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1 Metabolic Reprograming with Aerobic and Resistance
Exercise

Chronic exercise improves cardiovascular health and increases skeletalmuscle hyper-
trophy, promoting several adaptations. In the liver, exercise reduces inflamma-
tion, resulting in improved insulin sensitivity with superior, fine-tuned endogenous
glucose production; in terms of brain health, the benefits include neuroprotection and
neurogenesis. This improvement promoted by regular exercise is due to the adapta-
tions of the whole body to exercise-induced stress. These adaptations can be defined
as “reprograming.”

Metabolic reprogram is a cellular adaptation in the internal machinery via regu-
lation of transcription factors, epigenetic alterations, mRNA expression, enzyme
activity, and storage of energy substrates. This exercise-induced reprograming
depends of the type (aerobic, strength, or concurrent exercise session), volume (short
or long duration), intensity (high, moderate, or low), recovery during the exercise
session (passive, active, short, or long), and duration of the exercise program (2week,
6 week, 12 week, 24 week, 48 week, 1 year, 5 year, or 10 year).

Here, we will focus on metabolic reprograming in the skeletal muscles, adipose
tissues, and immune cells after aerobic and strength training. By all of regular exer-
cise training, strength and endurance are themost studied. Strength training improves
s capacity of keletal muscle to contract, while aerobic training improves oxygen
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Uptake, from the blood, and delivery to the muscle. Thus, both strength and aerobic
exercise training are prescribed to improve cardiovascular fitness, force production,
and body composition. Independent of the exercise type, actually, exercise is consid-
ered an excellent non-pharmacological method of preventing and treating several
chronic inflammatory diseases [1]. In contrast, a sedentary lifestyle is an independent
risk factor in condition called the diseasome of physical inactivity [2].

Aerobic exercise, classically adopted for cardiorespiratory fitness and control of
body fat, is usually performed as amoderate-intensity (50–70%VO2max) continuous
training (MICT) (running, bike, indoor or outdoor). Recent studies have suggested
that aerobic exercise can exert the sameor similar adaptationwhenperformed as high-
intensity (90–120%VO2max) interval training (HIIT) in the samemodalities and can
be adopted in various forms. Some studies have shown thatHIIT canpositively impact
the neuroendocrine axis, such as the leptin levels, and improve lipid metabolism in
overweight/obese and lean subjects [3–6].

In order to obtain a deeper understanding about how exercise training can induce
metabolic reprograming, the acute effects of each exercise session need to be
examined in detail.

Figure 1 shows main acute and chronic effects of aerobic exercise performed at
different intensities on the skeletal muscle and adipose tissue.

A substantial proportion of the alterations caused by a single bout of aerobic exer-
cise is related to neuro-endocrine axis activation. Acute exercise enhances several
hormones, especially those related to lipolysis in the adipose tissue and glycogenol-
ysis in the skeletal muscle and liver (cortisol and adrenaline) that increase the avail-
ability of energy substrates (Non-esterified fatty acids (NEFA) and glucose) for
muscle workload. With aerobic exercise both, carbohydrates and fat can be utilized
for oxidation, and the metabolic changes are dependent on the exercise intensity and
training status of the subjects.

Fig. 1 Different roles of acute and chronic exercise in adipose tissue and skeletal muscle
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The crossover point that leads to better oxidation of carbohydrate that the fatty
acid in proportion, it is approximately in 65% of VO2max. However, the point of
this bypass characterized by the predominance of carbohydrates as the major fuel for
oxidation is dependent on the training levels. Sedentary subjects have a lower capacity
of oxidationwith exercise performed at intensities >45%VO2max,whilewell-trained
athletes showed this threshold at intensities of approximately 75% VO2max. This is
because fatty acid mobilization, transport, and oxidation are not easy, and athletes
have superior adaptation to lipid metabolism [7, 8].

Thus, it is necessary to coordinate the mobilization of fatty acids from the adipose
tissue, transport in the plasma, and fatty acid uptake by the skeletal muscle; once
FA is inside the skeletal muscle, it has to be transported to the mitochondria and
finally oxidized for ATP production [8]. The main adaptations involved in lipids
metabolic reprograming are associated with increased delivery of fatty acids by the
subcutaneous adipose tissue (SAT) and increased fatty acid uptake by the skeletal
muscle [9]. The blood flow in the SAT increases 2–3 folds in endurance athletes
[9]. This is an important step in the delivery of fatty acids from the adipose tissue
to the skeletal muscle; however, albumin is the other limiting factor for fatty acid
transport. Moreover, fatty acid transportation from circulation to inside the skeletal
muscle is carried out by CD36 transporter in the plasma membrane of myocytes.
Acute exercise and training induce increase in the CD36 in the sarcolemma [10–12].

Thus, metabolic reprograming can be observed when aerobic exercise is main-
tained for a long time allmachinery is organizing for better efficiency formobilization
and oxidation of FA.

Well-trained individuals tend to store lipids in the skeletal muscle, similar to that
found in diabetic patients; however, with exercise, fat accumulation does not harm
cellular functioning, as is observed in metabolic diseases [13, 14].

Lipid storage in myofibers is mediated by perilipins, the perilipin-2, perilipin-3,
and perilipin-5, the most common perilipins founded in lipid droplets (LD) in the
skeletal muscle. An interesting study conducted by Daemmen et al. 2018 showed
that the localization and size of the LD was different between diabetic subjects and
athletes although the content of the LD was the same. In this sense, the diabetic
subjects showed larger LD in type II fyber, and the athletes have smaller LD in type
I fiber [15]. Moreover, athletes present lipid deposition near the mitochondria with
higher expression of ATGL and CGI-58 [16]. Thus, these adaptations cause high
LD turnover, optimize the energy production machinery to supply energy during
exercise, and mitigate the lipotoxicity that could be generated by increased fatty acid
accumulation [17].

AMP-activated protein kinase (AMPK), MAP kinase p38, calmodulin-dependent
protein kinase (CAMKK), PGC-1alpha, and p53 form the axis that inducesmitochon-
drial remodeling and increases electron chain transporters to maximize the oxida-
tive phosphorylation. Increased Ca2+ concentration via muscle contraction directly
activates CAMKK [18].

In general, both types of aerobic exercise training (MICT and HIIT) promote
similar metabolic reprograming in the skeletal muscle and adipose tissue. However,
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short-term (<12 weeks) exercise training is insufficient to promote these cellular
adaptations,while long-term (>12weeks) training is able to promote them [4, 19, 20].

It is noteworthy that the same pathways responsible for energy-induced metabolic
reprograming also lead to the production of proteins calledmyokines [21].Myokines
are a group of proteins formed by cytokines, chemokines, and growth factors
produced by muscle cells that are released into the circulation and act in distant
organs and different cell types [22, 23]. The most studied myokine is IL-6 [24].

IL-6 is a major moderator involved in the regulation of the acute-phase response
to injury and infection. The skeletal musclecontraction induces the activation of
the mitogen-activated protein kinase and Janus kinase (JAK)-signal transducers and
activators of transcription cascade phosphorylation, culminating with IL-6 transcrip-
tion in skeletal muscle [25]. The IL-6 produced and secreted by the skeletal muscle
during contraction plays an important role in metabolism. Moreover, it induces the
translocation of GLUT4, in the muscle, increasing glycogen synthesis and insulin
sensitivity in the central and peripheral organs as well as augments lipid oxidation in
the skeletal muscle to deliver fuel to source the skeletal muscle during exercise [22].

Prolonged and intense running on a treadmill at 70% VO2 max until exhaus-
tion increased the muscle plasma levels for IL-6, and the post-run muscle glycogen
concentrations were negatively correlatedwithmodifications inmuscle IL-6. Cabral-
Santos et al. [26] found that during acute high-intensity interval exercise, there was
a volume-dependent increase in the IL-6 levels.

IL-6 modifies the anti-inflammatory responses once it can induce anti-
inflammatory cytokines production, such as IL-10 and IL-1ra [27]. IL-10 is essentiall
in the anti-inflammatory response. It promotes the preservation of IkB, inhibiting
the nuclear transcription factor kappa B (NF-kB) signaling, the main transcription
factor of TNF-α [27]—a cytokine with a pro-inflammatory character that regulates
insulin sensitivity and induces lipolysis. Cabral-Santos et al. [28] found signifi-
cantly increased IL-6 and IL-10 levels after HIIE (1:1-min at vVO2 max, 5 km run),
indicating a crucial role of HIIE in preventing a persistent inflammatory tendency.

Strength training also promotes metabolic reprograming; however, the cellular
mechanism and the metabolic pathways are different because strength (resistance)
training induces anabolic pathways that are contrary to the catabolic pathways
induced by aerobic training. The main cellular response is the increase in the
cross sectional area by the induction of the hypertrophy pathway controlled by the
mTOR-p70S6 axis.

Different forms can activate the mTOR-P70S6. In physiological context, the
insulin and growth factors (in special IGF-1) lead to activation of mTOR toward
the activation of PI3K-Akt, this pathway is upstream to mTOR. It was previously
believed that the activation of exercise-induced hypertrophy was caused by increase
in the anabolic hormones and the PI3k pathway; however, simulation with IGF-1 was
insufficient to mimic the hypertrophy induced by mechanical induction. Currently,
the principal hypothesis is that the mechanical overload activates the dissociation of
TSC2 (an inhibitor of mTOR-Rheb complex) in the lysosomes assembly and allows
downstream signaling with the activation of p70. However, it is unclear how TSC2
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phosphorylation and dissociation of mTOR-rheb complex occur, and more studies
are necessary to identify the mechanism [29, 30].

The effects of resistance training are dependent on the size of the muscle skeletal
recruited during exercise; for example, training of the biceps brachial induces local
adaptation; however, this effect is not endocrine, and leg exercise training induces a
huge endocrine response, with increase in the production and release of myokines.
The fall in the serum myokine concentration is more rapid than that with endurance
training.

Intensity and recovery intervals are the fundamental factors for changes in the
cytokine response, main IL-6 alterations in resistance training [31, 32]. These factors
influence the number of repetitions per- formed in subsequent set. In this sense,
Izquierdo et al. [33] verified that the amount of metabolic demand or the fatigue
experienced during the strength exercise session affects the hormonal and cytokine
response patterns.

Myokines, specifically IL-6, play a role in skeletal muscle tissue regeneration
after exercise as well as the recruitment of neutrophils, monocytes, and lymphocytes
that phagocytize debris resources. The IL-6 aids the activation, differentiation and
proliferation of satellite cells, which contribute to the formation of new myonuclei.
IL-6 act on mTORC1 signaling and protein synthesis in the cultured myotubes [34].
It was observed that IL-6 activates gp130-Akt and mTORC1 pathways, inducing
protein synthesis, suggesting that the IL-6 response to strength exercise potentiates
muscle hypertrophy [34].

A combination of strength and aerobic exercises in the same session can be called
concurrent exercise. Acute and chronic concurrent sessions promote alterations in the
IL-6 and TNF-α responses that can be associated with an acute decline in the strength
performance observed when high-intensity interval aerobic exercise is performed
before strength exercise. This response was related a possible role of TNF-α and
IL-6 as a trigger to restore the energy demand by providing substrates to help main-
tain contractile activity in skeletal muscle [35]. Long-term (12 weeks) practice for
concurrent training leads to improved cardiorespiratory fitness and maximal strength
accompanied with an increased cytokines response, leading to an anti-inflammatory
response after an acute session of concurrent exercise. However, the effects of
concurrent training in cellular reprograming remain unclear [36, 37].

The high-energy demand of exercise, especially in the case of long-duration and
high-intensity exercise, such as that performed by long-distance runners, aquatic
marathoners, and triathletes, is associated with stress hormonal response (increased
catecholamines and cortisol) causing deep alterations in the immune cells.

2 Exercise and Immune System

The relationship of exercise and the immune system was first discussed during the
late 70s and early 80s when some researchers observed that a single bolt of exer-
cise (mainly aerobic) could cause an acute increase in the number of leucocytes in



240 H. P. Batatinha et al.

the circulation, with the levels returning to pre-exercise levels within some hours
after activity cessation [38]. At this time, researches had already established the
potential role of some hormones in this relationship and proposed that cortisol could
mediate the re-sequestration of the immune cells. Several years thereafter, a research
group from Denmark showed that this exercise-induced leukocytosis was, in part,
catecholamine-dependent once catecholamines were released during exercise and
the leucocytes expressed β2-adrenergic receptors [39].

Neutrophils are released in the highest amount after exercise, and their increased
levels aremaintained in the circulation for up to 6 h after exercise cessation. Complete
recovery is generally achieved within 24 h [40]. Most of these cells are immature,
less differentiated, and precursor neutrophils; thus, despite increased numbers, the
function is decreased, especially after high-intensity and prolonged exercise (>2 h).

Monocytes also increase in response to high-intensity and long-duration exercise.
In case of very prolonged exercise sessions, monocytosis is delayed by 1–2 h. In
most cases, monocytes return to the rest levels 6 h after exercise cessation. Some
studies also report a decrease in the function of these cells in response to exhaustive
exercise [41].

Lymphocytes play a different role. Immediately after prolonged and/or high-
intensity exercise, lymphocytes are also increased in the circulation; however, the
number of lymphocytes decreases below the pre-exercise values within 30 min,
returning to rest levels by up to 6 h after exercise cessation [41]. This lymphopenia
is more prominent in the lymphocyte subtypes with potent effector functions (e.g.,
natural killer (NK) cells, γδT cells, and CD8+T cells). Moreover, T cells prolifera-
tion, NK cell cytotoxicity, and IgA salivary concentration are reportedly inhibited
after a bout of very prolonged exercise [42].

The decrease in the function of immune cells in response to exhaustive exer-
cise has been well documented in the literature. Two decades previously, the “open
window” hypothesis was postulated proposing that up to 72 h after a high-intensity
and prolonged exercise season, the host body would be more susceptible to viral
infections because of immunodepression [43]. It could be due to a high concentra-
tion of cortisol in the blood in response to exercise stress and the decrease of substrates
(glucose and glutamine) availability to the immune cells. This classic paradigm in
the field of exercise immunology is still being understood with several contradictory
results.

However, some studies, have reported a positive correlation between exhaustive
exercise and upper respiratory tract infection (URTI). In 1994, Nieman [44] proposed
a “J-shaped” curve relationship between the exercise workload and URTI risk. It
indicates that sedentary individuals are at a higher risk of URTI than those who
exercised moderately; however, those performing heavy exercise may have a higher
risk than who led a sedentary lifestyle.

This “J-shaped” curve was challenged in many studies where they failed to find
this relationship. Thus, an “S-shaped” curve was proposed [45], suggesting that
very elite athletes are better adapted to the demands of their training and are less
susceptible to URTI. It is noteworthy that this population was at a lower risk of URTI
and had a better quality of recovery and nutrition, suggesting that exhaustive exercise
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by itself may not promote deep immunodepression and increase URTI risk; rather,
these consequences were attributable to inappropriate recovery and poor nutrition.

The inability to maintain an exercise workload can be classified as acute fatigue.
It may be caused by repeated bouts of intense exercise on the same day and/or during
consecutive days without adequate recovery. Athletes who aim to improve their
performance are often close to this fatigue and intend to reach an “overreaching”
state when performance is enhanced. Continuous intense training without proper
balance between training and recovery may surpass “overreaching” and result in
an “overtraining syndrome.” [46]. At this point, fatigue is persistent, performance
is considerably decreased, hormonal status is disturbed, and immune functions are
declined. Over-trained individuals present with a decrease in the plasma glutamine
concentration and salivary IgA and are at a higher risk of URTI.

High-intensity and prolonged training can cause transient immunodepression
because overreaching athletes present reduction in resting neutrophil degranulation,
lymphocyte proliferation, and antibody production. However, their immune func-
tions are restored, preventing a rise in the URTI risk. In contrast, over-trained athletes
cannot recover from the overreaching stage and frequently experience upper respi-
ratory tract illnesses and chronic decrease in immune cells cytokines and antibody
production [46].

Not only exercise workload and immune system, but also nutritional status influ-
ences the exercise recovery. During the previous 30 years, scientists have investi-
gated nutritional strategies to prevent exercise-induced immunodepression and its
complications.

The energy substrate is strongly related to immune cell function. Immune cells are
dependent on the substrate not only for energy generation, but also for the creation
of new molecules, via the action of biosynthetic pathways.

Long-distance athletes showed reduction in the glucose and glutamine disposal
to the immune cells. The skeletal muscles utilize a high proportion of the available
glucose to generate ATP via the glycolytic and oxidative pathways. Furthermore,
the carbon skeletons provided by amino acids generated via induction on muscle
proteolysis, which is induced by stress hormones (in special cortisol), are delivered to
liver to formation of glucose by gluconeogenesis (Kou et al., 2013). Thus, the disposal
of glucose and glutamine to the immune cells is reduced. This reduction causes the
activation of AMPK that induces anti-inflammatory signature in the immune cells. It
is very interesting that metabolic reprograming in immune cells is similar to that in
the muscle cells, with an antagonist response between AMPK and mTOR activation.

AMPKhas been demonstrated as a keymetabolic regulator of T cells, essential for
ATP homeostasis; further, it allows lymphocytes metabolic plasticity to adapt to the
energy stress. However, AMPK does not play a role in cell effector function. Once
activated, AMPK shuts off the anabolic pathways, includingmTOR.mTOR complex
1 (mTORC1) is essential for immune cell activation and proliferation; however, its
constant activation increases the reactive oxygen species and induces cell senescence.
Therefore, the activation of AMPK or mTOR is essential for determining the fate
of the immune cells and deciding the activation of the pro-inflammatory or anti-
inflammatory profile [47].



242 H. P. Batatinha et al.

It is unclear exactly how exercise induces the reprograming of immune cells;
however, the myokines released after exercise, increased hormonal stress (partic-
ularly cortisol levels), and substrate available due to the reduction of glucose and
specific amino acids in the circulation are responsible for inducing this reprograming
[48].

Carbohydrate is the most researched nutrient, and several researches have investi-
gated its supplementation before, during, and after a high-intensity and/or prolonged
exercise. Carbohydrate ingestion during prolonged exercise can maintain the blood
glucose levels and attenuate the release of stress hormones and exercise-induced
cytokines. They also influence recovery by reducing the suppression of TCD4 and
TCD8 lymphocytes for 24 h after exercise cessation [49].

Similar results were found when carbohydrate was consumed till up to 15 min
before the exercise, preventing immunoendocrine disturbances. However, carbohy-
drate ingestion only during the recovery period has not shown such effects.

Carbohydrate supplementation is important for the maintenance of immune
system functions during exercise and better recovery. Thus, it could be an effective
strategy for decreasing the potential cumulative immunodepression over consecutive
days of exercise to avoid overtraining. Researchers have found that carbohydrate
ingestion during consecutive days of a heavy training regime was able to atten-
uate plasma cortisol levels and enhance lymphocytes proliferation and function, thus
reducing exercise-induced adaptive immune depression [50].

Protein ingestion is also a concern in the immune nutrition area because it is essen-
tial for proper immune system function. A high-protein diet (3 g/kg/day) during a
period of intense training decreased exercise-induced impairment in lymphocytes
trafficking when compared to a carbohydrate-matched normal protein diet [51].
When supplemented for 6 days, during a heavy training period, protein ingestion
decreased neutrophil degranulation during the post exercise recovery period [52].
It indicates that protein administration could be an approach to attenuate chronic
immunodepression after a long period of intense training; however, it did not appear
to have the same acute effect as carbohydrates.

In contrast to the immunodepression caused by high-intensity and prolonged exer-
cise, moderate-intensity single or repeated bouts of exercise appear to exert a contra-
dictory role. Several studies indicate that frequent participation in regular exercise
can stimulate the immune system and decrease respiratory infections.

Moderate aerobic exercise appears as an effector-T cells activator, stimulating
them to transmigrate to the peripheral tissueswhere immune surveillance is enhanced
by physical stress. Recent data has shown that short-term intense exercise (30 min
of cycling) increased virus-specific T cells mobilization, increasing the success of
immunotherapy for viral infections. It also mobilized CD8 naïve T cells and high
differentiated and EMRA CD8+ subsets [53]. Furthermore, moderate exercise may
mobilize the senescent phenotype lymphocytes to undergo apoptosis in the tissues
allowing “fresh” ones to take their place, thus possibly improving the immune
response against infections.

A recent study showed that acute exercisemobilizes angiogenicT cells, facilitating
vascular remodeling during recovery after exercise [54]. Hematopoietic stem cells
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are also mobilized after aerobic exercise, and this could aid skeletal muscle repair
and regeneration for exercise recovery (Kruger et al. 2015). This exercise-induced
stem cells mobilization has been studied as an adjuvant therapy for hematopoietic
stem cell transplantation.

Neutrophil function is also enhanced bymoderate exercise. One hour of cycling at
50%ofVO2max increased the neutrophil oxidative burst and during the early stage of
recovery, the bacterial activity of these cells continues to increase up to 1 h after exer-
cise [55]. Monocytes mobilized by exercise might infiltrate the skeletal muscle and
differentiate into tissue-resident macrophages facilitating tissue repair and regener-
ation. Moreover, the expression of pathogen-recognition receptors, such as toll-like
receptors, tends to decrease in response to moderate-intensity exercise that could
contribute to the anti-inflammatory role of exercise training in metabolic diseases. In
general, short bouts of moderate-intensity exercise might enhance cellular immune
function [56].

Exercise training has the ability to decrease low-grade chronic inflammation,
restore antioxidant mechanisms, and stimulate immune cells response, which may
reduce age-related immunosenescence [57]. In a study conducted on Judo masters
athletes, it was observed that they senescent naïve and effector memory CD8+ T
cells and CD4+ T cells and VO2 max was positively correlated with naïve CD4+ T
cells population, indicating that lifelong exercise could positively regulate immune
function [58].

In studies on vaccination and exercise, physically active individuals appear to
have better response than sedentary individuals. Older adults (62 years old) who
performed at least 20 min of aerobic exercise 3–4 times a week showed higher
anti-influenza IgG and IgM titers versus sedentary adults 2 weeks after vaccination.
The exercise group also exhibited increased peripheral blood mononuclear cells in
response to antigen-specific stimulation (Araujo et al. 2015). Moreover, in an animal
model, mice who exercised before being exposed to the influenza virus showed lower
severity of infection and inflammation in the lungs [59]. In another study, exercise
before virus exposure was able to increase the survival rates in mice.

Thus, high-intensity and prolonged exercise without a proper recovery and nutri-
tion can lead to an immunodepression and increase the risk of URTI. However,
these finds indicate that exercise is a potent immunomodulator because continuous
lower doses in moderate intensity can improve the immune response and decrease
inflammation in metabolic diseases (Fig. 2).

3 Exercise for the Treatment and Prevention of Metabolic
Disease

The increased prevalence of metabolic disorders and its various features, such as
obesity and type 2 diabetes (T2D), represents an enormous challenge for health
systems worldwide. It affects more than 20% of the general population in most
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Fig. 2 Immune response according to exercise workload, rest and nutritional status

Western countries. In addition to genetic factors and population aging, lifestyle plays
a major role in the development and progression of the “‘metabolic syndrome”
that represents a cluster of metabolic disorders, including abdominal obesity,
dyslipidemia, increased blood pressure, and increased fasting glucose levels [60].

Improved accessibility to healthcare systems and general economic developments
that support population aging are believed to increasemedical costs to levels no longer
sustainable inWestern societies. Accordingly, lifestylemodification in the prevention
and treatment ofmetabolic disorders represents oneof themost promising approaches
that is affordable, nontoxic, and highly efficient compared to medications [61].

Amajor feature ofmetabolic diseases is obesity. Several clinical and experimental
studies have provided evidence for an association between visceral adipose tissue
mass and a condition of chronic systemic and local inflammation. It is suggested that
inflammatory processes represent an important cause of many obesity-associated
risk factors and metabolic diseases.

There are differences in the risk of obesity based on the heterogeneity of adipose
tissue within and among individuals. High visceral and ectopic fat accumulation
is shown to be associated with higher cardiovascular risk compared with subcuta-
neous fat. Due to this distribution of body fat, there is a small subset of apparently
metabolic healthy obese individuals [3]. These individuals have preserved insulin
sensitivity, low fat storage in the liver and skeletal muscle, normal adipose tissue
function characterized by lower adipose tissue infiltration of leukocytes and a phys-
iological adipokine secretion pattern. However, in most cases, excessive body fat
accumulation leads to adverse metabolic effects, like adipose tissue inflammation,
insulin resistance, impaired glucose tolerance, dyslipidemia, and hypertension [62].

The reason for the pathological changes in the visceral and ectopic adipose tissue
is massive tissue expansion resulting from chronic metabolic overload in adipocytes.
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Adipocytes represent a type of metabolic cells that not only minimally increase in
number, but also increase in size. Subsequently, the chronic overload induces cellular
stress pathways and inflammatory signals, including the activation of IκB kinase
(IKK), c-jun N-terminal kinase (JNK), and protein kinase R (PKR). Downstream,
the phosphorylation of IκB results in the dissociation of IκBα from NF-κB that is
translocated into the nucleus inducing the expression of various inflammatory genes
[63].

This signaling cascade is suggested to translate a primarily metabolic compli-
cation to immunological activation [64]. Simultaneously, the chronically enhanced
calorie intake exceeds adipose tissue lipid storage capacity. The fatty acidmetabolism
products and advanced glycated end-products, accumulating due to hyperglycemia,
activate various pattern-recognition such as the Toll-like receptors (TLRs) receptors
and the NLRP3 inflammasome in hepatocytes and other tissues, thereby inducing
endoplasmatic reticulum stress and aggravating cytokine production. Self-energizing
inflammatory processes are initiated accompanied by increased expression and
release of cytokines, such as TNF-α, IL-1β, IL-18, and several chemokines that
induce the recruitment of leukocytes.

Accordingly, metabolic stress induces an inflammatory switch in the metabolic
cells, such as adipocytes and hepatocytes, followed by invasion of leukocytes [63,
65]. The temporal and functional dynamics of adipose tissue residents or invading
leukocytes has been partly defined. The increased concentration of pro-inflammatory
cytokines and chemokines induces chemotactic recruitment of circulating mono-
cytes that later culminates in the M1 polarization of macrophages that infiltrate
the adipose tissue. The condition of chronic hyperlipidemia is also driven by excess
fatty acids that bind to fatty acid-binding protein 4 (FABP4) on adipocytes or stromal
macrophages in the adipose tissue microenvironment, followed by the induction of
other chemokines that primarily recruit M1 macrophages [66, 67].

These cells seem to represent the most important producer of pro-inflammatory
cytokines in the adipose tissue during obesity. M1 macrophages that express the
surface molecule CD11c are able proliferate during obesity in a monocyte chemo-
tactic protein 1 (MCP-1)-dependent mechanism. CD11c+macrophages seem to play
a major role in the development of insulin resistance and contribute to the formation
of crown-like structures that represent a cluster of dead adipocytes surrounded by
macrophages [68, 69].

In parallel, other immune cells, such as NK cells and lymphocytes, increase in
the adipose tissue. NK cells are important producers of interferon-gamma (IFN-γ)
that supports macrophage polarization and pro-inflammatory cytokine production
[68, 70]. Regarding T cells, mainly cytotoxic CD8+ cells infiltrate the expanded
adipose tissue and contribute to the recruitment, differentiation, and activation of
macrophages. In contrast, the levels of regulatory T cells decrease, potentially
favoring inflammatory and metabolic complications [71].

Hence, inflammation in the adipose tissue is affected by the imbalance of pro-
and anti-inflammatory immune cell homeostasis toward a more pro-inflammatory
status. The long-time metabolic surplus during the development of obesity leads to
immunometabolic alterations in various other organs and tissues, such as the liver,
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brain, skeletal and cardiac muscle, blood vessels, lung, kidney, and gut. However,
the adipose tissue is suggested to be an important source of inflammation that at least
partially contributes to the induction of systemic inflammatory processes via a “spill
over” into circulation [72].

Here, chronically increased levels of pro-inflammatory cytokines, such as TNF-α
and IL-6, are involved in the development of other metabolic complications, such
as progressive insulin resistance in the skeletal muscle [73]. In particular, TNF-
α reduces the level of the inhibitor of IκB, followed by the upregulation of NF-
κB and JNK pathways in the muscle. Subsequently, insulin resistance increased
through the inhibition of insulin receptor substrate 1 (IRS-1). Non-esterified fatty
acids (NEFA) have also been shown to cause insulin resistance in the muscle tissue
through increased levels of intramuscular diacylglycerol (DAG) and ceramides.

Here, insulin resistance is also promoted via the upregulation ofNF-κB.Moreover,
NEFAs induce catabolic responses in the muscle via atrophy-related signaling and
protein degradation through impaired activation of the PI3K-Akt pathway [74, 75].

Lifestyle modification appears to be the most appealing approach, and physical
activity and exercise represent fundamental components. In general, weight loss is
necessary for reducing the cardiovascular risk in obese subjects; however, physical
activity is also effective in the treatment of many diseases, irrespective of weight loss.
Exercise is well proven to reduce the risk of coronary heart disease in obese subjects.
Exercise burns calories and may contribute to a calorie deficit in combination with
specific dietary restrictions. Therefore, physical activity plays a pivotal role in long-
term weight loss or maintenance to prevent obesity or as an important therapeutic
option [76].

In parallel, most exercise regimes significantly improve the functional status and
physical fitness. Regular exercise training induces a graded dose response in fitness
in both sedentary and obese subjects that is associated with a lower risk for all-cause
and cardiovascular disease mortality. It is well known that both moderate endurance
as well as resistance exercise training reduces blood pressure in hypertensive individ-
uals. The initiation of regular activity programs in previously inactive subjects also
influences dyslipidemia by reducing small, dense LDL and triglyceride particles. In
contrast, LDL particle size and high-density lipoprotein (HDL) cholesterol increase.
Furthermore, regular physical activity is shown to reduce the ratio of total to HDL
cholesterol [77].

Regarding T2D, a considerable association between insulin resistance and low
cardiorespiratory fitness has been demonstrated [78]. Data from the Nurses’ Health
Study suggests that the activity time spent per week reduces the relative risk of
developing T2D. Similarly, exercise represents an effective tool for the therapeutic
management of prediabetes and diabetes [79]. Based on the available data, it is
recommended that at least 150 min/week of moderate to vigorous aerobic exercise
should be performed in combination with one or two sessions of resistance exercise
for prevention [80]. Various other studies, such as the Look AHEAD (Action for
Health in Diabetes), has shown various beneficial effects of regular physical activity
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in subjects with T2D. Thereby, long-term activity programs in a diabetic population
have shown to improve all the aspects of metabolic syndrome, including BMI and
HbA1c [81].

Epidemiological studies demonstrate a negative association between the level
of physical inactivity and systemic inflammatory status in patients with metabolic
diseases. Similarly, physical fitness is negatively associated with the level of inflam-
matory biomarkers [82]. Accordingly, physical activity, particularly endurance
training or combined endurance and strength training programs, seem to interact with
the immune system by exerting anti-inflammatory effects. Patients who suffer from
metabolic diseases can perform exercise training to lower both systemic and local
levels of inflammation that have consistently shown to lower disease activity [83].
Some exercise-effects might address inflammatory processes indirectly, such as by
regulating body composition. Maintaining low visceral fat mass prevents the devel-
opment of adipose tissue dysfunction and inflammation. Regulation of dyslipidemia
may improve T-cell receptor signaling and the translocation of MHC molecules for
antigen presentation. Furthermore, regular exercise is shown to increase the body’s
antioxidant defense system that prevents oxidative DNA damage to the immune cells
and tissues [84].

In addition to these indirect effects, there are other directmechanisms for exercise-
immune crosstalk. During muscle contraction, various myokines are released into
the circulation that exert immune-regulating effects in the circulation or organs and
tissues. In response tomuscular glycogen depletion, IL-6 is released from the skeletal
muscle; this induces the increase of anti-inflammatory cytokines, such as IL-10, IL-1
receptor antagonist (IL-1ra), soluble TNF-α receptors, and inhibits the endotoxin-
induced TNF-α production [85].

Similarly, each acute bout of exercise releases stress hormones with anti-
inflammatory properties, such as cortisol and adrenaline, by activating both the SNS
as well as the HPA axes [86]. While cortisol suppresses the activity of different
leukocyte subpopulations, adrenaline attenuates the production of IL-1β and TNF-α.
Regarding circulating leukocytes, regular exercise increases the percentage of Tregs
in the blood and downregulates TLRs onmonocytes andmacrophages [87, 88]. Simi-
larly, regular exercise increases the percentage of classical monocytes expressing
CD14hiCD16–, while an inactive lifestyle promotes an increased percentage of
non-classical monocytes characterized by the surface profile CD14l°wCD16+ or
CD14hiCD16+ [89].

An important mechanism of the immune-regulating potential of exercise is energy
expenditure that reduces metabolic stress. In particular, regular exercise training
increases adipocyte-specific gene and protein expression of AMPK and PGC-1α
followed by an increased β-oxidation and mitochondrial biogenesis [90]. Enhanced
lipid turnover decreases metabolic overload and adipocyte dysfunction, thus limiting
stress signaling and pro-inflammatory cytokine production in the adipose tissue.
Similarly, exercise reduces signals for ER stress-induced inflammation. In parallel,
the expression of CD163, a marker for M2 macrophages, increases, suggesting a
switch from M1 to M2 macrophage polarization. In line with these observations,
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reduced expression of TNF-α and IL-6 in the adipose tissue of diabetic subjects was
shown after exercise training [91].

Finally, exercise affects the type of adipose tissue that is generally composed of the
following two types of adipose tissues:white adipose tissue (WAT) andbrownadipose
tissue (BAT).WAT plays a role storing energy and releasing hormones and cytokines
that affect metabolism and insulin resistance. BAT, however, expends energy to
produce heat through non-shivering thermogenesis, via mitochondrial uncoupling
protein 1 (UCP-1) (Bargut et al. 2016). It is noteworthy that exercise can induce
a browning process of WAT, leading to increased energy expenditure, thus aiding
in the treatment of obesity. Mechanistically, the release of the myokine irisin and
activity of the sympathetic nervous system seem to be involved in exercise-induced
browning of the adipose tissue. However, the detailed contribution of BAT in the
prevention and treatment of metabolic diseases remains to be clarified [92].

Moreover, exercise is an excellent tool for preventing and treating other metabolic
and inflammatory diseases, such as neurodegenerative diseases, cardiovascular
diseases, and cancer.

4 Exercise for the Prevention and Treatment of Cancer

Cancer is a multifactorial disease driven by chronic inflammation. Aerobic exer-
cise training is considered a very effective tool for inducing an anti-inflammatory
response. Thus, nowadays is well established that athletes of long-distance competi-
tions showed reduced risk tomany types of cancers.Moore et al. [93] showed that the
duration of physical exercise is negatively correlated with the occurrence of 13 types
of tumor. Exercise is able to reduce the most common tumors in Western countries,
such as cancers of the breast, prostate, colon, pancreas, kidneys, and lungs [94]. It is
noteworthy that exercise is less effective in murine models with deletion of p53 [95].
Thus, tumors that have a great genetic trigger and therefore, higher expressions of
oncogenes, are less susceptible to exercise-induced prevention [96].

The mechanisms for reducing the risk of cancer are associated with the anti-
inflammatory myokines released after exercise with a systemic effect. This anti-
inflammatorymilieu causedby exercise practice is enough to inhibit tumor generation
and growth [97]. Hanahan andWeiberg [98] proposed that inflammation is a hallmark
of cancer because the pro-inflammatory signaling can promote resistance to apoptosis
and increase tumor cell proliferation.

Othermechanism related to cancer prevention inwell-trained subjects is the reduc-
tion in the hormones and growth factors, such as sex hormones, insulin, and IGF-1,
because exercise training increases the receptors in the target cells and improves the
signaling cascade, such as that for insulin. Thus, the circulating levels of these factors
can be reduced without affecting the cellular response [94] (Xi et al. 2007).

Most recently, the positive effects of exercise in the treatment of cancer have been
shown. Thus, aerobic and resistance exercise can exert effects by reducing the growth
of the tumor and metastasis, thus improving the life quality and expectancy [97].
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The molecular mechanisms through which exercise induces this anti-tumor
response are not completely clear; however, several hypotheses have been proposed.
A large number of blood vessels are present in the tumor; however, it is nonfunctional,
with reduction in blood flux and generation of hypoxia. Hypoxia is a characteristic
of tumor cells, and these reductions in blood flux impair the delivery of immune cells
and chemotherapy drugs. Aerobic exercise is able to increase VEGF and improve
intra-tumoral perfusion in murine models of breast and prostate cancer [99, 100].

The cell metabolism in tumor is characterized by increased aerobic glycolysis
owing to a higher proliferation ratio. Exercise can decrease the availability of energy
substrate, particularly special glucose and glutamine, which reduces the supply of
nutrients to the tumor. The tumors that have a high metabolic demand are most
affected by exercise. In this sense, the metabolic program of tumor cells showed
increased in AKT-mTOR axis [101]. Endurance exercise reduces mTOR activation
in different types of solid tumors in murine models by reducing the growth factors.
Moreover, exercise induces AMPK activation in tumor cells; this activation inhibits
the mTOR pathway and inhibits the proliferative pathway. The role of AMPK and
the activation of its enzyme is not fully understood. In many types of tumors, AMPK
activation decreases tumor growth; however, others studies have shown that this
enzyme effectively protects the tumor from oxidative stress and apoptosis [102,
103]. More studies are necessary to clarify the role of AMPK in cancer cells.

Catecholamine released in response to exercise andmyokines are probably impor-
tant for reducing tumor growth and activating the immune system. Pedersen et al.
(2016) showed that in a murine model, exercise increased IL-6 and adrenaline that
together mobilized NK cells, increasing its activity. It is noteworthy because the
levels of IL-6 in intra-tumoral environment are associated with poor prognosis and
high malignance. The results not published of our group showed that the aerobic
training induces an increase in the IL-6 protein expression in the skeletal muscle and
a reduction in the tumor.

The potential therapeutic role of exercise in the reduction of tumor growth (range
45%–67%) in a murine model is well documented. The incubation of several tumor
cell lineages with the serum of trained animals reduces in 10%–15% tumor cells
proliferation. Furthermore, well-trained athletes have a 40% lower risk of cancer
mortality than the general population [94].

The strong evidence of exercise on treatment of cancer patients lead to theExercise
and Sport Science Australian published the position statement in 2019, with the
guidelines about the practice of exercise in cancer patients. Several aspects must be
considered, such as the type of cancer, pre-status of physical fitness, chemotherapy
and radiotherapy, aging, and other co-morbidities; however, all intensities of exercise
are preconized during the training. In this statement, the authors suggested at least
20 min for each session (Hayes et al. 2019).

Finally, exercise training is very important in the counter-regulation of the side
effects of chemotherapy. This class of drugs causes several undesirable effects in
different organs. Doxorubicin, an effective anti-tumor drug widely used in clin-
ical practice, causes substantial toxicity in the heart, kidneys, adipose tissues, liver,
and skeletal muscle. In skeletal muscle, patients suffer with proteolysis and fatigue,
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mimicking sarcopenia induced by cachexia. Resistance training is an efficientmethod
of reducing weight and skeletal muscle mass loss. Moreover, endurance training
mitigates the effects of doxorubicin in the reduction of running capability in mice
and protects the decline in oxidative metabolism induced by this drug in the skeletal
muscle.Moreover, aerobic training improves the delivery of drugs to the tumor. Some
studies have shown that aerobic training is safe and potentiate the chemotherapy
treatment reducing the dosage without losing efficacy.

Thus, exercise leads to metabolic reprograming in many tissues of the body and
can prevent cancer initialization, thus reducing the cancer risk. Starting a fitness
program after cancer diagnosis is safe and recommended. Several studies have shown
that exercise reduces cancer growth and metastasis. Finally, exercise is extremely
effective for reducing the side effects promoted by anti-tumoral drugs.

5 Conclusion

We discussed the metabolic pathways that induce cellular reprograming, especially
with respect to the relationship between theAMPKandmTOR in the skeletal muscle,
adipose tissue, and immune cells.

This is an importantway to understand how exercise inducesmobilization, recruit-
ment, polarization, and production of inflammatorymediators in immune cells. Thus,
we showed the state of art in the cellular adaptations induced by acute and training
exercise. However, many steps of reprograming are unclear and need be investi-
gated. In sum, exercise is an excellent alternative method for prevention and non-
pharmacological treatment of inflammatory chronic diseases (obesity and cancer)
that have reached epidemic proportions worldwide.
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