors [122] and impairs cognitive
function in mice [123].

Neuroinflammation is a common hallmark in many disorders of the
CNS, e.g., depression, Alzheimer's disease and Parkinson's disease
[124–126], and it is responsible for the pathological reactive activation
of glial cells (microglia and astrocytes) [125]. Microglial cells may
support neuronal function due to the capacity to secrete anti-in-
flammatory mediators, facilitate phagocytosis and cell repair when
required, and to scavenge ROS. Microglia is the primary immune cell in
the CNS and under stress adopts a pro-inflammatory phenotype re-
leasing, e.g., TNF-α and IL-1β [127]. In line, treadmill exercise protocol
with low to moderate intensity decrease the hypothalamic microglial
activation in an animal model of obesity induced by high-fat diet [128].
In addition, similar training protocol improved motor behavior and
microglial activation by reducing the NOS II (nitric oxide synthase II)
expression, involved in microglial oxidative burst [129]. Microglia ac-
tivation has been related with reduction of dopaminergic neuro-
transmission in the substantia nigra pars compacta (SNpc), contributing
to the physiopathology of Parkinson's disease [130]. In this context, the
beneficial effects of physical exercise protocols, voluntary or forced, on
the brain of animal models of Parkinson's disease have been widely
demonstrated in the literature. Six weeks of moderate-intensity exercise
on the treadmill improved dopamine metabolism in the striatum of
C57BL/6 mice treated with the neurotoxin 1-methyl-4phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [131]. Additionally, eight weeks of strength
or running treadmill protocols were able to promote neuroprotection in
striatum and hippocampus of adult male mice treated with 6-hydro-
xydopamine (6-OHDA) [132].

Other CNS alterations has shown altered monoaminergic metabo-
lism, like the down-regulation of the biosynthesis of serotonin, which is
implicated in the physiopathology of depression [133]. In addition,
increased blood levels of pro-inflammatory mediators, e.g., IL-8 and
TNF-α, with low levels of BDNF have been documented in individuals
affected by depression [134–136]. Exercise is considered a first-line
treatment in mild to moderate depression [135,137,138]. It has been
shown that aerobic exercise on the treadmill significantly upregulated
the expression and content of central components of the BDNF-ser-
otonin system in different regions of the brain, e.g. cortex and hippo-
campus, in adult rats physically trained lifelong (from 2 to 18 months of
age) [139]. In addition, BDNF released from human brain has been
shown to increase with an acute bout of exercise [140,141]. Besides
that, six weeks of voluntary exercise on the running wheel decrease
anxiety-like behaviors and exerted antidepressant-like effects, which
were accompanied by stimulated hippocampal neuroplasticity, mi-
tochondrial activity and gene expression associated energy metabolism
and BDNF regulation in C57BL/6 mice [112].

In this context, irisin stimulates the expression of neurotrophins
(e.g., BDNF) and neuroprotective proteins (e.g., cFOS and ARC) in the
mouse CNS [24]. Indeed, recently it was demonstrated that FNDC5/
irisin is an essential pathway involved in synaptic plasticity and
memory induced by exercise in an Alzheimer's disease experimental
model using C57BL/6 mice [24]. Another important brain factor sti-
mulated by exercise is REST ([120] and revised in [23]). REST is a
master transcription factor that down-regulates genes linked to cell-
death in differentiated neurons and enhances the expression of other
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genes that induce resistance to the ageing process and the preservation
of cognitive function [23]. Our group demonstrated that experimental
chronic hyperglycemia in Wistar rats provoked a marked REST reduc-
tion specifically in the hippocampus [120,142]. However, our group
also demonstrated that eight weeks of voluntary physical activity in-
creased REST expression, which was also accompanied by an increase
in BDNF expression in the hippocampus of aged C57BL/6 male mice
[57]. Thus, the relationship between enhanced cognition and REST
expression appears to be related to the repression of cell death-asso-
ciated genes, suggesting that REST might be neuroprotective [23].

7. Physical exercise and neopterin

Neopterin has been used as a sensitive clinical biomarker for im-
mune system activation for over decades. Increased neopterin levels in
biological fluids have been proposed by our group and others to be a
biomarker of exhaustive or high intensity physical exercise-induced
inflammation [39,40,135,143–146]. Many reports have demonstrated
that a sedentary lifestyle or reduced physical activity have increased
levels of several markers of inflammation, such as C-reactive protein,
IL-18, IL-6, TNF-α, that correlated with increased neopterin levels in
the blood [64,145,147]. These inflammatory mediators have also
shown to be increased in individuals with cognitive impairment
[145,147]; indeed, our group showed for the first time in a pre-clinical
paradigm that neopterin is an endogenous compound that facilitates
learning and memory in a non-inflammatory scenario [148]. In addi-
tion, we showed that neopterin increases the antioxidant capacity of the
cell, enhances mitochondrial bioenergetics, and reduces inflammation
and oxidative stress in the brain of naïve mice [149,150]. In agreement,
the regular practice of moderate-intensity physical exercise has de-
monstrated to correlate with lower levels of neopterin in biological
fluids [143]. Therefore, exercise can tailor the immune responses and
be quantified by assessing neopterin levels.

Neopterin is a pteridine and a byproduct of the de novo tetra-
hydrobiopterin (BH4) biosynthesis. Guanosine triphosphate cyclohy-
drolase I (GTPCH; gene: Gch1) is the rate-limiting enzyme of the de novo
pathway and it is transcriptionally controlled by inflammation. Gch1
expression can increase up to 100-fold during inflammation, however,
the two subsequent enzymatic steps responsible for the synthesis of BH4
remain unchanged or slightly increased, determining a pseudo-meta-
bolic blockage with accumulation of a metabolic intermediate that fi-
nally will generate neopterin. The production of this soluble compound
is mainly favored by IFN-γ stimulation in a variety of cells (see Fig. 4)
(metabolic pathways have been reviewed by Ghisoni and collaborators
[149]).

Our group was the first to demonstrate that human primary neu-
rons, astrocytes and microglia, release neopterin under inflammatory
stimuli, being therefore the measuring of neopterin also an index of
neuroinflammation [151]. We also showed that a pro-inflammatory
state stimulates the production and release of neopterin by brain cells in
the mouse hippocampus and striatum [149]. A well-known and potent
stimulator for the formation of neopterin is the pro-inflammatory cy-
tokine IFN-γ, that is secreted by Th1 cells during activation of the im-
mune system [149,151]. Neopterin levels also increase in plasma from
patients with neurodegenerative diseases and with progressive de-
mentia [152] and patients with acute bacterial infections [153].

When neopterin production is induced by physical exercise, its le-
vels depend on the physical exercise workload, training volume and
specificity [40,135,146] (see Table 5). Our group showed that neop-
terin is increased in the blood of athletes who completed a multi-sport
competition, including off-road running, mountain biking and kayaking
(total 90 km). The increased levels of neopterin occurred in parallel
with muscle damage [40]. Urinary neopterin levels were also shown to
be increased in rugby and marathon athletes and the levels correlated
with other inflammatory and oxidative biomarkers [39,154]. Neopterin
has also been used as a biomarker in response to mixed martial arts

[155] and body-building training [156] and has been proposed as a
biomarker of fatigue and overtraining [157]. However, recently, ex-
perimental data from our group indicated that moderate intensity-
treadmill running training induces an anti-inflammatory environment
with reduced levels of neopterin in an animal model of inflammation
induced by LPS. Mechanistically, neopterin may activate the tran-
scription factor Nrf2, a key regulator of the cellular antioxidant re-
sponse, which will further enhance the cellular antioxidant defenses,
mitochondrial activity and the anti-inflammatory environment
[148–151]. Supporting this state, our group demonstrated that six
weeks of moderate-intensity physical exercise on a treadmill induced
the expression of Nrf2 in the brain mouse [114].

Table 5 shows studies from literature relating the type of physical
activity with neopterin levels in humans and animals.

7.1. Physical exercise and ROS production

It is well stablished in the literature that physical exercise induces
alterations in oxidative metabolism in different tissues
[38,40,160,161]. Cellular stress response represents an adaptive pro-
tective mechanism to maintain or reestablish cellular homeostasis to
survive under unfavorable environmental conditions [162]. The bal-
ance between ROS generation and antioxidant system is maintained by
many interplaying mechanisms, and a disbalance may determine the
degree of oxidative stress [163,164]. ROS and moderate-intensity
physical exercise can induce appropriate levels of eustress, an im-
portant stimulus for adaptations and health benefits induced by phy-
sical exercise [161,165]. On the other hand, the disruption of redox
homeostasis will induce oxidative stress provoking deleterious effects
damaging biomolecules, including lipids, proteins and DNA, leading to
severe cell damage and contributing to the physiopathology of a variety
of chronic pathological conditions [164,166]. In fact, decreased per-
formance, fatigue and muscle damage have been associated with en-
hanced production of ROS [10,40].

Under inflammatory conditions phagocytic cells like neutrophils
and macrophages generate large amounts of ROS, reactive nitrogen
species (RNS) and chlorine species [167]. Inflammation-driven oxida-
tive stress activates NF-κB, a master transcription factor that controls
the priming of inflammation and enhances oxidative metabolism [168].
This mechanism has been demonstrated in many scenarios, including in
immune cells-infiltrated muscle [167,169]. Additionally, ROS produc-
tion has been shown to be an activator of the NLRP3 inflammasome, an
intracellular receptor for DAMPs that promotes the activation of pro-
inflammatory cytokines [151]. ROS activating inflammasomes may be
formed in the mitochondria and also in the cytosol by xanthine oxidase
[170]. The generated of reactive species is crucial to the remodeling
that occurs in skeletal muscle in response to physical exercise training.
However, the changes caused by the physical exercise in the oxidative
metabolism depend on the type, volume and workload of the training
and are specific to each tissue [12,171]. For example, it has been shown
that the inflammatory peak occurs in the muscle during the first hours
after an acute bout of resistance exercise [172–174]. However, mod-
erate and chronic physical exercise reduces serum prostaglandin (bio-
marker of inflammation) levels in humans [175].

NADPH oxidase is also a potential ROS generator in the skeletal
muscle during exercise [176]. In the presence of ADP and Fe3+, NADPH
oxidase catalyzes electron transfer from NADPH to molecular oxygen to
form radical superoxide [177]. Superoxide production is increased by
NADPH oxidase during the respiratory burst, which if promptly con-
verted into hydrogen peroxide by the dismutase superoxide, and finally
into hydroxyl radicals and hypochlorous acid by the Fenton reaction or
the action of myeloperoxidase [177]. During and after submaximal
physical exercise the myeloperoxidase enzyme is significantly increased
[178]. In addition, ROS generation, such as hypochlorous acid, is able
to inhibit ATPase activity via a modification of sulfhydryl groups on the
protein in the muscle cells [179]. ROS production during high-intensity
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or acute physical exercise is also followed by a decrease in antioxidant
system [180]. On the other hand, studies have demonstrated that en-
durance training favor the cellular antioxidant defenses and appro-
priate oxidative capacity in many tissues, such as skeletal muscle
[7,38,143], the adipose tissue [181] and the brain [112,182].

8. Physical exercise and inflammation-induced pain: Relevance of
BH4

Pain is a distressing experience associated with actual or potential
tissue damage with sensory, emotional, cognitive, and social compo-
nents [183,184]. Inflammatory response has an important role in pain
and nociception by sensitizing nociceptor neurons, mainly through the
production of inflammatory cytokines [185]. The physiopathology of
many painful diseases, such as, rheumatoid arthritis and inflammatory
bowel diseases have been linked to the exacerbated production of pro-
inflammatory cytokines [186,187]. Inflammation-induced pain is the
pain induced by tissue damage and immune system activation. Non-
steroidal anti-inflammatory drugs (NSAIDS) have long been used to
treat acute pain, and after the disease is solved the hypersensitivity
typically returns to basal levels [188]. However, when inflammation is
sustained, classical painkillers are not effective to resolve pain and the
condition becomes chronic. Chronic pain is classified by the Interna-
tional Association for the Study of Pain as a pain that lasts or recurs for
more than three months [189]. Chronic pain is characterized by its
long-term nature and abnormal sensitivity to thermal and mechanical
stimuli. Such hypersensitivity can be expressed as hyperalgesia, an
excessive reaction to normally painful input; allodynia, a painful re-
sponse to normally innocuous stimuli; or spontaneous pain with no
identifiable cause [189]. Chronic pain has not a safe and effective
pharmacological treatment; therefore, the management of chronic pain
is a major unmet clinical.

Several studies have shown that the exacerbated production of pro-
inflammatory cytokines in the periphery and the CNS is associated with
the appearance and progress of pain [190]. Tissue infiltration of mac-
rophages and monocytes has been extensively demonstrated to be

involved in chronic painful disease conditions [191–193]. Tissue injury
is sensed by both tissue-resident macrophages, that produce in-
flammatory substances and tissue repair, and by nociceptors which
allow pain feeling in the injured area [190]. Cytokines IL-1β, IL-6, TNF-
α, IL-17A and IL-15 are known stressors of sensory neurons [186].
Furthermore, the silencing of the neuro-immune interphase has been
proposed as a new avenue to treat chronic pain [194].

The relationship between the development of inflammatory and
neuropathic pain with pathological BH4 production has been recently
demonstrated by our group in multiple animal models of chronic pain
[187,195,196]. BH4 is an essential cofactor for the enzyme activity of
aromatic amino-acid hydroxylases, all nitric oxide synthase isoforms,
and alkylglycerol monooxygenase [197]. BH4 intracellular levels play,
therefore, a key role in various biological systems, e.g., monoamine
neurotransmitter synthesis [197], cardiovascular and endothelial
functions [198], the immune system activation [195] and pain
thresholds [195,196,199]. The levels of BH4 are tuned and finely
regulated by three metabolic pathways: de novo synthesis, recycling and
the salvage pathway (see BH4 pathways in Fig. 4) [200]. The de novo
pathways produce BH4 from GTP by three enzymatic steps catalyzed by
the enzymes GTPCH, PTPS and sepiapterin reductase (SPR) [200]. The
salvage pathway rescues metabolic intermediates of the de novo
pathway to produce sepiapterin and 7,8-dihydrobiopterin (BH2) to
form BH4 or it directly reduces the de novo intermediate to BH4,
maintaining BH4 appropriate cell concentrations, while saving ATP (in
equilibrium with GTP) in energy-demanding situations like inflamma-
tion [197]. Finally, once BH4 is oxidized to BH2, during its role as an
enzyme cofactor, a NADH-dependent reaction will efficiently recycles it
back to BH4 [200].

The initial identification of single nucleotide polymorphisms in the
Gch1 locus and its association with reduced clinical pain scores in in-
dividuals affected by chronic painful conditions, allowed to validate the
involvement of the BH4 metabolism in human chronic pain [199]. Our
group demonstrated that the BH4 pathway is upregulated in damaged
sensory neurons and that the reduction of exacerbated and pathological
levels of BH4 confers analgesia in multiple animal models for chronic

Fig. 4. Intracellular levels of tetrahydrobiopterin (BH4) are controlled by three metabolic pathways: de novo synthesis, salvage and recycling pathways. CR: carbonil
reductase; DHFR: dihydrofolate reductase; DHPR: dihydropteridin reductase; GTPCH: GTP cyclohydrolase I; IFN-γ: interferon-γ; NO: nitric oxide; NOS: nitric oxide
synthase; PHA: phenylalanine hydroxylase; PTPS: 6-pyruvoyl tetrahydropterin synthase; SPR: sepiapterin reductase; TH: tyrosine hydroxylase; TPH: tryptophan
hydroxylase.
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pain [187,195,196].
It is known that having an active lifestyle helps to manage and

prevent chronic pain. The regular practice of physical activity has been
indicated to non-pharmacologically treat many painful disorders, since
it had similar clinical outcomes as to the use of NSAIDS and non-nar-
cotic analgesics [201,202]. Low-intensity aerobic physical exercise
during four weeks showed to reduce neuropathic pain by decreasing
mechanical hypersensitivity and pro-inflammatory cytokines in the
sciatic nerve and spinal cord [203]. Physically active animals (two
weeks of exercise on a treadmill) with neuropathic pain show increased
M2 (secrete anti-inflammatory cytokines) and less M1(secrete pro-in-
flammatory cytokines) polarization of macrophages at the site of the
injury, while sedentary mice showed increased M1 over M2 macro-
phages in the sciatic nerve [204]. Moreover, the blockade of IL-10
systemically and locally in the muscle reduces the physical exercise-
induced analgesic effect [205]. Regular practice of six weeks of vo-
luntary running wheel has also shown to increase the anti-inflammatory
cytokines in serum after chronic constriction injury [206]. In addition,
low-intensity aerobic exercise on the treadmill has shown to reduce IL-
1β and TNF-α levels in sciatic nerve and spinal cord in an animal model
of sciatic nerve crush injury [206].

Serotonergic neurotransmission has been suggested to be involved
in the exercise-induced analgesia [54]. Many reports have shown that
noxious stimuli-induced response is inhibited by medullary ser-
otonergic nuclei activation [207,208]. Physical exercise improves ser-
otonergic metabolism in many brain regions, including, brainstem,
cerebral cortex, hippocampus and others [54,209,210]. Low-intensity
exercise on the treadmill demonstrated increase serotonin levels and
serotonin receptor mRNA expression, decrease pro-inflammatory cyto-
kines levels in the brainstem and produced analgesia after nerve injury
[54]. In addition, were showed that the reduction of serotonin in the
brainstem induced by tryptophan hydroxylase inhibitor, prevented the
analgesic effect induced by physical exercise training after nerve injury
[54]. In this way, since BH4 is a mandatory cofactor for neuro-
transmitter synthesis, it is possible to suggest that exercise-induced
analgesia is dependent on BH4 metabolism.

Altogether, physical exercise normalized exacerbated neuroimmune
signaling in the CNS and reduced the sensation of pain, supporting the
fact that exercise is also a neuroprotective non-pharmacological tool
with the ability to manage central pain. Moreover, a better under-
standing of BH4 metabolism may contribute to the development of new
approaches to treating chronic pain.

9. Summary and future directions

The positive effects of physical exercise in reducing the risk of all-
cause mortality and improving the lifespan have been extensively
documented. Chronic physical exercise offers protection against chronic
non-communicable diseases, dementia and cognitive decline, among
other diseases. Regular exercise training also protects against bacteria
and viruses infections and enhance immune responses to pathogens and
vaccines. This makes the physical exercise a valuable tool to prevent
infectious diseases, such as COVID-19, or non-infectious ones, such as
obesity. The impact of physical exercise on tissue homeostasis provokes
an adaptive response which depends on the type, duration and intensity
of the stimuli. The beneficial consequences of exercise on the health
outcomes involve the modulation of the immune system. A pro-in-
flammatory phenotype is favored by physical inactivity. Conversely, the
regular practice of moderate intensity physical exercise directs the
immune response to an anti-inflammatory status, that is believed to be
the main desired molecular mechanism to improve the health out-
comes. Thus, the preventive and/or therapeutic effect of physical ex-
ercise depends of exercise workload and dose-response relationships,
which could be quantified by monitoring markers of the immune re-
sponse in biological fluids. We also suggest the measurement of BH4-
related metabolites in biological fluids may represent a feasible way to

assess the tissue immune system status and the impact of physical ex-
ercise intervention in clinical setups on chronic inflammation.
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