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Abstract

Intense exercise is a physiological stress capable of inducing damage in the exercised muscle group. As a
consequence of this exercise-induced micro lesion, there is an increase in the interaction of leukocytes (neutrophils
and monocytes/macrophages) with muscle endothelial cells and their transmigration into skeletal muscle tissue.
Mechanisms driving this physiological response are not known, but exercise-induced muscle damage may be
associated with a local inflammation involving leukocyte accumulation in damaged muscle tissue. Important recent
findings show that this infiltration of leukocytes plays an important role in the skeletal muscle remodeling process by
activating angiogenesis and hypertrophic pathways inside the skeletal muscle tissue. There are some speculations
suggesting that this inflammatory process should be controlled by anti-inflammation drugs in athletes to accelerate
the recovery time. Investigations of the literature in this field up to this point do not offer a sufficient body of evidence
confirming the need for an anti-inflammatory drug administration to control the exercise-induced inflammation. On
the other hand, anti-inflammatory drug administration as a supplemental diet could inhibit important pathways of

tissue adaptative responses and block the benefits of exercise to the skeletal muscle tissue.
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Introduction

Recently, a variety of studies have demonstrated that exercise
induces considerable physiological change in the immune system [1,2].
Physical exercise (specifically intense, non-usual and eccentric muscle
action) is associated with local skeletal muscle inflammation [3-5].
Following these types of exercise, there are signals of disruptions in the
cytoskeleton, fiber disorganization, edema, and a decrease of skeletal
muscle function. These typical responses may occur because of the
mechanical overload [5].

This type of physical exercise (and consequently, muscle damage) is
also associated with an increase in circulating muscle proteins, such as
creatine kinase (CK) and myoglobin [5]. Structural abnormalities in
the muscle that are also associated with this type of damage include
sarcolemmal disruption, distortion of the myofibrillar component, Z-
line streaming, fragmentation of the sarcoplasmic reticulum, lesions in
the plasma membrane, changes in the extracellular myofiber matrix,
and swollen mitochondria [5].

There is a growing body of evidence showing that dead cells, or cells
undergoing various types of physical or chemical stress, trigger a
potent inflammatory response by releasing necrosis-derived products,
including genomic and mitochondrial DNA, formyl-peptides, F-actin
and reactive oxygen species (ROS) [6]. Once within the interstitium,
these molecules contribute to activating resident cells to release
chemotactic mediators [6,7], which may act on leukocytes and make
them roll, adhere to, and transmigrate through the endothelial wall
[8-10]. Inside the skeletal muscle cells, leukocytes produce and release
some mediators, as well as vascular endothelial grow factor (VEGF)
and cytokine IL-6.

These mediators contribute to the remodeling process of this tissue
once the phagocytosis of muscle debris by macrophages modulates the
response of muscle to acute injury. Macrophages help to orchestrate
the remodeling of vascular and skeletal muscle tissue [11]. During and
after intense or repeated skeletal muscle contractile activity, which
does not cause cell death but rather causes intense cell stress, there is
also a robust increase in the releasing of specific mediators and local
inflammatory response.

In this review article, the role of inflammatory process in the
skeletal muscle tissue adaptation after exercise, and the
recommendation of inflammatory drug administration as a diet
supplementation is discussed.

Methods

The investigation of literature utilized scientific databases such as
Pubmed, Bireme and Scielo, by employing the following keys words:
exercise, inflammation, anti-inflammatory, and medication. More
than 100 articles were located, of which 32 were relevant to this
manuscript.

Discussion

Intense physical exercise represents a metabolic and immunological
stress to the human organism. This kind of exercise induces transient
changes of leukocyte numbers within circulation that may also reflect
hormonal changes (adrenergic and cortisol) and [1-4]. This increase
also happens in specific cell numbers, such as neutrophils, monocytes
and lymphocytes [12]. Whether persistent changes of leukocyte
numbers through repeated intense exercise are able to cause
suppression of immunological responses is still an open question.
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Changes in leukocytes counts after exercise appear to be associated
with mobilization from the marginal pool and bone morrow [12].
After this mobilization, it is possible to observe a rise in the interaction
between leukocytes and endothelial cells in the skeletal muscle tissue;
consequently, diapedesis of leukocytes from the blood then stream
into skeletal muscle interstitium, characterizing an inflammatory
response [5,13].

Altogether, these results show that intense exercise is capable of
causing  neutrophil-endothelial ~ cell  interactions in  the
microvasculature of exercised muscles and inflammation. A few hours
after intense exercise there is a disruption of the fiber alignment and
partial destruction of the muscle fibers, as determined by histology
studies. In the last decade, it has become clear that acute exercise can
induce significant changes in skeletal muscle [3-6]. These changes are
characterized by ultra structural loss of muscle architecture, increase of
muscle proteins in the bloodstream including creatine kinase (CK) and
myoglobin (Mb), a loss of muscular strength and a range of movement
and muscle pain [3-5].

Exercise-induced muscle damage may be associated with a local
inflammatory response involving leukocyte accumulation in damaged
muscle tissue [3,13-15]. Different methods have been used to detect
leukocytes accumulation into skeletal muscle tissue, including
myeloperoxidase (MPO) biochemical assay, antibody staining
procedure (immunohistochemistry or immunofluorescence) and
white blood cell (WBC) radionuclide imaging [14,15]. Therefore, these
results clearly demonstrate that a physiological stimulus (exercise)
induces leukocyte influx - a hallmark of inflammation - in the muscle,
reinforcing the idea that inflammation is a physiological host response
which may have an important role in the regeneration tissue process.
It remains elusive whether infiltrating neutrophils contribute to
skeletal muscle damage or to skeletal muscle tissue repair [3,4,14,15].
There is some evidence that neutrophils induce the production of pro-
inflammatory molecules that may contribute to the remodeling and
repair process by activating satellite cells and liberating angiogenic
factors [15-17]. The relevance of leukocyte influx into the skeletal
muscle tissue is not known yet and clearly deserves further
investigation.

It has been suggested, however, that exercise-associated
inflammation may be relevant for muscle remodeling and adaptation
to the new load of exercise [5]. This remodeling process could occur
by increasing in the hypertrophic signaling pathway of the skeletal
muscle cell, or by inducing angiogenesis in the tissue [11]. Skeletal
muscle is capable of full regeneration, with recovery of its all functions
and “up regulation” in its strength and muscle size.

Much of this response is due to the properties of satellite cells, the
main adult muscle stem cells, which activate after damage and expand
before differentiating and fusing to form new myofibers [17].
Monocytes/macrophages have regularly been observed during muscle
regeneration. Specific depletion of circulating monocytes with
diphtheria toxin or clodronate-encapsulated liposomes shows a rather
severe impairment of muscle regeneration, indicating a critical
involvement of these cells in muscle regeneration [18].

The first studies have suggested that macrophages that are present
during the first phases of muscle regeneration differ from those that
accompany the late phases of the process, and this inflammatory
response kinetics was recently confirmed, by using new
immunological tools [18].

Quickly after injury, monocytes/macrophages infiltrate the injured
muscle area, and then these cells switch their phenotype towards a M2
resolving/wounding phenotype, likely upon phagocytosis of muscle
debris [18]. Thus, skeletal muscle regeneration is characterized by a
sequence of M1 then M2 macrophages, which has been confirmed
during human muscle regeneration, and the phenotype of these
populations evolves with time [18]. At the end of muscle regeneration,
not only the number of macrophages decrease, but also the phenotype
of both changes towards a dampening of all cytokine markers,
suggesting a skewing into M2 resolving/silencing macrophages [18].

It is reasonable to conclude that changes in these kinetics greatly
alter muscle regeneration. In addition, too-early anti-inflammatory
signal releasing, as well as the blocking of later anti-inflammatory
signals, could impede muscle regeneration. The pioneer studies on
macrophages during muscle regeneration suggested various effects of
macrophage subsets on myogenic cell populations. These have been
confirmed through a series of in vitro and in vivo analyses [11]. The
mechanism which the intense exercise protocol can increase the
number of rolling, adherent and transmigrating leukocytes could be
explained by the increase in the expression of E-selectin, L-selectin and
PECAM by oxidative stress.

One potential function of inflammatory process may be to
orchestrate the resolution of the function of the damaged tissue and
induce the proper adaptive response to exercise training. Infiltration of
neutrophils after exercise may also contribute to the exercise
remodeling processes, including angiogenesis and hypertrophic
response [11]. The damage of the skeletal muscle induces a complex
and coordinated response that involves the interactions of many
different cell populations and promotes inflammation, vascular
remodeling, and finally, muscle regeneration [11]. Muscle disorders
exist in which the irreversible loss of tissue integrity and function is
linked to defective neo-angiogenesis, with persistence of tissue
necrosis and inflammation [11]. Nunes-Silva et al. using a
sophisticated intravital confocal technique, have shown that treadmill
exercise induces neutrophil recruitment into muscle tissue in a
reactive oxygen species- dependent manner. In this study they
employed the progressive fatiguing exercise protocol [19]. The authors
found important results, such as the increase in interaction of
neutrophils with endothelial cells in quadriceps muscle by intravital
microscopy. They also observed clear rolling, adhesion and subsequent
transmigration of neutrophils induced by exercise, and their results are
consistent with other studies demonstrating leukocyte accumulation in
tissue as determined by histology [1,19,20].

When leukocytes infiltration is compromised, endothelial-derived
progenitors undergo a significant endothelial to mesenchymal
transition, possibly triggered by the activation of morphogenetic
protein signaling, collagen accumulation, and the muscle replacement
with fibrotic tissue [11]. Taken together, this data suggests that
enhanced leukocyte-endothelium interaction, which coordinates
leukocytes infiltration to the exercised skeletal muscles, may have
relevance in the proper recovery of skeletal muscle tissue after an
intense exercise session. Further research considerations include: Is
the local skeletal muscle inflammatory process important to the
recovery (remodeling) of the tissue in the sports scenario? Is it possible
to modulate this response? Should we interfere in this process? What
should we do: accelerate, inhibit or respect the natural course time
(kinetic inflammation)?

Many authors are questioning these issues within the scientific
literature. Even if the results are not clear, Peterson described how
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therapeutic doses of ibuprofen or acetaminophen (anti-inflammatory
drug) do not blunt muscle inflammatory cell concentrations 24 hours
after a novel bout of eccentric contractions in humans [19]. However,
Machida affirms that ibuprofen administration during endurance
training cancels running-distance-dependent adaptations of skeletal
muscle in mice [20]. The important observation here is that the first
study investigated acute response, and the second study observed
chronic response of anti-inflammatory administration. Kruger et al.
investigated the daily supplementation of proanthocyanidolic
oligomer (PCO) before and after experimental skeletal muscle
contusion injury, and the results demonstrate that this anti-
inflammatory blunted neutrophil response in tissue, quicker
macrophage infiltration into muscle, and faster recovery due to a left
shift in time course of inflammation [21].

The most studied anti-inflammatory drugs are Nonsteroidal Anti-
Inflammatory Drugs (NSAIDs), and Schoenfeld described how a vast
number of athletes who consume NSAIDs for exercise-induced muscle
damage believe that this habit permits a training session when faced
with muscle soreness or injury. The data from this study suggest a
negative regulatory effect of NSAIDs on the number of neural cell
adhesion molecules (NCAM) in human muscle cells, supporting the
view that the cyclo-oxigenase (COX) enzime pathway is important for
normal satellite cell activity [22].

There is little reason to believe that the occasional use of NSAIDs or
other anti-inflammatory technique will negatively affect muscle
growth, but the hypertrophic effects of the chronic use of NSAIDs is
less clear. In those who are untrained, it does not appear that regular
NSAID use will impede growth in the short term. Given their reported
impairment of satellite cell activity, however, longer-term use may well
be detrimental, particularly in those who possess greater growth
potential.

Future research should seek to clarify inconsistencies between
studies, as well as investigating the effects of NSAIDs on muscle
hypertrophy in trained subjects and athletes who are known to be
frequent consumers of these drugs. Interpretation of these results, in
combination with those which may indicate that treatment for
inflammation during the training period with ibuprofen, may
negatively regulate muscle adaptation. Further investigations at earlier
and later time points are needed to conclude whether over-the-counter
doses of these drugs are an appropriate treatment for inflammation
caused by a novel bout of eccentric contractions.

Given the vital role satellite cells play in skeletal muscle
maintenance and regeneration, any factors that interfere with their
activity could negate the anabolic effects exerted by exercise, and while
the precise mechanism by which the COX pathway acts on satellite
cells and the ensuing events in the repair or hypertrophy process
remains unclear, there is mounting evidence for a positive regulatory
effect on satellite cell activity [17]. Isoprofen administration does not
promote any change on tolerance to exercise and does not increase the
performance in a single strength training session [23].

Recent statement position shows that healing requires
inflammation, that exercised-induced skeletal muscle damage may
develop delayed onset muscle soreness (DOMS) [24,25] and that
macrophages are important cell for tissue repair and regeneration
[26,27]. In addition, exercising intensely causes a systemic and local
immune response, and this inflammatory process is important to the
healing and remodeling to the skeletal muscle cell (muscle fiber).
When skeletal muscle tissue and other tissues are damaged, the

immune system is activated and there is a local inflammatory process
that promotes healing.

The response to both infection and tissue damage looks the same.
Inflammatory cells rush to injured tissue to start the healing process.
Inside the skeletal muscle interstitium, leukocytes release a hormone
as insulin-like growth factor (IGF-1) into the damaged tissues, which
helps muscles and other injured parts to heal. The administration of
any kind of inflammatory drugs can block this important process to
remodeling, and may also inhibit the adaptation of skeletal muscle
tissue that permit an overload increase in the exercise training
protocol. Therefore, any drugs that reduce inflammation could also
delay the remodeling process in the skeletal muscle tissue.

Medication drugs that reduce your immune response could also
delay skeletal muscle regeneration. Machida and Takemasa have
shown that ibuprofen administration during endurance training
cancels running distance dependent adaptations of skeletal muscle in
mice [28]. In additon, when NSAID use is combined with exercise,
there is some evidence that the inflammatory process in the skeletal
muscle and brain may be exacerbated [29].

Mikkelsen et al. investigated the effect of a local NSAID infusion on
satellite cells after unaccustomed eccentric exercise in vivo in human
skeletal muscle. An NSAID was infused via a microdialysis catheter
into the vastus lateralis muscle of one leg (NSAID leg) before, during,
and after exercise, with the other leg working as a control (unblocked
leg). The number of inflammatory cells (CD68 or CD16 cells) was not
significantly increased in either of the legs 8 days after exercise and
was unaffected by the NSAID [30]. Non steroidal anti-inflammatory
drugs (NSAIDs) have also been used to reduce the pain in athletes and
for the population that perform recreational exercise, but results from
scientific word appear to show that the relatively mild inflammation
does not actually need any alleviation by treatment with NSAIDs [31].

Mackey et al. investigated whether the consumption of NSAIDs
could affect satellite cell activity in humans. To investigate this, 14
healthy male endurance athletes volunteered for the study, which
involved running 36 km. They were divided into two groups and
received either 100 mg indomethacin per day, or a placebo. Muscle
biopsies collected before the run and on days 1, 3, and 8 afterward
were analyzed for satellite cells by immunohistochemistry with the aid
of neural cell adhesion molecule (NCAM) and fetal antigen-1 (FA1)
antibodies. Muscle biopsies were also collected from untrained
individuals for comparison. When compared with pre-exercise levels,
a 27% increase in the number of NCAM cells was observed on day 8
post-exercise in the placebo group, while levels remained similar at all
time points in the NSAID group. No change was seen in the
proportion of FA1 cells, although lower levels were found in the
muscle of endurance-trained athletes compared with untrained
individuals. These results suggest that ingestion of anti-inflammatory
drugs attenuates the exercise-induced increase in satellite cell number,
supporting the role of the cyclooxygenase pathway in satellite cell
activity [32].

Thus, it is becoming clear that healing is delayed by anti-
inflammatory drugs and almost all pain-relieving medicines, such as
non-steroidal anti-inflammatory drugs (like ibuprofen) and immune
suppressants that are often used could block the immune response to

injury.
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Conclusion

There is a body of information that describes describes the exercise-

induced inflammation as a physiological response that happens after
acute episode of exercise, and chronically induces the adaptation of
skeletal muscle tissue after a period of time training. In this sense, anti-
inflammatory administration as a supplemental diet could inhibit
these important adaptative responses and block the benefits of exercise
to recreational level and high level of exercise training. Finally, recent
literature does not offer a consensus to support diet supplementation
of anti-inflammatory drugs to help in the exercise scenario.
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