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ABSTRACT 

Most research on muscle hypertrophy has concentrated on the responses of muscle cells 

to mechanical loading; however, a number of studies also suggest that inflammatory cells may 

influence muscle hypertrophy.  Neutrophils and macrophages perform many functions that may 

be important, including phagocytosis, production of free radicals, cytokines and growth factors.  

Neutrophils and macrophages accumulate in skeletal muscle following increased mechanical 

loading, and we have demonstrated that macrophages are essential for muscle hypertrophy.  

Whether neutrophils are required remains to be determined.  Non-steroidal anti-inflammatory 

drugs have been shown to impair the adaptive response of skeletal muscle in both human and 

animal experiments suggesting that the routine use of such drugs could impair muscle 

performance.  Much remains to be learned about the role of inflammatory cells in muscle 

hypertrophy, including the molecular signals involved in calling neutrophils and macrophages to 

skeletal muscle as well as those that regulate their function in muscle.  In addition, although we 

have demonstrated that macrophages produce growth promoting factors during muscle 

hypertrophy, the full range of functional activities involved in muscle hypertrophy remains to be 

determined.  Further investigation should provide insight into the intriguing hypothesis that 

inflammatory cells play an integral role in regulating muscle hypertrophy. 
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1. INTRODUCTION 

A remarkable trait of skeletal muscle is its tremendous capacity for adapting to 

environmental cues.  An example of this adaptive plasticity is the large increase in muscle mass 

that can be induced by mechanical loading.  Resistance exercise is utilized to increase 

mechanical loading of human skeletal muscle and such exercise elicits responses that lead to 

muscle hypertrophy.  Most research on muscle hypertrophy has concentrated on the responses of 

muscle cells to mechanical loading, and the pathways by which mechanical signals are 

transduced (1-5).  However, a number of studies also suggest that non-muscle cell types, 

including inflammatory cells (e.g. neutrophils and macrophages), may contribute to muscle 

hypertrophy after mechanical loading. 

Mechanical loading of skeletal muscle can initiate an inflammatory response, 

characterized by the accumulation of neutrophils and macrophages in skeletal muscle and the 

expression of various cytokines.  Classically, the function of neutrophils and macrophages has 

been restricted to the removal of damaged tissue via phagocytosis.  However, emerging evidence 

on their contribution to various physiological responses of skeletal muscle cells both in vitro and 

in vivo, indicate that neutrophils and macrophages play a far more complex role in skeletal 

muscle than simply removing damaged tissue. 

The objective of this paper is to review the existing literature on the role of neutrophils 

and macrophages in muscle hypertrophy.  To this end, we will first provide a brief overview of 

the functional activities of neutrophils and macrophages and how these are regulated.  This will 

serve as a foundation for understanding how neutrophils and/or macrophages could contribute to 

the regulation of skeletal muscle hypertrophy and how the environment of skeletal muscle could 

influence the function of neutrophils and/or macrophages.  We will then proceed to the main 
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focus of the review -- synthesizing data from contemporary studies that have investigated the 

roles of neutrophils and/or macrophages in models of muscle hypertrophy, as well as other 

models that may provide additional insight. 

 

2. INFLAMMATION VERSUS INFLAMMATORY RESPONSES IN SKELETAL MUSCLE 

Inflammation is typically defined as a response to injury and/or infection characterized 

by symptoms such as redness, heat, swelling, pain and dysfunction of the organs/tissues involved 

(6).  Physiological responses associated with inflammation include dilatation and increased 

permeability of blood vessels, increased blood flow, exudation of fluid, and leukocyte migration 

to the area of injury or infection.  The terms “inflammation” and “inflammatory response” are 

widely used in clinical and research settings, and are often used interchangeably.  In addition, 

evidence of an inflammatory response is usually assumed to indicate a response to overt injury.  

However, emerging evidence indicates that in skeletal muscle, cellular events associated with the 

inflammatory response, namely those associated with nonspecific (innate) immunity, can occur 

in the absence of overt injury (7, 8).  Such findings have led to questions about the functions of 

such an inflammatory response, since it occurs without the symptoms typically associated with 

inflammation. 

Furthermore, clinical doctrine suggests that the inflammatory response is detrimental to 

tissue structure and function and the most common treatment for musculoskeletal injuries is 

“anti-inflammatory” drugs or modalities in an attempt to alleviate the associated pain/discomfort, 

swelling, and dysfunction (9).  However, recent studies have demonstrated that the inflammatory 

response may be required for efficient skeletal muscle repair and adaptation and have begun to 

shed doubt on this dogmatic approach for dealing with inflammation (10-15). 
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3. NEUTROPHILS AND MACROPHAGES: WHAT ARE THEIR POSSIBLE FUNCTIONS IN 

MUSCLE HYPERTROPHY? 

 Neutrophils and monocytes/macrophages are inflammatory cells that develop in the bone 

marrow and are released into the circulation to serve as sentinels of the innate immune system.  

A variety of molecules can be released from cells residing in skeletal muscle (e.g., skeletal 

muscle cells, endothelial cells, and macrophages) that can call inflammatory cells into action by 

promoting their migration to and within skeletal muscle after mechanical loading (Table 1) (16-

18).  For example, CXC chemokines (e.g. IL-8, GROα,β) are potent neutrophil chemoattractants, 

and CC chemokines (e.g. MCP-1, MIP-1α,β) are potent monocyte/macrophage chemoattractants 

(19, 20).  Upon their arrival in skeletal muscle, neutrophils and macrophages could influence 

muscle hypertrophy via their capacity to perform phagocytosis, and to produce free radicals, 

cytokines and growth factors. 

3.1. Phagocytosis.  Neutrophils and monocytes/macrophages are well known for their 

ability to perform phagocytosis, and are often referred to as phagocytic cells.  Phagocytosis 

refers to endocytic engulfment of cells and debris, and is thought to be the primary means by 

which damaged tissue is removed from injured muscle (21, 22).   Phagocytosis can be triggered 

by ligation of membrane receptors, including Fc, complement, scavenger, oxidized LDL, and 

fibronectin receptors, and can be modulated by different cytokines (23-25).  Possible roles of 

phagocytosis in muscle hypertrophy include removal of damaged extracellular matrix as well as 

the removal of damaged, necrotic and/or apoptotic cells from skeletal muscle.   

Neutrophils and macrophages are also capable of other functions, including the 

regulation of other cells by generating free radicals, producing numerous cytokines and growth 

factors, and by cell-cell contacts.  These functions can occur in concert with phagocytosis or 
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independently from phagocytosis.  Interestingly, phagocytosis of apoptotic cells can modify the 

function of mononuclear phagocytes (24, 26), turning “inflammatory” monocytes/macrophages 

(those that produce high levels of TNFα, IL1β and iNOS) into a “non-inflammatory” phenotype 

(those that produce high levels of arginase and TGFβ and lower levels of TNFα, IL1β and 

iNOS).  The ability of neutrophils and macrophages to perform functional activities that are not 

contingent upon phagocytosis indicates that these cells could do more in skeletal muscle than 

simply remove tissue debris. 

 3.2. Free radicals.  Both neutrophils and monocytes/macrophages are capable of 

producing free radicals such as superoxide, hydrogen peroxide, hypochlorous acid, and hydroxyl 

radical.  Although it is well known that inflammatory cells of mice and other species can produce 

nitric oxide, whether human inflammatory cells produce this radical remains controversial (27-

29).  Neutrophils and monocytes/macrophages differ in their capacity to produce free radicals; 

human blood neutrophils produce substantially more oxygen radicals compared to monocytes 

and macrophages (30, 31).  In addition, hypochlorous acid production from macrophages is 

lower relative to monocytes and neutrophils because of the reduction in myeloperoxidase that 

occurs during macrophage differentiation (32). 

 The production of free radicals by inflammatory cells in skeletal muscle could have 

multiple functions.  In the context of phagocytosis, free radicals released into the phagolysosome 

aids in the degradation of endocytosed material.  In addition, the release of free radicals from 

inflammatory cells into the extracellular fluid may also cause “collateral damage” to adjacent 

healthy tissue (33, 34).  Indeed, free radicals produced by inflammatory cells are known to 

damage different cell types, including skeletal muscle cells (35-37).  Downstream products of 

hydrogen peroxide (e.g., hypochlorous acid and hydroxyl radical) appear to be most injurious to 
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differentiated skeletal muscle cells (35). 

In addition to the destructive role of free radicals, they could serve as signals to trigger 

redox-sensitive physiological processes (38).  Free radicals have been shown to induce cell 

signaling in skeletal muscle and have been suggested to contribute to beneficial adaptations 

induced by exercise (39).  Interestingly, transgenic mice with reduced levels of selenoproteins 

exhibit enhanced muscle hypertrophy (40).  Many selenoproteins, including glutathione 

peroxidase, are potent antioxidants, and one mechanism by which reduced selenoprotein levels 

could enhance muscle hypertrophy is through increased activity of redox sensitive signaling 

pathways.  Additionally, inhibition of nitric oxide synthesis inhibited muscle hypertrophy in 

mice, suggesting that nitric oxide promotes muscle growth in response to mechanical loading 

(15, 41, 42).  These data indicate that redox signaling may be important during muscle 

hypertrophy. 

 3.3. Cytokines and growth factors.  Neutrophils and monocytes/macrophages can produce 

a vast array of cytokines and growth factors which have multiple physiological actions (Table 2) 

(43-47).  The capacity for cytokine production varies considerably between neutrophils and 

monocytes/macrophages. Depending on the cytokine, human monocytes possess 10-20 times 

more RNA per cell and synthesize 10-300 fold more cytokine than neutrophils (47).  This 

evidence serves as a basis for the idea that macrophages are a primary source of cytokines during 

tissue inflammatory responses.  However, other non-inflammatory cell types that are found in 

skeletal muscle (e.g., endothelial cells, fibroblasts, and skeletal muscle cells) can also produce 

cytokines and little is known about the cellular sources of cytokines during mechanical loading. 

Some cytokines produced by neutrophils and macrophages amplify the inflammatory 

response by either inducing the expression of leukocyte adhesion molecules on endothelial cells 
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(e.g., TNF-α, IL-1β and IFNγ), causing migration of neutrophils (e.g., IL-8 and GROα/β) and 

monocytes (e.g., MCP-1 and MIP-1), or by stimulating hematopoiesis (e.g., G-CSF and GM-

CSF) .  Inflammatory cells can also produce IL-1 receptor antagonists (IL-1ra) and IL-10 that 

may contribute to the resolution of the inflammatory response.   

Many factors produced by inflammatory cells are also known to have biological 

functions that are not directly related to the inflammatory response per se.  For example, a 

number of growth factors (e.g. IGF-1, FGF, HGF, VEGF, TGFβ) influence the proliferation, 

migration and metabolism of different cells, including those that contribute to muscle 

hypertrophy.  Indeed, soluble factors produced by monocytes/macrophages are known to induce 

proliferation and differentiation of skeletal muscle cells (48-50).  However, the identity of the 

soluble factor(s) involved has not been determined, and the majority of factors produced by 

inflammatory cells have not been studied for an influence on skeletal muscle cells.  Furthermore, 

little is known about the factors that are produced by inflammatory cells in vivo, particularly 

during muscle hypertrophy. 

 3.4. Regulation of inflammatory cell activity.  Functional activities of inflammatory cells 

are regulated via complex cell-signaling events initiated and/or modulated by a vast array of 

molecules.  Many of these molecules can be produced by skeletal muscle cells (Table 1).  

Different molecules can prime or activate neutrophils or macrophages for different functional 

activities, or induce their deactivation.  Priming agents generally do not induce functional 

activity by themselves, but instead enhance activity of cells exposed to an activating agent.  For 

example, IL-8, TNF-alpha, GM-CSF or HGF prime neutrophils for free radical production when 

they are stimulated with a bacterial peptide (e.g., fMLP) or when they are adherent to 

extracellular matrix proteins (51, 52).  Also, exposure of macrophages to low levels of IFN-γ 
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enhance production of free radicals and “inflammatory” cytokines when activated by higher 

levels of IFN-γ, TNF-α or IL-1β (26).  In addition, deactivating agents can induce signaling that 

leads to decreased functional activity.  For example, IL-10 reduces free radical production and 

production of “inflammatory” cytokines in both neutrophils and macrophages (53, 54).  Many of 

these priming, activating or deactivating agents can be produced by neutrophils and 

macrophages (Table 2) in addition to muscle cells, and products released by one cell type can 

influence the functional activity of the others. Thus, the cells and molecules present in the micro-

environment of skeletal muscle after mechanical loading likely dictate whether phagocytosis, 

free radical production and/or cytokine release is performed.  Much has to be learned about the 

factors produced in skeletal muscle during muscle hypertrophy to better understand how the 

environment of skeletal muscle after mechanical loading regulates functional activities of 

inflammatory cells. 

 Monocytes and macrophages are renowned for their phenotypic diversity, and great 

strides have been made recently in understanding how the diverse functions of these cells are 

regulated.  Classical activation of macrophages is induced by IFN γ and leads to the production 

high levels of “inflammatory” cytokines (e.g. TNFα,  IL-1β), reactive oxygen species, and iNOS 

(26, 54).  Alternative activation of macrophages is induced by IL-4 and IL-13, and leads to 

production high levels of certain growth factors (e.g. PDGF, TGF-β, IGF-1) and arginase instead 

of “inflammatory” cytokines.  In conditioned medium experiments, classically activated 

macrophages enhanced proliferation of primary myoblasts, but did not stimulate proliferation of 

muscle fibroblasts (48-50).  In other experiments, alternatively activated macrophages stimulated 

myoblast differentiation (48).  The factors that influence macrophage activation during muscle 
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hypertrophy, and whether classically or alternatively activated macrophages predominate, 

remain to be determined. 

 

4. EVIDENCE FOR A ROLE OF INFLAMMATORY CELLS IN SKELETAL  

MUSCLE HYPERTROPHY 

Resistance exercise can elicit responses in skeletal muscle that can be categorized as 

those associated with injury, repair/regeneration, and/or hypertrophy (Figure1).  Resistance 

exercises that emphasize eccentric contractions are more likely to cause muscle injury than those 

that emphasize concentric contractions.  Muscle injury, characterized by altered sarcolemma 

permeability, cytoskeletal disruption, and muscle dysfunction, is usually associated with 

reductions in protein content of injured muscles.  Cellular and molecular events associated with 

muscle repair serve to restore muscle protein content and the normal structure and function of 

injured muscles. With repeated bouts of resistance exercise (i.e. training), the magnitude of the 

injury induced by each successive bout is reduced, and skeletal muscle eventually adapts by 

increasing mass and force production.   Whether overt injury is required to induce hypertrophy 

has been questioned, as progressively increased mechanical loading is less likely to induce injury 

and can still produce gains in strength (55). 

Muscle injury and repair are accompanied by an inflammatory response characterized by 

the accumulation of neutrophils and macrophages (Figure 2).  We and others have also reported 

the accumulation of neutrophils and macrophages in models of hypertrophy.  The focus of this 

section is the evidence for neutrophil and macrophage accumulation in skeletal muscle after 

mechanical loading and how these cells influence muscle injury, repair, and hypertrophy.    

4.1. Evidence from human studies.  There are scant data in the literature on the role of 
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inflammatory cells in human skeletal muscle hypertrophy.  A few studies have examined the 

accumulation of inflammatory cells in human skeletal muscle after a bout of resistance exercise. 

 Previous investigators have reported an elevation in the concentration of neutrophils in human 

skeletal muscle in the hours to days after resistance exercise (56-60) and downhill running (61, 

62).  In these studies, neutrophil accumulation was measured using either radioactively labeled 

cells introduced into the blood or immunohistochemical detection of neutrophil markers (e.g. 

CD15, myeloperoxidase).  Other studies using immunohistochemistry reported no evidence of 

neutrophil accumulation following eccentric exercise (59, 63, 64).  These conflicting 

observations may be attributable to differences in exercise protocols, sampling time points, 

and/or specific techniques used to quantify neutrophils in skeletal muscle (65).  

Macrophages have been more consistently reported to be elevated in the days following 

resistance exercise.  In these studies, macrophage accumulation has been measured using 

immunohistochemical detection of different macrophage markers.  Following resistance 

exercises involving eccentric contractions, CD68+ macrophages were increased in the 

quadriceps muscle group at 24 hours after exercise (59, 60, 64).  Following standard weight 

training exercises involving both eccentric and concentric contractions, CD11b+ and CD163+ 

macrophages increased at 3 days after exercise in young but not old men, and the majority of 

macrophages found in muscles were CD163+ (66).  The authors associated CD11b+ and 

CD163+ macrophages with classically and alternatively activated macrophages, respectively.  

These data highlight the possibility that both classically and alternatively activated macrophages 

may play roles in hypertrophy. 

 The kinetics of neutrophil and macrophage accumulation in human muscle after injury is 

experimentally difficult to ascertain.  When using immunohistochemical assessments of 
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inflammatory cells in muscle biopsies, either large numbers of subjects are required for cross-

sectional studies, or multiple biopsies are required for longitudinal studies.  The biopsy 

procedure itself can elicit an inflammatory response (63), and data from studies in which 

multiple biopsies have been obtained from the same muscle must be interpreted with caution.  

However, other studies have utilized contralateral muscles for non-exercised controls, and thus 

one can be more confident that the changes in inflammatory cell numbers observed were in fact 

due to the exercise protocol.  In addition, the biopsied sample represents a very small fraction of 

a whole muscle and the reported large variability in quantifying macrophages in biopsied 

muscles (67) contribute to the difficult in determining the kinetics of inflammatory cell 

accumulation in human muscle after resistance exercise.  

 Studies on the influence of anti-inflammatory drugs on skeletal muscle responses to 

resistance exercise have produced intriguing results.  Ibuprofen is routinely prescribed to treat 

symptoms of inflammation following exercise, and has been found to impair prostaglandin 

production following resistance exercise, and to blunt the increase in protein synthesis that is 

normally induced by such exercise (13, 68).  Ibuprofen had no effect on inflammatory cell 

accumulation following resistance exercise, but whether their functional activity was impaired 

by ibuprofen treatment was not determined (64).  In a prior study, 5 days of ibuprofen pre-

treatment inhibited the ability of blood neutrophils to produce free radicals prior to eccentric 

contractions; however, continued dosing failed to blunt blood neutrophil responses (69).  

Another anti-inflammatory drug, indomethacin, was shown to reduce satellite cell activity 

following distance running (70); however, similar data has not yet been reported for resistance 

exercise.  In total, although the mechanisms have yet to be elucidated, human studies indicate 

that use of non-steroidal anti-inflammatory drugs may be detrimental to the adaptive response to 
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resistance exercise.  Future studies will need to determine whether non-steroidal anti-

inflammatory drugs inhibit functional activities of neutrophils and/or macrophages and/or other 

components of the inflammatory response within skeletal muscle.  

4.2. Evidence from animal models of skeletal muscle injury.  A number of studies have 

investigated the role of neutrophils and macrophages in different animal models of skeletal 

muscle injury.  These models involve mechanical loading (e.g. eccentric contractions (7, 71-73) 

or reloading of atrophic muscle (74-76), chemical injury (77-79) or crush or freeze trauma (80, 

81) in mice, rats and rabbits.  Despite differences in the nature, kinetics, and magnitude of the 

injury, studies using the aforementioned models demonstrate that neutrophils and/or 

macrophages accumulate in the hours to days after the injury.   

The time course of neutrophil and macrophage accumulation in skeletal muscle injured 

by mechanical loading (or otherwise) resembles the classic response to infection.  Specifically, 

we and others have reported that neutrophils begin to accumulate in skeletal muscle within 2 h, 

reach their peak concentration at 1 d, and return to control levels within 7 d after injury induced 

by either controlled eccentric contractions or mechanical loading of atrophic muscle (7, 8, 73-76, 

82) (Figure 2).  Macrophages on the other hand, generally appear in injured skeletal muscle after 

the arrival of neutrophils and remain elevated while neutrophil concentrations are diminishing. 

Recent studies have attempted to manipulate neutrophil and macrophage function in an 

effort to determine their role in muscle injury and repair.  Some of these studies indicate that 

inflammatory cells can exacerbate mechanically-induced muscle injury.  In a recent study, we 

used mice with a hypomorphic allele for CD18, which is part of the Mac-1 receptor complex 

used by neutrophils to adhere to endothelial cells during tissue infiltration (73).  Following an 

eccentric contraction protocol, CD18 mutant (CD18-/-) mice exhibited reduced neutrophil 
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accumulation in damaged muscle at 1 and 3 days post-injury, but no change in macrophage 

accumulation compared to wild-type mice (73).  The reduced neutrophil accumulation was 

associated with reduced muscle force deficits, decreased morphological damage and decreased 

carbonyl formation, a marker of oxidative stress.  Similarly, systemic treatment using an 

antibody against CD11b, another component of the Mac-1 receptor complex, reduced neutrophil 

accumulation in muscle subjected to an eccentric contraction and reduced morphological 

evidence of damage (71).  In another study, neutrophils from mice deficient in gp91phox (NOX-

2) were less potent killers of muscle cells in vitro and these knockout mice exhibited reduced 

muscle damage during mechanical loading of atrophic muscle compared to wild-type mice (83).  

Although NOX-2 can be expressed by many different cell types, these data are also consistent 

with a role for neutrophils in promoting muscle damage.  In addition to neutrophils, 

macrophages have been reported to injure muscle cells in vitro (36).  However, this did not occur 

during reloading of atrophic muscle in vivo (75).  Taken together, the evidence suggests that 

neutrophils can exacerbate damage to injured skeletal muscle in vivo.  Whether any damage that 

may be induced by inflammatory cells influences muscle hypertrophy following mechanical 

loading remains to be determined. 

Emerging evidence indicates that neutrophils and macrophages can also influence the 

restoration of normal structure and function in skeletal muscle following injury.  We have 

compared markers of muscle repair in wild-type and CD18-/- mice after contraction-induced 

muscle injury (73).  To our surprise, reduced neutrophil accumulation in muscle of CD18-/- mice 

was associated with faster restoration of muscle force production.  Our functional observations 

were corroborated by a higher myofiber expression of embryonic myosin heavy chain (a marker 

of regeneration), and a larger cross-sectional area of regenerating myofibers in CD18-/- relative 
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to wild type mice.  These preliminary observations indicate that neutrophils may delay some of 

the events associated with restoring structure and function to skeletal muscle injured by exercise. 

 In contrast, mice treated with an antibody against the antigen Gr-1 demonstrated reduced 

accumulation of both neutrophils and monocytes/macrophages following chemically-induced 

muscle injury (79).  In this study, reducing both neutrophil and macrophage accumulation 

resulted in deficient muscle repair. 

Further studies have confirmed a role for macrophages in promoting muscle repair 

following different types of injury.  Treatment of muscle transplants with macrophage 

inflammatory protein (MIP)-1β increased macrophage infiltration and satellite cell activity in 

these transplants, and when the host was treated with radiation, regeneration was impaired in the 

transplant (84).  Although these data are suggestive of important roles for macrophages in 

muscle repair, both MIP-1β and irradiation may have non-specific effects on different cell types 

in addition to macrophages.  Liposomes containing clodronate have been used extensively as a 

method for selectively depleting macrophages in vivo and have been used to study repair of 

different tissues.  Macrophage depletion using this method resulted in impaired muscle 

regeneration following injury induced by freeze damage or by cardiotoxin (85).  In addition, 

transgenic mice have been developed that allow specific, conditional ablation of macrophages 

(86).  These mice express the human diphtheria toxin (DT) receptor under control of the CD11b 

promoter; the mouse form of the receptor binds DT poorly, and expression of the human form 

makes macrophages sensitive to killing by DT in these mice.  Macrophage depletion in these 

mice resulted in impaired healing following notexin injection (48).  Finally, in a recent study 

focused on muscle reloading following hindlimb suspension, repeated injections of an anti-F4/80 

antibody resulted in decreased macrophage accumulation at 4 days, but not 2 days after 
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reloading, and appeared to impair the regenerative response during reloading (87).  In total, these 

studies demonstrate that macrophages are required for efficient muscle repair following injury. 

4.3. Evidence from animal models of non-injurious mechanical loading and hypertrophy. 

 We reported the surprising findings that inflammatory cells accumulate in skeletal muscle after 

mechanical loading that did not result in overt muscle injury.  Controlled passive stretches and 

isometric contractions are generally thought not to induce muscle injury, and we found no 

evidence of overt muscle fiber damage following such manipulations of the mouse extensor 

digitorum longus muscle (7).  However, we did observe accumulation of neutrophils following 

both passive stretches and isometric contractions at a level that was approximately one-half of 

the concentration observed after injurious eccentric contractions.  We extended these 

observations by reporting that controlled concentric contractions of rat soleus and plantaris 

muscles elevated both neutrophil and macrophage concentrations in the absence of histological 

abnormalities (8).  Repeated bouts of exercise using this rat model has been demonstrated to 

induce muscle hypertrophy (88-90), leading to the question of whether inflammatory cells played 

any role in the hypertrophic response. 

In other animal models of skeletal muscle hypertrophy, there is also evidence of an 

inflammatory response in skeletal muscle in the absence of overt muscle injury.  Surgical 

removal of all but one muscle of a functional group in the rat or mouse hindlimb increases the 

mechanical loading on the remaining synergistic muscle and can produce a doubling of muscle 

mass and protein content within two weeks (40, 91-93).  In this synergist ablation model of 

muscle hypertrophy,  increased mechanical loading of the plantaris muscle promoted the 

vascular phase of the inflammatory response as indicated by an increase in muscle water content 

(edema) during 24 hours of muscle loading (94). The majority (95%) of the increased muscle 
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mass observed throughout 24 hours of muscle loading was attributable to edema and not to 

increased protein mass. 

A number of studies also reported evidence of inflammatory cell accumulation during 

synergist ablation-induced muscle hypertrophy.  In histological observations made using light 

microscopy, muscle hypertrophy has been associated with accumulation of nuclei in the muscle 

interstitium, epimysium, and interfasicular spaces (94).  Although the authors suggested that 

these nuclei predominantly belong to neutrophils, other cell types could not be excluded.  In 

observations made using electron microscopy, muscle hypertrophy has also been associated with 

an increase in macrophages and fibroblasts, although the increase in these cells was not 

quantified (95).  Finally, immunohistochemical analysis of macrophage-specific antigens 

indicated that both ED1+ and ED2+ macrophages, subpopulations of rat macrophages, were 

increased during muscle hypertrophy (15, 96).  Differences in opinion have existed as to whether 

the accumulation of inflammatory cells is due to surgical procedures or to increased mechanical 

loading following synergist ablation.  In our experiments and others (15, 91, 95), sham surgery 

did not induce accumulation of inflammatory cells, indicating that increased mechanical load 

was likely responsible for the accumulation of inflammatory cells. 

Data from studies using anti-inflammatory drugs are consistent with a role for 

inflammatory cells in muscle hypertrophy.  Administration of ibuprofen resulted in reduced 

muscle hypertrophy in rats following synergist abation (15) and a specific cyclooxygenase-2 

inhibitor reduced muscle recovery following atrophy in mice (97).  These data are also consistent 

with similar studies showing that anti-inflammatory drugs impair muscle repair following injury 

(10-15).  Although these studies indicate that inflammatory cells may be involved in muscle 

hypertrophy, the drugs utilized may affect many different cells, including muscle cells. 
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We recently tested the hypothesis that macrophages are required for muscle hypertrophy 

using the synergist ablation model (91).  In our studies, we first tested the hypothesis that the 

urokinase type plasminogen activator (uPA) promotes muscle hypertrophy in part by promoting 

macrophage accumulation following synergist ablation.  uPA has been shown to be required for 

macrophage accumulation in models of muscle repair (77, 98), likely through effects on 

macrophage migration.  Using mice deficient in uPA and the synergistic ablation model, we 

found that uPA promotes macrophage accumulation during muscle hypertrophy and is essential 

for hypertrophy. 

Next, we tested the hypothesis that macrophages are required for muscle hypertrophy 

(91).  We used clodronate liposomes to specifically deplete macrophages in wild-type mice and 

found that clodronate liposomes had the intended effect of sustained reduction in macrophage 

accumulation, but also produced a delayed, transient reduction in neutrophil accumulation.  We 

also found that treatment with clodronate liposomes blunted the hypertrophic response.  We 

interpreted these data to indicate that macrophages are required for compensatory hypertrophy. 

Whether neutrophils directly influence muscle hypertrophy remains to be determined.  We also 

reported that macrophages isolated from muscle during hypertrophy expressed factors that are 

known to stimulate muscle growth, including uPA and IGF-1.  The full range of factors produced 

by macrophages during muscle hypertrophy remains to be determined. 

 

5. SUMMARY/CONCLUSIONS 

 Neutrophils and macrophages perform many functions that could contribute to 

physiological processes required during muscle hypertrophy, including phagocytosis, production 

of free radicals, cytokines and growth factors.  The literature indicates that neutrophils and 
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macrophages accumulate in skeletal muscle following increased mechanical loading, and the 

precise functions of these inflammatory cells during hypertrophy are likely dictated by the 

micro-environment of the muscle induced by mechanical loading (Figure 3).  Macrophages are 

required both for efficient muscle repair following injury, and for muscle hypertrophy during the 

adaptation to chronic loading.  Whether neutrophils are required for hypertrophy remains to be 

determined.  Non-steroidal anti-inflammatory drugs have been shown to impair the adaptive 

response of skeletal muscle to resistance exercise in both human and animal experiments 

suggesting that the routine use of such drugs could impair muscle performance.  Much remains 

to be learned about the role of the inflammatory response in muscle hypertrophy, including the 

molecular signals involved in calling neutrophils and macrophages to skeletal muscle following 

mechanical loading as well as those that regulate their function after their arrival in the muscle.  

In addition, although we have demonstrated that macrophages produce growth promoting factors 

during muscle hypertrophy, the full range of neutrophil and macrophage functions involved in 

muscle hypertrophy remains to be determined.  Further investigation into these questions will 

provide insight into the intriguing hypothesis that the inflammatory response plays an integral 

role in regulating muscle hypertrophy. 



 20

REFERENCES 

1. K. Baar, G. Nader & S. Bodine: Resistance exercise, muscle loading/unloading and the 

control of muscle mass. Essays Biochem, 42, 61-74(2006) 

2. D. J. Glass: Signalling pathways that mediate skeletal muscle hypertrophy and atrophy. 

Nat Cell Biol, 5, 87-90(2003) 

3. T. A. Hornberger, W. K. Chu, Y. W. Mak, J. W. Hsiung, S. A. Huang & S. Chien: The 

role of phospholipase D and phosphatidic acid in the mechanical activation of mTOR signaling 

in skeletal muscle. Proc Natl Acad Sci U S A, 103, 4741-6(2006) 

4. S. Machida & F. W. Booth: Insulin-like growth factor 1 and muscle growth: implication 

for satellite cell proliferation. Proc Nutr Soc, 63, 337-40(2004) 

5. G. R. Adams, F. Haddad & K. M. Baldwin: Time course of changes in markers of 

myogenesis in overloaded rat skeletal muscles. J Appl Physiol, 87, 1705-12(1999) 

6. A. Scott, K. M. Khan, J. L. Cook & V. Duronio: What is "inflammation"? Are we ready 

to move beyond Celsus? Br J Sports Med, 38, 248-9(2004) 

7. F. X. Pizza, T. J. Koh, S. J. McGregor & S. V. Brooks: Muscle inflammatory cells after 

passive stretches, isometric contractions, and lengthening contractions. J Appl Physiol, 92, 1873-

8(2002) 

8. T. J. McLoughlin, E. Mylona, T. A. Hornberger, K. A. Esser & F. X. Pizza: 

Inflammatory cells in rat skeletal muscle are elevated after electrically stimulated contractions. J 

Appl Physiol, 94, 876-82(2003) 

9. C. J. Mehallo, J. A. Drezner & J. R. Bytomski: Practical management: nonsteroidal 

antiinflammatory drug (NSAID) use in athletic injuries. Clin J Sport Med, 16, 170-4(2006) 

10. B. M. Lapointe, P. Fremont & C. H. Cote: Influence of nonsteroidal anti-inflammatory 



 21

drug treatment duration and time of onset on recovery from exercise-induced muscle damage in 

rats. Arch Phys Med Rehabil, 84, 651-5(2003) 

11. D. K. Mishra, J. Friden, M. C. Schmitz & R. L. Lieber: Anti-inflammatory medication 

after muscle injury. A treatment resulting in short-term improvement but subsequent loss of 

muscle function. J Bone Joint Surg Am, 77, 1510-9(1995) 

12. B. A. Bondesen, S. T. Mills, K. M. Kegley & G. K. Pavlath: The COX-2 pathway is 

essential during early stages of skeletal muscle regeneration. Am J Physiol Cell Physiol, 287, 

C475-83(2004) 

13. T. A. Trappe, F. White, C. P. Lambert, D. Cesar, M. Hellerstein & W. J. Evans: Effect of 

ibuprofen and acetaminophen on postexercise muscle protein synthesis. Am J Physiol Endocrinol 

Metab, 282, E551-6(2002) 

14. W. Shen, Y. Li, Y. Tang, J. Cummins & J. Huard: NS-398, a cyclooxygenase-2-specific 

inhibitor, delays skeletal muscle healing by decreasing regeneration and promoting fibrosis. Am 

J Pathol, 167, 1105-17(2005) 

15. Q. A. Soltow, J. L. Betters, J. E. Sellman, V. A. Lira, J. H. Long & D. S. Criswell: 

Ibuprofen inhibits skeletal muscle hypertrophy in rats. Med Sci Sports Exerc, 38, 840-6(2006) 

16. B. Chazaud, C. Sonnet, P. Lafuste, G. Bassez, A. C. Rimaniol, F. Poron, F. J. Authier, P. 

A. Dreyfus & R. K. Gherardi: Satellite cells attract monocytes and use macrophages as a support 

to escape apoptosis and enhance muscle growth. J Cell Biol, 163, 1133-43(2003) 

17. S. K. Tsivitse, E. Mylona, J. M. Peterson, W. T. Gunning & F. X. Pizza: Mechanical 

loading and injury induce human myotubes to release neutrophil chemoattractants. Am J Physiol 

Cell Physiol, 288, C721-9(2005) 

18. G. L. Warren, L. O'Farrell, M. Summan, T. Hulderman, D. Mishra, M. I. Luster, W. A. 



 22

Kuziel & P. P. Simeonova: Role of CC chemokines in skeletal muscle functional restoration 

after injury. Am J Physiol Cell Physiol, 286, C1031-6(2004) 

19. A. Matsukawa, C. M. Hogaboam, N. W. Lukacs & S. L. Kunkel: Chemokines and innate 

immunity. Rev Immunogenet, 2, 339-58(2000) 

20. T. S. Olson & K. Ley: Chemokines and chemokine receptors in leukocyte trafficking. Am 

J Physiol Regul Integr Comp Physiol, 283, R7-28(2002) 

21. J. M. Papadimitriou, T. A. Robertson, C. A. Mitchell & M. D. Grounds: The process of 

new plasmalemma formation in focally injured skeletal muscle fibers. J Struct Biol, 103, 124-

34(1990) 

22. M. C. Farges, D. Balcerzak, B. D. Fisher, D. Attaix, D. Bechet, M. Ferrara & V. E. 

Baracos: Increased muscle proteolysis after local trauma mainly reflects macrophage-associated 

lysosomal proteolysis. Am J Physiol Endocrinol Metab, 282, E326-35(2002) 

23. B. Chakravarti & D. N. Chakravarti: Phagocytosis: an overview. Pathol Immunopathol 

Res, 6, 316-42(1987) 

24. V. A. Fadok, D. L. Bratton & P. M. Henson: Phagocyte receptors for apoptotic cells: 

recognition, uptake, and consequences. J Clin Invest, 108, 957-62(2001) 

25. V. Witko-Sarsat, P. Rieu, B. Descamps-Latscha, P. Lesavre & L. Halbwachs-Mecarelli: 

Neutrophils: molecules, functions and pathophysiological aspects. Lab Invest, 80, 617-53(2000) 

26. J. S. Duffield: The inflammatory macrophage: a story of Jekyll and Hyde. Clin Sci 

(Lond), 104, 27-38(2003) 

27. A. M. Miles, M. W. Owens, S. Milligan, G. G. Johnson, J. Z. Fields, T. S. Ing, V. 

Kottapalli, A. Keshavarzian & M. B. Grisham: Nitric oxide synthase in circulating vs. 

extravasated polymorphonuclear leukocytes. J Leukoc Biol, 58, 616-22(1995) 



 23

28. C. Nathan: Role of iNOS in human host defense. Science, 312, 1874-5; author reply 

1874-5(2006) 

29. J. B. Weinberg: Nitric oxide production and nitric oxide synthase type 2 expression by 

human mononuclear phagocytes: a review. Mol Med, 4, 557-91(1998) 

30. S. Kitagawa, F. Takaku & S. Sakamoto: A comparison of the superoxide-releasing 

response in human polymorphonuclear leukocytes and monocytes. J Immunol, 125, 359-

64(1980) 

31. M. Reiss & D. Roos: Differences in oxygen metabolism of phagocytosing monocytes and 

neutrophils. J Clin Invest, 61, 480-8(1978) 

32. A. Nakagawara, C. F. Nathan & Z. A. Cohn: Hydrogen peroxide metabolism in human 

monocytes during differentiation in vitro. J Clin Invest, 68, 1243-52(1981) 

33. J. A. Smith: Neutrophils, host defense, and inflammation: a double-edged sword. J 

Leukoc Biol, 56, 672-86(1994) 

34. T. Kobayashi, J. M. Robinson & H. Seguchi: Identification of intracellular sites of 

superoxide production in stimulated neutrophils. J Cell Sci, 111 (Pt 1), 81-91(1998) 

35. T. J. McLoughlin, S. K. Tsivitse, J. A. Edwards, B. A. Aiken & F. X. Pizza: 

Deferoxamine reduces and nitric oxide synthase inhibition increases neutrophil-mediated 

myotube injury. Cell Tissue Res, 313, 313-9(2003) 

36. H. X. Nguyen & J. G. Tidball: Interactions between neutrophils and macrophages 

promote macrophage killing of rat muscle cells in vitro. J Physiol, 547, 125-32(2003) 

37. B. B. Rubin, A. Romaschin, P. M. Walker, D. C. Gute & R. J. Korthuis: Mechanisms of 

postischemic injury in skeletal muscle: intervention strategies. J Appl Physiol, 80, 369-87(1996) 

38. W. Droge: Free radicals in the physiological control of cell function. Physiol Rev, 82, 47-



 24

95(2002) 

39. C. K. Sen: Oxidants and antioxidants in exercise. J Appl Physiol, 79, 675-86(1995) 

40. T. A. Hornberger, T. J. McLoughlin, J. K. Leszczynski, D. D. Armstrong, R. R. Jameson, 

P. E. Bowen, E. S. Hwang, H. Hou, M. E. Moustafa, B. A. Carlson, D. L. Hatfield, A. M. 

Diamond & K. A. Esser: Selenoprotein-deficient transgenic mice exhibit enhanced exercise-

induced muscle growth. J Nutr, 133, 3091-7(2003) 

41. J. E. Sellman, K. C. DeRuisseau, J. L. Betters, V. A. Lira, Q. A. Soltow, J. T. Selsby & 

D. S. Criswell: In vivo inhibition of nitric oxide synthase impairs upregulation of contractile 

protein mRNA in overloaded plantaris muscle. J Appl Physiol, 100, 258-65(2006) 

42. L. W. Smith, J. D. Smith & D. S. Criswell: Involvement of nitric oxide synthase in 

skeletal muscle adaptation to chronic overload. J Appl Physiol, 92, 2005-11(2002) 

43. D. A. Hume, I. L. Ross, S. R. Himes, R. T. Sasmono, C. A. Wells & T. Ravasi: The 

mononuclear phagocyte system revisited. J Leukoc Biol, 72, 621-7(2002) 

44. D. M. Mosser: The many faces of macrophage activation. J Leukoc Biol, 73, 209-

12(2003) 

45. C. F. Nathan: Secretory products of macrophages. J Clin Invest, 79, 319-26(1987) 

46. P. Scapini, J. A. Lapinet-Vera, S. Gasperini, F. Calzetti, F. Bazzoni & M. A. Cassatella: 

The neutrophil as a cellular source of chemokines. Immunol Rev, 177, 195-203(2000) 

47. M. A. Cassatella: Neutrophil-derived proteins: selling cytokines by the pound. Adv 

Immunol, 73, 369-509(1999) 

48. L. Arnold, A. Henry, F. Poron, Y. Baba-Amer, N. van Rooijen, A. Plonquet, R. K. 

Gherardi & B. Chazaud: Inflammatory monocytes recruited after skeletal muscle injury switch 

into antiinflammatory macrophages to support myogenesis. J Exp Med, 204, 1057-69(2007) 



 25

49. M. Cantini, E. Giurisato, C. Radu, S. Tiozzo, F. Pampinella, D. Senigaglia, G. Zaniolo, F. 

Mazzoleni & L. Vitiello: Macrophage-secreted myogenic factors: a promising tool for greatly 

enhancing the proliferative capacity of myoblasts in vitro and in vivo. Neurol Sci, 23, 189-

94(2002) 

50. M. Cantini, M. L. Massimino, A. Bruson, C. Catani, L. Dalla Libera & U. Carraro: 

Macrophages regulate proliferation and differentiation of satellite cells. Biochem Biophys Res 

Commun, 202, 1688-96(1994) 

51. W. Jiang, M. C. Puntis, T. Nakamura & M. B. Hallett: Neutrophil priming by hepatocyte 

growth factor, a novel cytokine. Immunology, 77, 147-9(1992) 

52. S. D. Swain, T. T. Rohn & M. T. Quinn: Neutrophil priming in host defense: role of 

oxidants as priming agents. Antioxid Redox Signal, 4, 69-83(2002) 

53. M. A. Cassatella: The neutrophil: one of the cellular targets of interleukin-10. Int J Clin 

Lab Res, 28, 148-61(1998) 

54. S. Gordon: Alternative activation of macrophages. Nat Rev Immunol, 3, 23-35(2003) 

55. P. C. LaStayo, J. M. Woolf, M. D. Lewek, L. Snyder-Mackler, T. Reich & S. L. 

Lindstedt: Eccentric muscle contractions: their contribution to injury, prevention, rehabilitation, 

and sport. J Orthop Sports Phys Ther, 33, 557-71(2003) 

56. D. L. MacIntyre, W. D. Reid, D. M. Lyster, I. J. Szasz & D. C. McKenzie: Presence of 

WBC, decreased strength, and delayed soreness in muscle after eccentric exercise. J Appl 

Physiol, 80, 1006-13(1996) 

57. D. L. MacIntyre, S. Sorichter, J. Mair, A. Berg & D. C. McKenzie: Markers of 

inflammation and myofibrillar proteins following eccentric exercise in humans. Eur J Appl 

Physiol, 84, 180-6(2001) 



 26

58. T. Raastad, B. A. Risoy, H. B. Benestad, J. G. Fjeld & J. Hallen: Temporal relation 

between leukocyte accumulation in muscles and halted recovery 10-20 h after strength exercise. 

J Appl Physiol, 95, 2503-9(2003) 

59. N. Stupka, M. A. Tarnopolsky, N. J. Yardley & S. M. Phillips: Cellular adaptation to 

repeated eccentric exercise-induced muscle damage. J Appl Physiol, 91, 1669-78(2001) 

60. L. J. Beaton, M. A. Tarnopolsky & S. M. Phillips: Contraction-induced muscle damage 

in humans following calcium channel blocker administration. J Physiol, 544, 849-59(2002) 

61. J. G. Cannon, S. F. Orencole, R. A. Fielding, M. Meydani, S. N. Meydani, M. A. 

Fiatarone, J. B. Blumberg & W. J. Evans: Acute phase response in exercise: interaction of age 

and vitamin E on neutrophils and muscle enzyme release. Am J Physiol, 259, R1214-9(1990) 

62. R. A. Fielding, T. J. Manfredi, W. Ding, M. A. Fiatarone, W. J. Evans & J. G. Cannon: 

Acute phase response in exercise. III. Neutrophil and IL-1 beta accumulation in skeletal muscle. 

Am J Physiol, 265, R166-72(1993) 

63. C. Malm, P. Nyberg, M. Engstrom, B. Sjodin, R. Lenkei, B. Ekblom & I. Lundberg: 

Immunological changes in human skeletal muscle and blood after eccentric exercise and multiple 

biopsies. J Physiol, 529 Pt 1, 243-62(2000) 

64. J. M. Peterson, T. A. Trappe, E. Mylona, F. White, C. P. Lambert, W. J. Evans & F. X. 

Pizza: Ibuprofen and acetaminophen: effect on muscle inflammation after eccentric exercise. 

Med Sci Sports Exerc, 35, 892-6(2003) 

65. B. S. Schneider & P. M. Tiidus: Neutrophil infiltration in exercise-injured skeletal 

muscle: how do we resolve the controversy? Sports Med, 37, 837-56(2007) 

66. B. Przybyla, C. Gurley, J. F. Harvey, E. Bearden, P. Kortebein, W. J. Evans, D. H. 

Sullivan, C. A. Peterson & R. A. Dennis: Aging alters macrophage properties in human skeletal 



 27

muscle both at rest and in response to acute resistance exercise. Exp Gerontol, 41, 320-7(2006) 

67. L. J. Beaton, M. A. Tarnopolsky & S. M. Phillips: Variability in estimating eccentric 

contraction-induced muscle damage and inflammation in humans. Can J Appl Physiol, 27, 516-

26(2002) 

68. T. A. Trappe, J. D. Fluckey, F. White, C. P. Lambert & W. J. Evans: Skeletal muscle 

PGF(2)(alpha) and PGE(2) in response to eccentric resistance exercise: influence of ibuprofen 

acetaminophen. J Clin Endocrinol Metab, 86, 5067-70(2001) 

69. F. X. Pizza, D. Cavender, A. Stockard, H. Baylies & A. Beighle: Anti-inflammatory 

doses of ibuprofen: effect on neutrophils and exercise-induced muscle injury. Int J Sports Med, 

20, 98-102(1999) 

70. A. L. Mackey, M. Kjaer, S. Dandanell, K. H. Mikkelsen, L. Holm, S. Dossing, F. Kadi, 

S. O. Koskinen, C. H. Jensen, H. D. Schroder & H. Langberg: The influence of anti-

inflammatory medication on exercise-induced myogenic precursor cell responses in humans. J 

Appl Physiol, 103, 425-31(2007) 

71. S. Brickson, L. L. Ji, K. Schell, R. Olabisi, B. St Pierre Schneider & T. M. Best: M1/70 

attenuates blood-borne neutrophil oxidants, activation, and myofiber damage following stretch 

injury. J Appl Physiol, 95, 969-76(2003) 

72. B. M. Lapointe, P. Fremont & C. H. Cote: Adaptation to lengthening contractions is 

independent of voluntary muscle recruitment but relies on inflammation. Am J Physiol Regul 

Integr Comp Physiol, 282, R323-9(2002) 

73. F. X. Pizza, J. M. Peterson, J. H. Baas & T. J. Koh: Neutrophils contribute to muscle 

injury and impair its resolution after lengthening contractions in mice. J Physiol, 562, 899-

913(2005) 



 28

74. J. Frenette, M. St-Pierre, C. H. Cote, E. Mylona & F. X. Pizza: Muscle impairment 

occurs rapidly and precedes inflammatory cell accumulation after mechanical loading. Am J 

Physiol Regul Integr Comp Physiol, 282, R351-7(2002) 

75. J. G. Tidball, E. Berchenko & J. Frenette: Macrophage invasion does not contribute to 

muscle membrane injury during inflammation. J Leukoc Biol, 65, 492-8(1999) 

76. B. A. St Pierre & J. G. Tidball: Differential response of macrophage subpopulations to 

soleus muscle reloading after rat hindlimb suspension. J Appl Physiol, 77, 290-7(1994) 

77. T. J. Koh, S. C. Bryer, A. M. Pucci & T. H. Sisson: Mice deficient in plasminogen 

activator inhibitor-1 have improved skeletal muscle regeneration. Am J Physiol Cell Physiol, 

289, C217-23(2005) 

78. S. Orimo, E. Hiyamuta, K. Arahata & H. Sugita: Analysis of inflammatory cells and 

complement C3 in bupivacaine-induced myonecrosis. Muscle Nerve, 14, 515-20(1991) 

79. C. F. Teixeira, S. R. Zamuner, J. P. Zuliani, C. M. Fernandes, M. A. Cruz-Hofling, I. 

Fernandes, F. Chaves & J. M. Gutierrez: Neutrophils do not contribute to local tissue damage, 

but play a key role in skeletal muscle regeneration, in mice injected with Bothrops asper snake 

venom. Muscle Nerve, 28, 449-59(2003) 

80. B. A. Bondesen, S. T. Mills, K. M. Kegley & G. K. Pavlath: The COX-2 pathway is 

essential during early stages of skeletal muscle regeneration. Am J Physiol Cell Physiol(2004) 

81. A. Pimorady-Esfahani, M. D. Grounds & P. G. McMenamin: Macrophages and dendritic 

cells in normal and regenerating murine skeletal muscle. Muscle Nerve, 20, 158-66(1997) 

82. T. J. Koh, J. M. Peterson, F. X. Pizza & S. V. Brooks: Passive stretches protect skeletal 

muscle of adult and old mice from lengthening contraction-induced injury. J Gerontol A Biol Sci 

Med Sci, 58, 592-7(2003) 



 29

83. H. X. Nguyen & J. G. Tidball: Null mutation of gp91phox reduces muscle membrane 

lysis during muscle inflammation in mice. J Physiol, 553, 833-41(2003) 

84. L. Lescaudron, E. Peltekian, J. Fontaine-Perus, D. Paulin, M. Zampieri, L. Garcia & E. 

Parrish: Blood borne macrophages are essential for the triggering of muscle regeneration 

following muscle transplant. Neuromuscul Disord, 9, 72-80(1999) 

85. M. Summan, M. McKinstry, G. L. Warren, T. Hulderman, D. Mishra, K. Brumbaugh, M. 

I. Luster & P. P. Simeonova: Inflammatory mediators and skeletal muscle injury: a DNA 

microarray analysis. J Interferon Cytokine Res, 23, 237-45(2003) 

86. J. F. Cailhier, M. Partolina, S. Vuthoori, S. Wu, K. Ko, S. Watson, J. Savill, J. Hughes & 

R. A. Lang: Conditional macrophage ablation demonstrates that resident macrophages initiate 

acute peritoneal inflammation. J Immunol, 174, 2336-42(2005) 

87. J. G. Tidball & M. Wehling-Henricks: Macrophages promote muscle membrane repair 

and muscle fibre growth and regeneration during modified muscle loading in mice in vivo. J 

Physiol, 578, 327-36(2007) 

88. K. Baar & K. Esser: Phosphorylation of p70(S6k) correlates with increased skeletal 

muscle mass following resistance exercise. Am J Physiol, 276, C120-7(1999) 

89. T. S. Wong & F. W. Booth: Skeletal muscle enlargement with weight-lifting exercise by 

rats. J Appl Physiol, 65, 950-4(1988) 

90. T. S. Wong & F. W. Booth: Protein metabolism in rat gastrocnemius muscle after 

stimulated chronic concentric exercise. J Appl Physiol, 69, 1709-17(1990) 

91. D. M. Dipasquale, M. Cheng, W. Billich, S. A. Huang, N. van Rooijen, T. A. Hornberger 

& T. J. Koh: Urokinase-type plasminogen activator and macrophages are required for skeletal 

muscle hypertrophy in mice. Am J Physiol Cell Physiol, 293, C1278-85(2007) 



 30

92. R. W. Hubbard, C. D. Ianuzzo, W. T. Mathew & J. D. Linduska: Compensatory 

adaptations of skeletal muscle composition to a long-term functional overload. Growth, 39, 85-

93(1975) 

93. S. C. Kandarian & T. P. White: Force deficit during the onset of muscle hypertrophy. J 

Appl Physiol, 67, 2600-7(1989) 

94. R. B. Armstrong, P. Marum, P. Tullson & C. W. t. Saubert: Acute hypertrophic response 

of skeletal muscle to removal of synergists. J Appl Physiol, 46, 835-42(1979) 

95. T. B. Kelso, C. R. Shear & S. R. Max: Enzymes of glutamine metabolism in 

inflammation associated with skeletal muscle hypertrophy. Am J Physiol, 257, E885-94(1989) 

96. R. W. Thompson, J. M. McClung, K. A. Baltgalvis, J. M. Davis & J. A. Carson: 

Modulation of overload-induced inflammation by aging and anabolic steroid administration. Exp 

Gerontol, 41, 1136-48(2006) 

97. B. A. Bondesen, S. T. Mills & G. K. Pavlath: The COX-2 pathway regulates growth of 

atrophied muscle via multiple mechanisms. Am J Physiol Cell Physiol, 290, C1651-9(2006) 

98. F. Lluis, J. Roma, M. Suelves, M. Parra, G. Aniorte, E. Gallardo, I. Illa, L. Rodriguez, S. 

M. Hughes, P. Carmeliet, M. Roig & P. Munoz-Canoves: Urokinase-dependent plasminogen 

activation is required for efficient skeletal muscle regeneration in vivo. Blood, 97, 1703-

11(2001) 

99. H. Wiendl, R. Hohlfeld & B. C. Kieseier: Immunobiology of muscle: advances in 

understanding an immunological microenvironment. Trends Immunol, 26, 373-80(2005) 

100. R. A. Frost & C. H. Lang: Skeletal muscle cytokines: regulation by pathogen-associated 

molecules and catabolic hormones. Curr Opin Clin Nutr Metab Care, 8, 255-63(2005) 

 



 31

Table 1.  Molecules produced by skeletal muscle cells that can influence inflammatory cells. 

Chemoki nes  Cyt oki nes  Growt h f act ors  Prot eases  
CXCL8 (IL-8) IL-1α,β HGF MMP-2 
CXCL9 (Mig) IL-4 FGF MMP-7 
CXCL10 (IP-10) IL-6 IGF-1 MMP-9 
CCL2 (MCP-1) TNFα PDGF uPA 
CCL3 (MIP-1) IFNγ TGFβ  
CCL5 (RANTES)  VEGF  
CCL20 (MIP-3)  G-CSF  
CCL22 (MDC)  GM-CSF  
CX3CL1 (fractalkine)    
    
 
Molecules included are meant to be illustrative of possible factors secreted by muscle cells 
during muscle hypertrophy, not a comprehensive list of molecules that can be produced by 
muscle cells. Data obtained from various sources (16, 99, 100) 
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Table 2.  Molecules produced by neutrophils and macrophages that could influence  
muscle hypertrophy 

 
Chemoki nes  Cyt oki nes  Growt h f act ors  Prot eases  
CXCL1 (GROα) IL-1α,β HGF MMP-1 
CXCL5 (ENA-78) IL-4 FGF MMP-2 
CXCL8 (IL-8) IL-6 IGF-1 MMP-7 
CXCL9 (Mig) IL-12 PDGF MMP-9 
CXCL10 (IP-10) TNFα TGFβ uPA 
CCL2 (MCP-1) IFNα, γ VEGF  
CCL3 (MIP-1α) IL-10 G-CSF  
CCL4 (MIP-1β) IL-1ra GM-CSF  
CCL5 (RANTES)    
CCL20 (MIP-3)    
CCL22 (MDC)    
CX3CL1 (fractalkine)    
 
Molecules included are meant to be illustrative of possible factors secreted by neutrophils during 
muscle hypertrophy, not a comprehensive list of molecules that can be produced by neutrophils. 
Data obtained from various sources (19, 43-47). 
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FIGURE LEGENDS 

1. Adaptive responses of skeletal muscle to resistance exercise.  An initial bout of resistance 

exercise can lead to muscle injury, especially if it involves high-force eccentric contractions.  

Injury typically leads to a decrease in muscle mass and protein, and is followed by a repair 

response that restores muscle mass and protein.  Repeated bouts of the same resistance exercise 

elicit less injury and loss of protein, and eventually results in increased muscle mass and protein. 

2. Skeletal muscle injury or increased mechanical loading results in accumulation of 

neutrophils and macrophages.  Neutrophil accumulation is evident within hours and peaks 

around 1 day following the initiating event.  Macrophage accumulation typically occurs later, 

reaching a peak when neutrophil levels are decreasing. 

3. Model of neutrophil and macrophage activities during muscle hypertrophy.  Increased 

mechanical loading is thought to induce release of chemoattractants that call neutrophils and 

monocytes from the blood into the muscle.  After their arrival, muscle-derived factors can further 

regulate the functional activities of neutrophils and monocytes/macrophages.  In addition, 

neutrophil and monocyte/macrophage derived factors can either promote or inhibit the further 

accumulation of inflammatory cells.  Functional activities such as phagocytosis, release of free 

radicals, cytokines, chemokines, growth factors and proteases can promote repair responses 

following mechanical load-induced injury as well as adaptive process that are required for 

muscle hypertrophy. 
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