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Objective: To discuss the acute phase of inflammatory re-
sponse with a focus on the neutrophilic response and its role
in inflammation. We discuss the relative balance between the
need for inflammation to stimulate repair and the need to limit
inflammation because of the additional damage it causes.

Data Sources: We conducted a MEDLINE search from 1966
to 2005 for literature related to acute inflammation, muscle injury,
and repair using combinations of the key words inflammation,
neutrophil, macrophage, and cytokines. Additional literature was
acquired through cross-referencing of bibliographies of articles
obtained through the MEDLINE searches.

Data Synthesis: We reviewed more than 200 relevant arti-
cles. Although neutrophils are an important cell population in
acute inflammation, few athletic trainers are familiar with the
neutrophil’s actions or its dichotomous role as both perpetrator
of tissue damage and initiator of repair. Neutrophils dominate
the early stages of inflammation and set the stage for repair of
tissue damage by macrophages. These actions are orchestrat-

ed by numerous cytokines and the expression of their recep-
tors, which represent a potential means for inhibiting selective
aspects of inflammation.

Conclusions: Neutrophils infiltrate injured tissues but can
also be present after noninjurious exercise. These cells have
both specific and nonspecific defensive immune system func-
tions that can cause tissue damage in isolation or as sequelae
to other tissue injury. It might seem that limiting the action of
neutrophils would be clinically beneficial, but these cells are
also responsible for initiating the reparative process that is later
managed by macrophages. Although achieving a therapeutic
balance between limiting inflammation and stimulating repair is
important, the duplicitous roles of neutrophils and macrophages
in both the inflammation and healing processes create a phys-
iologic paradox for clinicians whose goals are to limit inflam-
mation and to stimulate healing after acute soft tissue injury.
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In sports medicine, the term inflammation is often used to
describe a series of signs and symptoms after soft tissue
or bony injury. Appropriately, this term was originally

used to describe the 4 classic signs of the affected tissue’s
response to trauma: redness, swelling, heat, and pain.1 Unfor-
tunately, this descriptor was coined without a basis for, or an
understanding of, the underlying pathophysiologic processes
that created it. As clinicians, athletic trainers have been taught
to think of the inflammatory response in the traditional sense,
as a clinical milieu of signs and symptoms. Attempting to re-
duce or prevent the signs and symptoms of inflammation after
tissue trauma has become dogma, even though the role of in-
flammation in tissue healing and repair is not fully understood.

The inflammatory process can be initiated through a variety
of mechanisms, which include the introduction of pathogens
as well as challenges to the system through chemical, thermal,
and mechanical stresses. Regardless of the inciting factors, the
events accompanying inflammation are somewhat consistent.
For research purposes, a reproducible injury model of tissue
inflammation and repair is required; one such model involves

eccentric overload to skeletal muscle.2–4 Although this ap-
proach allows us to specifically discuss inflammation in mus-
cle tissue and provides discrete insight into muscle-vessel
communication, it also fulfills a broader purpose. Specifically,
it serves as an accepted paradigm to aid in the understanding
of the body’s generalized inflammatory process and, therefore,
of a significant number of athletic injuries.

Ultimately, effective clinical care of stressed or traumatized
tissues depends on a thorough understanding of the cellular
and molecular events leading to the physiologic response we
recognize as classical inflammation. Unfortunately, for many
this understanding has been limited to a relatively simple list-
ing of events, such as vasoconstriction, vasodilation, margin-
ation, diapedesis, exudate formation, and phagocytosis. These
are all key elements of the process, but a clinically useful
understanding of inflammation must go further. The cellular
processes of inflammation are regulated by a series of specific
cell signals that stimulate a variety of cell types, resulting in
a cascade of events including white blood cell (WBC) recruit-
ment and activation. The physiologic response to these signals
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Roles of Selected Immune Cells in Inflammation and Repair

Neutrophil ED1+ Macrophage ED2+ Macrophage

At rest Circulating, nonreproducing granulo-
cyte with 12- to 20-h life cycle and
accounts for roughly 70% of total
white blood cell count9

Circulates as monocyte until activat-
ed; invades into tissue and be-
comes a macrophage10

The primary resident macrophage
population in skeletal muscle10

Time frame for activity Highest in first 3 to 24 h10; elevated
number for up to 1 wk11

Appears somewhere in first 3 to 24
h10; highest activity in first 24 to
72 h,11 elevated until necrotic de-
bris removed (can be 1 to 3 wk)10

Time frame is somewhat unclear be-
cause it is already resident; ele-
vated at 24 to 48 h after muscle
injury10; elevated at 28 d after
Achilles injury11

Function First line of defense for bacterial in-
fection; nonspecific killing through
both O2-dependent and O2-inde-
pendent mechanisms9; chemotaxis
of other inflammatory cells; active
in muscle damage independent of
macrophages12 or in concert with
macrophages13

Phagocytic removal of injury de-
bris10,14; does not appear to dam-
age muscle directly12; may interact
with neutrophils to cause addition-
al muscle damage13

Does not normally infiltrate damaged
tissue until extensive phagocytosis
has occurred10; stimulates repair
by stimulation of myoblast
proliferation14

or WBC activity (or both) results in the traditional inflam-
matory response: the clinically observable milieu of signs and
symptoms associated with tissue injury and healing. Current
researchers continue to uncover the integrated processes im-
plicating the inflammatory response in injury exacerbation and
tissue repair.

In this review, we will examine the roles of neutrophils and
macrophages in muscle injury and repair, concentrating on the
integration of cellular communication as a controlling signal
between the beneficial and perhaps detrimental aspects of in-
flammation. Specifically, we will discuss 4 major topics: (1)
the acute response of neutrophils to exercise, (2) the role of
neutrophils in inflammation after muscle injury, (3) the rela-
tionships of inflammation and tissue healing with respect to
neutrophils and macrophages, and (4) clinical implications. Al-
though the implications for clinical therapeutics are not fully
realized at this time, early intervention may prove the most
beneficial strategy to minimizing tissue injury and facilitating
tissue repair and recovery of function.

ACUTE RESPONSE OF NEUTROPHILS
TO EXERCISE

If inflammation is regarded as the proliferation of WBCs
after soft tissue injury, then the cellular inflammatory response
actually begins at the onset of exercise, when the circulating
level of neutrophils increases significantly.5–8 Neutrophils are
the first WBC population to arrive and affect the host inflam-
matory response during exercise and soft tissue injury (Table).
These cells have both specific and nonspecific defensive mech-
anisms, some of which are capable of causing additional tissue
damage.15–18 In the past, the early effects of damaging eccen-
tric exercise were proposed to result in increased numbers of
circulating neutrophils, as these cells would be required to en-
ter the injury site to initiate phagocytosis or removal of dam-
aged tissues. However, this immediate response has also been
observed after both noninjurious passive stretching and iso-
metric exercise, illustrating that the presence of neutrophils
does not necessarily always lead to injury.19

The mechanism for early neutrophilia postexercise is likely
due to a combination of factors. During rest, more than half
of the circulating neutrophils are marginated along the endo-

thelial walls of blood vessels. At the onset of exercise, increas-
es in epinephrine, blood flow, and cell-signaling molecules de-
marginate these neutrophils away from the vessel walls,
resulting in their mobilization into the circulation.5,20,21 De-
margination allows the neutrophils to enter the circulation and
redistribute elsewhere in the body, as needed. The mechanisms
by which neutrophils localize in damaged or stressed tissue
are just beginning to be understood and may represent key
strategies for intervention to limit certain aspects of inflam-
mation.

The movement of a neutrophil from the circulation into the
tissue, called diapedesis, is under tight regulatory control of
the underlying tissue. In skeletal muscle, diapedesis can occur
rapidly during exercise.22 Neutrophil recruitment is ultimately
the responsibility of the muscle fibers (myocytes) together
with mast cells from a variety of tissues, including the local
connective tissue. If a myocyte is perturbed in some fashion,
such as in the case of an active stretch or contusion, it com-
municates with the endothelial wall of the adjacent blood ves-
sel, initiating a cascade of signaling events and resulting in
diapedesis. This intercellular communication is accomplished,
in part, by a series of cell-signaling molecules, or cytokines,
that are essential to any understanding of immune cell func-
tion.

The term cytokine is derived from the Greek root meaning
‘‘to put cells into motion.’’17 All nucleated cells in the body
produce cytokines and similarly express cytokine receptors on
their surface membranes. Cytokines act at the surface of the
target cells, principally to alter cell function.23 Skeletal muscle
continually produces cytokines in an effort to maintain ho-
meostasis and to regulate function. Simple perturbations of
skeletal muscle, such as an active stretch during eccentric ex-
ercise, markedly increase the expression of interleukin-1�
(IL-1�) and tumor necrosis factor–� (TNF-�).24 These proin-
flammatory cytokines upregulate the expression of endothelial-
leukocyte adhesion molecules (E-selectin) within the endothe-
lium of the adjacent blood vessels.17,25,26 Activation of the
endothelium is site specific and can result in the release of
additional IL-1�, as well as additional proinflammatory cyto-
kines, including IL-6 and IL-8, both of which have been
shown to attract neutrophils.27–31 Thus, endothelial activation
serves 2 purposes: encouraging the adhesion of neutrophils at
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Figure 1. Modified muscle use may result in an increased intracel-
lular calcium concentration, resulting in an increased cell produc-
tion of proinflammatory cytokines such as TNF-� and IL-1�, which
in turn upregulate the expression of endothelial-leukocyte adhe-
sion molecules (E-selectin and P-selectin). The activated endothe-
lium attracts neutrophils to the region and also releases the neu-
trophil chemoattractants and proinflammatory cytokines IL-6 and
IL-8. IL-6 indicates interleukin 6; IL-8, interleukin 8; IL-1�, interleu-
kin 1-beta; TNF-�, tumor necrosis factor–alpha; 1�; TNF-�, tumor
necrosis factor–�; and ECM, extracellular matrix.

the site of cell stress (margination) and assisting the cell in
recruiting additional neutrophils (Figure 1).

The temporary adhesion of neutrophils to the endothelium
results in their immobilization and, hence, prolonged signaling
from the muscle cell.32 Without margination, no effective com-
munication would be possible between the myocytes and the
neutrophils, because these cell types would not be in close
proximity for an adequate length of time. This cytokine-me-
diated communication results in a reorganization of neutro-
phil33,34 and endothelial35,36 cell structure, allowing the neu-
trophils to pass from the endothelium (diapedesis) to the
extracellular matrix (ECM) adjacent to the myocytes. The tra-
ditional thinking has been that these cytokines were released
only by injured or damaged myocytes, resulting in the local-
ization of neutrophils to these injured tissues. This finding has
been observed after eccentric contractions4,37 and has led to
speculation that inflammation is the process responsible for
delayed-onset muscle soreness.19,20,38 However, simple muscle
activation and passive stretch have recently been shown to be
sufficient stimuli for diapedesis to occur, with subsequent lo-
calization of neutrophils within the ECM of skeletal mus-
cle.39,40 Currently, researchers are focused on the mechanisms
for neutrophil recruitment and the function of these neutrophils
in otherwise healthy, uninjured muscle. Among the most im-
portant questions regarding neutrophils and inflammation is
whether the localization of neutrophils in the ECM facilitates
healing or tissue destruction. Evidence is beginning to indicate
that it is more likely a combination of both repair and further
damage. The latter seems somewhat surprising but may even
be an important signal for tissue repair.

THE ROLE OF NEUTROPHILS IN INFLAMMATION
AFTER MUSCLE INJURY

Neutrophils are the first subpopulation of WBCs to enter
traumatized or stressed tissues.17 The potential for these cells
to exacerbate muscle injury has been carefully studied in a
variety of experimental models producing tissue damage
through eccentric loading. For instance, observable alterations

in cell structure after eccentric exercise have included the loss
of sarcomeric organization; the loss of intermediate filament
proteins, including desmin41–43; and the infiltration of neutro-
phils within the muscle cells.37,39,40,44 This subcellular muscle
damage is augmented through repetitive eccentric exercise and
further compromises muscle contractility and function.45,46

Currently, the role of neutrophils in muscle injury remains
controversial. Although neutrophils contribute to preexisting
muscle damage,47 evidence is mounting that they may provide
the principal insult to the muscle membrane.39

Neutrophils as Contributory Factors in Muscle Injury

Membrane disruption has often been considered to be the
initial, propagating event in muscle injury.47–50 This hypoth-
esis has centered on the mechanical disruption of the cell
membrane due to the high forces transmitted during eccentric
exercise.18,48,51 In this manner, membrane disruption is
thought to be the initial, precipitating factor, and the locali-
zation of neutrophils to the damaged area is required for re-
moval of damaged tissue through phagocytosis. Several au-
thors have reported an exacerbation of injury after eccentric
exercise,48,52 including observations that the initial injury is
often followed by a secondary loss of muscle force, arguably
due to additional but delayed damage to the muscle fibers.53,54

This so-called secondary damage has been proposed to be
caused by invading neutrophils,16,18 potentially due to a sec-
ond burst of neutrophilia within 24 hours of cessation of ex-
ercise.5 More importantly, this secondary burst appears to me-
diate damage through the release of cytotoxic compounds.55–57

This secondary response likely results from bone marrow re-
lease of neutrophils in response to elevated blood catechol-
amine levels.21 Interestingly, these neutrophils appear to be
more oxidatively active than the first group of neutrophils em-
igrating to the ECM.5

After muscle injury, myocytes and other cells release a
number of cytokines, such as IL-1�, IL-6, IL-8, and TNF-�,
that cause neutrophils to become activated to produce a host
of cytotoxic substances, including reactive oxygen species,
such as superoxide anions, hypochloride, and hydrogen per-
oxide.2,3 The cytokines IL-1, IL-6, and TNF-� all stimulate
pathways that contribute to activation of the enzyme NADPH-
oxidase, which generates a ‘‘respiratory burst’’ and the sub-
sequent release of reactive oxygen species. Recently, when the
neutrophil’s respiratory burst was blocked with monoclonal
antibody M1/70, membrane damage was diminished after a
single eccentric stretch protocol (Figure 2),58 illustrating a po-
tential role of neutrophils in stretch-induced muscle injury.
Conversely, using a series of repetitive eccentric contractions,
Lowe et al59 observed no difference in injury variables be-
tween healthy mice and neutropenic mice. These somewhat
contradictory results may be explained by the different models
(single stretch versus repetitive exercise) used to study this
phenomenon. Therefore, evidence in support of a secondary
role for neutrophils in muscle fiber damage is still controver-
sial and is certainly not well understood in humans.

Understanding the relationship between muscle membrane
disruption and the contribution of neutrophil-mediated damage
remains a key objective in identifying mechanisms of inflam-
mation and damage. Using an ischemia-reperfusion model, re-
searchers have begun to appreciate the damaging actions of
neutrophils in the absence of prior tissue injury. When blood
flow is restored to ischemic muscle, neutrophils quickly mar-
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Figure 2. Rabbit tibialis anterior muscles were subjected to an in-
jurious eccentric exercise protocol after 1 of 3 treatments. *Note
the significant reduction (P � .01) in torn fibers postexercise in the
M1/70 group (blocked respiratory burst from neutrophils) com-
pared with the 2 control groups exposed to saline and immuno-
globulin G (IgG), with intact neutrophil function and burst not
blocked. Used with permission from the American Physiological
Society.58

ginate and rapidly extravasate into the muscle ECM and myo-
cytes. Although tissue reperfusion clearly provides a signifi-
cant stress to the tissues (ie, metabolic stress), notable in these
models is the absence of mechanical tissue injury or trauma.
The removal of neutrophils from experimental animal models
of ischemia-reperfusion results in less oxidant production and
the attenuation of membrane disruption during the reperfusion
of ischemic tissue.60 In this model, the essential step in the
inflammatory process is the adhesion of neutrophils to the en-
dothelium, which ultimately leads to neutrophil-mediated cell
destruction and necrosis.61 Therefore, the primary mechanism
of tissue destruction is the release of cytotoxic agents by the
invading neutrophils, in the absence of any initial mechanical
event. The recruitment of neutrophils to the muscle in each of
these nonactivated, noncontractile models may assist in elu-
cidating the mechanisms by which neutrophils undergo acti-
vation and diapedesis, regardless of the muscle activation or
contraction type.

Neutrophils as Principal Factors in Muscle Injury

When subjected to a single active stretch, the tibialis ante-
rior muscles of neutropenic rabbits showed significantly re-
duced membrane disruption compared with healthy control
muscles.62 The lack of observable membrane disruption in the
absence of neutrophils and the attenuation of the degradation
of the intermediate filament proteins in the muscle cells58 im-
ply that much of the observed cellular destruction after eccen-
tric exercise may be explained through an inflammatory cell-
mediated response. Such observations call into question the
role of mechanical events as a necessary, predisposing factor
for membrane disruption and even indicate a principal role of
neutrophils in stretch-induced muscle injury. These findings
need to be confirmed in humans before any definitive conclu-
sions can be drawn.

Recently, dystrophic muscle has been used as a model to
study membrane disruption after eccentric exercise.63 Dystro-
phic muscle exhibits a chronic inflammatory response in ad-
dition to recurrent membrane disruption and failed cellular re-
pair. Dystrophic muscle has an inherently fragile membrane
structure, resulting in frequent membrane disruptions after the

slightest mechanical stress or strain. However, it is now be-
coming clear that chronic inflammation is an important aspect
of the cyclic fiber disruption and necrosis observed in these
muscles.64 In fact, membrane disruption does not appear to be
the primary point of damage after active stretch.65 When
stretch-activated calcium channels (SACs) are blocked before
dystrophic muscle is stretched, the observed membrane dis-
ruption does not differ from the membrane disruption in
healthy muscle after identical stretch magnitudes.63 Similar re-
sults with healthy muscle have supported this idea. After the
SACs in rat skeletal muscle were blocked, torque production
was similar, but injury was reduced after a series of eccentric
contractions.66 These findings imply that cellular, ionic, or in-
flammatory processes in muscle may play a more primary role
in fiber membrane disruption than do the previously accepted
mechanical factors.

The role of neutrophils, therefore, must be carefully exam-
ined in this scenario. In vitro, stretched myotubes in skeletal
muscle directly recruit neutrophils, and these neutrophils sub-
sequently damage myotube membranes.67 Accordingly, a new
role for neutrophils as the primary mediators of muscle injury
after modified use is emerging. Limited, noninjurious muscle
use results in neutrophilia, recruitment, and diapedesis to the
muscle ECM. Altering or increasing the magnitude of the
stimuli, through altered activation or loading, appears to result
in greater recruitment and the subsequent appearance of neu-
trophils within the fibers themselves after membrane disrup-
tion.

Findings such as these are causing researchers to focus on
the possible role of neutrophils in the initiation of cell destruc-
tion, similar to that observed in ischemia-reperfusion injury,
but how do these results apply to an intact physiologic system?
If muscle membrane destruction is not required to activate the
endothelium of adjacent blood vessels, then what causes mar-
gination of neutrophils and subsequent diapedesis into the
ECM of uninjured muscle? Possibilities include the expression
and release of cytokines that may be related to membrane cal-
cium channels.68 Stretch-activated calcium channels are abun-
dant on the membranes of muscle fibers. These SACs result
in transient increases in intracellular calcium after stretch and
may be the intracellular signaling molecule responsible for the
release of proinflammatory cytokines from the muscle. Inter-
estingly, dystrophic muscle has a higher membrane perme-
ability to calcium,69 which may be due to an overabundance
or hyperactivity of SACs in the membranes of muscle fi-
bers.63,70 This finding may explain the observed differences in
membrane injury and inflammation after eccentric contractions
using calcium channel blockers,66,71 whereby decreased tran-
sient intracellular calcium concentrations during repetitive
muscle activation result in decreased cytokine production and
cell signaling.72 Although currently unproven, the strong pos-
sibility exists of a cause-and-effect relationship between ab-
normal calcium dynamics and chronic inflammation in dystro-
phic muscle. Teleologically, by reducing transient intracellular
calcium influx, cytokine production could be attenuated. This
would lead to decreased endothelial stimulation and reduced
neutrophil recruitment and, ultimately, would result in dimin-
ished neutrophil-mediated membrane destruction (Figure 3).
Furthermore, this may also have an important effect on tissue
repair, as calcium channel blocking has recently been shown
to reduce macrophage responsiveness.68 Clearly, future studies
are required to establish the link between calcium influx and
inflammatory cell–mediated fiber disruption and repair.
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Figure 3. Schematic illustration demonstrating the proposed role
of the stretch-activated calcium channels (SACs) and neutrophil
recruitment in the inflammatory response of skeletal muscle. Solid
lines represent initial events in muscle inflammation, and dotted
lines denote the proinflammatory signaling cascade that results.
Hypothetically, modified skeletal muscle use results in an in-
creased intracellular calcium concentration. This starts a cascade
of cell signaling, endothelial activation, and white blood cell re-
cruitment, the magnitude of which may be stress or strain depen-
dent. ROS indicates reactive oxygen species; ECM, extracellular
matrix.

THE RELATIONSHIPS OF INFLAMMATION
AND TISSUE HEALING WITH RESPECT TO
NEUTROPHILS AND MACROPHAGES

Tissue injury results in a rapid early response by neutro-
phils, but macrophages soon follow.38 Although the mecha-
nisms responsible for attracting macrophages remain un-
known, injured tissue probably releases a temporally variable
series of signaling molecules12 responsible for recruiting these
cells. However, the resulting contributions and interactions of
neutrophils and macrophages in tissue repair remain poorly
understood. Neutrophils and macrophages coexist at the site
of tissue stress, yet evidence indicates that these cells interact
to perform disparate functions. Neutrophils, for example, pro-
duce destructive oxidizing agents in the absence of other
WBCs, such as macrophages,13 and attempts at blocking neu-
trophil function have resulted in significantly diminished early
tissue destruction.58 It is important, however, to recognize that
some of these findings may have limited importance given that
they have only been observed in vitro.13 Similarly, macro-
phages do not contribute to membrane disruption during the
inflammatory process,12 but their reparative functions can be
inhibited by the absence of neutrophils, as the reduced phago-
cytosis of cellular debris by neutrophils results in slower cel-
lular regeneration and repair by macrophages.73 The role of
WBC communication and interaction is further complicated
by the observation that prolonged neutrophil accumulation re-
sults in impaired tissue regeneration, possibly through an in-
ordinate amount of tissue destruction.74 Therefore, it is becom-
ing evident that some neutrophil function is necessary for
tissue repair. Recently, Teixeira et al75 showed that skeletal
muscle injected with snake venom regenerated at a slower rate
in the absence of neutrophils than did control muscle. Thus,
early phagocytosis of tissue debris may serve as the rate-lim-
iting process in cellular repair and regeneration, and the tem-
poral response and communication between neutrophils and
macrophages appears essential to proper regeneration.

Macrophages and Tissue Repair

Although many clinicians mistakenly conceptualize macro-
phages as being a single type of immune cell, the reality is
that 2 cell populations appear to perform multiple functions at
various times in the inflammatory process (Table). The ED1�

macrophages are most prominent within necrotic fibers as ear-
ly as 1 day after neutrophil invasion and are activated by the
proinflammatory cytokines, such as TNF-� and IL-1�.76 The
ED2� macrophages, however, appear during the latter stages
of inflammation and sequester themselves in the ECM.14 Thus,
many tissues can recruit macrophages, including endothelium
and neutrophils, but the macrophage response may differ by
subpopulation and possibly by function. Once ED1� macro-
phages are activated, they also contribute to the exacerbation
of inflammation by producing and releasing more than 100
substances, including proinflammatory cytokines such as pros-
taglandins (PGE2) and IL-1�.77 This cell signaling serves to
not only magnify the macrophage response in the tissue but
may also recruit additional neutrophils, resulting in a positive
proinflammatory feedback loop.77 However, unlike neutro-
phils, macrophages also release a series of growth factors es-
sential for tissue repair and regeneration. Because ED2� mac-
rophages do not enter necrotic tissues, their primary role may
be in tissue repair through cell signaling and cytokine produc-
tion. These findings, however, remain to be validated in human
studies.

Macrophages, particularly the ED2� subpopulation, can me-
diate tissue repair and growth by the release of a number of
growth-promoting factors and cytokines. Of particular interest
are cell growth regulatory cytokines such as fibroblast growth
factor (FGF), insulin-like growth factor (IGF-1), and trans-
forming growth factor–�1 (TGF-�1). In addition, macrophag-
es also have the ability to cleave decorin, an abundant proteo-
glycan, resulting in the additional release of TGF-�1. Together,
these cytokines (FGF, IGF-1, TGF-�1) recruit and activate fi-
broblasts that will eventually secrete matrix molecules such as
collagen to begin the repair process.78 During tissue repair,
fibroblasts continue to secrete their own proinflammatory cy-
tokines, such as IL-6 and IL-1, as well as to recruit additional
neutrophils through the production of IL-8.17 Ultimately, fi-
broblasts may perpetuate the chronic inflammatory response
through their release of PGE2 in response to cell stress and
strain. Although satellite cell proliferation has been shown to
be enhanced in the presence of macrophages,79 the release of
excessive quantities of TGF-�1 inhibits satellite cell differ-
entiation, compromising fiber regeneration.80

CLINICAL IMPLICATIONS

Historically, the acute management of athletic musculoskel-
etal injury has focused on limiting the cardinal signs of in-
flammation in an effort to expedite the rehabilitative process
and to facilitate an early return to competition.81 To this end,
the use of ice, compression, and elevation for initial manage-
ment of injuries has flourished. Over the last 25 years, ratio-
nales for acute treatment practices have changed, focusing on
retarding secondary injury in an effort to minimize total in-
jury.82,83 Regardless of the rationale, the practice of using ice,
compression, and elevation in managing acute inflammation is
well ingrained. Although a potential role for the use of phys-
ical agents, such as cryotherapy, in attenuating the neutrophilic
response has been demonstrated in the laboratory,84,85 the ac-
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tual clinical evidence supporting the efficacy of these practices
is limited.

Similarly, limiting inflammation and enhancing tissue repair
through the suppression of neutrophil recruitment and activation
may reduce tissue damage postexercise. Such efforts have been
established, as nonsteroidal inflammatory drugs (NSAIDs) have
been used for centuries in an attempt to limit the inflammatory
response. However, the anti-inflammatory effects may be con-
founded by the analgesic action of these drugs,86 which has long
been the focus of early interventions for muscle injury.81 It has
been suggested that the magnitude of pain after tissue trauma
corresponds to the concentration of WBCs within the injured
tissue.87 However, this theory has not been supported in the lit-
erature. For example, although tendinitis is a common diagnosis,
the absence of WBCs in tissues affected by this condition indi-
cates that this is not a true inflammatory response.88 Conversely,
the mere presence of WBCs does not always coincide with the
cardinal signs of inflammation. White blood cells have been ob-
served in the absence of obvious tissue trauma,39 even though
this situation is generally not referred to as an inflammatory pro-
cess.

A challenge to reducing inflammation through pharmaco-
logic intervention is the multiple cellular pathways by which
the inflammatory response can be mediated. Traditional
NSAIDs block the cyclooxygenase (COX) pathway that con-
tributes to cell-mediated prostaglandin (PGE2) production89

and, arguably, neutrophil recruitment.90 However, other proin-
flammatory pathways exist for the cell to recruit neutrophils
to damaged or exercised muscle, including the alternative li-
poxygenase pathway91 and the nuclear factor kappa-B
(NF-�B)–mediated induction of proinflammatory genes.92 Al-
though a great deal of information on the efficacy of NSAID
use exists in the literature, the immediate and long-term use
of NSAIDs to control inflammation remains controversial.
This may be due to the multiple proinflammatory pathways,
the wide variety of emerging NSAIDs designed to target spe-
cific cellular pathways, and their respective effects of muscle
repair and regeneration.

The effects of NSAIDs on inflammatory cell accumulation
in the muscle and their relationship with muscle repair remain
controversial.44 For instance, inhibition of NF-�B by curcumin
has been shown to accelerate muscle regeneration.93 Although
non–NF-�B inhibitors such as the NSAID naproxen have been
shown to have no effect on muscle cell regeneration,94 NS-
398 (a COX-2–specific inhibitor) reduced neutrophil and mac-
rophage entry into the muscle, delayed regeneration and heal-
ing, and resulted in increased TGF-�1 and increased tissue
fibrosis.89 Evidence is accumulating that NSAIDs may actually
interfere with satellite cell proliferation, differentiation, and
fusion89,95 and, therefore, may adversely affect muscle regen-
eration and repair.89,96,97 Similarly, inhibited tissue repair after
NSAID administration has also been shown after injury in
other soft tissues, including ligaments.98 Ultimately, although
NSAID treatment for soft tissue injuries is common in sports
medicine settings, no concrete evidence demonstrates that such
treatments are justified, even for the analgesic effects.99

If it is beneficial to limit the neutrophilic response, then the
timing and dosage of NSAIDs are likely important. Neutro-
phils are the dominant immune cells for the first 4 to 24 hours
postinjury, after which macrophages predominate.3 Some po-
tential clearly exists for limiting the neutrophil-mediated dam-
age that appears to accompany mechanical stress to muscle
and other tissues. However, whether more is to be gained by

combating the secondary neutrophilic damage but potentially
interfering with the muscle regeneration process or by accept-
ing the secondary damage in hopes that faster regeneration is
stimulated remains unclear. It is important to note that evi-
dence of impeding regeneration75 was observed in neutrophil-
depleted mice. That is, regeneration was impaired in an animal
model in which no neutrophils were present, indicating that
neutrophils may play a key role in muscle repair. Although
this laboratory model is useful, it does not reflect the clinical
reality of acute intervention in the injured athlete. Completely
abolishing the neutrophilic response using typical clinical
cryotherapy or NSAID therapy would be practically impossi-
ble. Therefore, we expect that some level of neutrophilic re-
sponse would be seen, regardless of our acute intervention. No
data presently describe whether a partially muted response
would be beneficial or harmful.

In skeletal muscle, the propensity for an enhanced inflam-
matory response and fibroblast proliferation exceeds the mus-
cle’s ability to regenerate, particularly in humans, resulting in
the formation of a fibrotic scar. Until recently, this fibrotic
response was presumed to be a necessary step in the formation
of nascent myotubes for muscle fiber repair. However, fibrotic
scar formation is not an optimal outcome and may be due to
excessive cell signaling100 and inflammatory response.101

When the function of fibroblasts and TGF-�1 was inhibited
after laceration injuries, skeletal muscle had the inherent abil-
ity to regenerate damaged fibers.102–104 Although this finding
has not been studied in models of severe strain injury, the
manipulation of cell signaling may provide a glimpse into the
possible future of therapeutic agents designed to modify tissue
healing.

Clinically, return to activity can result in an exacerbation of
the inflammatory response.105 However, evidence is also ac-
cumulating that regular exercise acts as an anti-inflammatory
agent.106 Neutrophil function and cytotoxicity may be modi-
fied through exercise,107 and these modifications may depend
on exercise intensity.21 The production of cytokines by neu-
trophils as well as the resulting response from all WBCs can
be modified with long-term exercise.15 The exact mechanisms
are not known, but the low-level inflammatory response pro-
duced through regular exercise may blunt the cells’ response
to cytokines or inhibit their production and subsequent release.
In this regard, regular exercise may suppress the release of
proinflammatory cytokines, such as TNF-�.106 Recently, using
isolated chondrocytes, the proinflammatory response was
shown to vary depending on the magnitude of the mechanical
signal applied to the tissue.108 Thus, exercise may produce
both proinflammatory and anti-inflammatory effects, depend-
ing on the magnitude of the stimulus and the corresponding
level of cytokine released.

SUMMARY

The inflammatory response of tissue to stress is a culmi-
nation of a series of multifaceted cellular events, leading to a
recognizable physiologic response. Although clinicians have
become cognizant of the many therapeutic interventions avail-
able for treating inflammation, the dogmatic approach com-
monly used has little scientific basis in the current literature.
Most research regarding these clinical treatments has been
very limited and has focused on clinical signs and symptoms
in very small numbers of subjects. There remains a dearth of
cellular evidence or significant clinical trials to support the
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traditional treatments used by athletic trainers to treat soft tis-
sue injury and inflammation. This probably reflects the com-
plicated and integrated cellular response to tissue trauma and
stress and the concomitant ‘‘good’’ and ‘‘bad’’ aspects of the
inflammatory response. Although it is becoming clear that
neutrophils cause cell death and necrosis, their phagocytic ac-
tions are still required for proper macrophage function and
tissue repair. What is not yet clear is the degree to which
clinical attempts to minimize neutrophilic tissue damage may
interfere with neutrophilic roles in tissue repair. Elucidating
this balance is a key goal of current inflammation research.
Novel therapies may focus on modifying the cellular response
at both the tissue and immune cell levels, possibly attenuating
the detrimental effects of inflammation while facilitating tissue
repair. The fact that we are unlikely to completely attenuate
the neutrophilic response after musculoskeletal injury indicates
that we may be able to strike some balance between the po-
tentially beneficial aspects of our acute treatments and their
concomitant interference with repair. At this time, however, no
data describe this balance or even indicate if any such balance
can be achieved. For now, care remains focused on minimizing
the body’s physiologic response to tissue stress, as authors of
well-controlled clinical studies and parallel basic science in-
vestigations attempt to uncover more appropriate therapeutic
strategies.
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