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Abstract

Skeletal muscle regeneration that follows acute injury is strongly influenced by interactions with 

immune cells that invade and proliferate in the damaged tissue. Discoveries over the past 20 years 

have identified many of the key mechanisms through which myeloid cells, especially 

macrophages, regulate muscle regeneration. In addition, lymphoid cells that include CD8+ T-cells 

and regulatory T-cells also significantly affect the course of muscle regeneration. During aging, the 

regenerative capacity of skeletal muscle declines, which can contribute to progressive loss of 

muscle mass and function. Those age-related reductions in muscle regeneration are accompanied 

by systemic, age-related changes in the immune system, that affect many of the myeloid and 

lymphoid cell populations that can influence muscle regeneration. In this review, we present recent 

discoveries that indicate that aging of the immune system contributes to the diminished 

regenerative capacity of aging muscle. Intrinsic, age-related changes in immune cells modify their 

expression of factors that affect the function of a population of muscle stem cells, called satellite 

cells, that are necessary for normal muscle regeneration. For example, age-related reductions in 

the expression of growth differentiation factor-3 (GDF3) or CXCL10 by macrophages negatively 

affect adult myogenesis, by disrupting regulatory interactions between macrophages and satellite 

cells. Those changes contribute to a reduction in the numbers and myogenic capacity of satellite 
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cells in old muscle, which reduces their ability to restore damaged muscle. In addition, aging 

produces changes in the expression of molecules that regulate the inflammatory response to 

injured muscle, which also contributes to age-related defects in muscle regeneration. For example, 

age-related increases in the production of osteopontin by macrophages disrupts the normal 

inflammatory response to muscle injury, resulting in regenerative defects. These nascent findings 

represent the beginning of a newly-developing field of investigation into mechanisms through 

which aging of the immune system affects muscle regeneration.

1. Introduction.

With the possible exception of wisdom, biological functions progressively and inevitably 

decline beginning in late adulthood. In some cases, age-related changes can be rather abrupt 

(e.g., aging of hair follicles) or can be associated with a gradual, progressive loss of tissue 

that accompanies decline of function (e.g., aging of the brain; Skullerud, 1985). Regardless 

of the variable course of lost functions during aging, the progressive and detrimental 

changes in the expression of genes that regulate normal tissue homeostasis contribute 

significantly to aging. Those genetic changes result to some extent from an accumulation of 

genetic mutations that occur over the lifespan (Moskalev et al., 2013). However, the rate, 

frequency and magnitude of changes in gene expression are also strongly influenced by 

interactions of the aging tissue with its environment, including the external environment 

inhabited by the aging organism and the internal environment in which the aging tissue 

interacts with other cells (Jaenisch and Bird, 2003; Lopez-Otin et al., 2013).

Age-related changes in muscle are obvious, characterized by a loss of tissue mass and a 

decline in tissue function, such as reduction of maximum force production. Muscle strength 

tends to peak between the second and third decades and remains the same until about 45 to 

50 years of age in men. Losses then begin to occur at the rate of approximately 12% to 15% 

per decade until the eighth decade (Hurley, 1995) (Figure 1). In addition, the ability of 

muscle to respond to the environment declines dramatically during aging. Exercising, elderly 

humans typically show less muscle hypertrophy than similarly-trained young subjects 

(Bickel et al., 2011). Likewise in mice, treadmill training in old mice produces 18% less 

increase in soleus mass than occurs in young mice (Soffe et al., 2016).

The loss of muscle mass and function during aging, called sarcopenia, reflects to some 

extent the gradual shift of muscle to a negative protein balance. However, muscle also 

experiences a progressive, age-related loss of its ability to regenerate following tissue 

damage (Guttmann and Carlson, 1976; Zacks and Sheff, 1982; Brooks and Faulkner, 1988; 

Carlson and Faulkner, 1989, 1996; Musaro et al., 2001), which may contribute age-related 

defects in muscle (Figure 2). Although young, injured muscle can recover to pre-injury 

muscle mass and function within weeks of an acute injury, the same injury in old muscle can 

lead to prolonged and perhaps permanent loss of muscle mass and function. This suggests 

that some of the progressive loss of muscle mass and function during aging could result 

from accumulated episodes of incomplete muscle regeneration that occur throughout 

adulthood and aging. Those age-related defects in muscle repair mechanisms can be intrinsic 
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to the muscle itself or can result from age-related changes in regulatory systems that are 

external to muscle (recently reviewed by Munoz-Canoves et al., 2020).

In this review, we present evidence that age-related changes in the immune system 

contribute to reductions in the regenerative capacity of muscle during aging. Research over 

the last few decades has shown the important role of the immune system in regulating 

muscle regeneration following acute injury and disease, primarily in young, adult animals 

(reviewed by Tidball, 2017). Other investigations have established that complex, age-related 

changes in the immune system can fundamentally modify the roles it plays, not only in 

responding to injury or disease, but also in maintaining normal function in other cells and 

tissues (reviewed by Zmora et al., 2017). The intersection of these fields has led to new 

insights into how aging of the immune system can influence muscle regeneration. Here, we 

first present an overview of key features of the process of muscle regeneration that follow 

injury and then provide an overview of the immune cells and molecules that influence 

muscle regeneration. We then review the age-related changes in specific myeloid and 

lymphoid cell populations that contribute to regenerative defects in aging muscle. Finally, 

we summarize findings of investigations that suggest the possibility that some of the 

beneficial effects of exercise on regeneration of aging muscle may be attributable in part to 

influences of exercise on the immune system.

2. Skeletal muscle regeneration following acute injury.

Muscle regeneration following damage relies on adult myogenesis, a developmental 

program that is similar, but not identical, to processes that drive myogenesis during 

embryonic development (Lepper et al., 2009). Several superb, recent reviews 

comprehensively present the current status of our knowledge of cellular, molecular and 

genetic controls of adult myogenesis (e.g., Dumont et al., 2015; Giordani et al., 2018). Here, 

we summarize some of the basic, fundamental features of adult myogenesis during muscle 

regeneration that pertain to the following discussions of the regeneration of aging muscle.

Adult myogenesis during muscle regeneration relies on activation of a population of muscle 

stem cells, called satellite cells, that normally reside in a quiescent state on the surface of 

muscle fibers, beneath the basal lamina that ensheathes each muscle fiber (Mauro, 1961; 

Zammit et al., 2002) (Figure 3). The quiescent state of satellite cells is maintained by the 

influence of the transcription factor Pax7, which represses the expression of transcripts 

required for the proliferation and differentiation of myogenic cells. Muscle damage that 

results from acute injury, intense exercise, or some diseases causes the release of factors 

from both muscle and non-muscle cells that leads to satellite cell activation. Following 

activation, satellite cells may escape the basal lamina sheath, enter the cell cycle, reduce the 

expression of Pax7 and then activate the expression of other muscle-specific transcription 

factors, such as MyoD, that participate in regulating changes in gene expression associated 

with activation (Allen and Boxhorn, 1989; Fuchtbauer and Westphal 1992; Grounds et al., 

1992; Cornelison and Wold, 1997; Cornelison et al., 2000; Miller et al., 2000; Tatsumi et al., 

2002; Charge and Rudnicki, 2004; Gattazzo et al., 2020). Thus, Pax7+/MyoD− myogenic 

cells are quiescent satellite cells; Pax7+/MyoD+ cells are activated satellite cells or recently 

activated myogenic cells that have escaped their satellite cell localization (Figure 4).
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Activated satellite cells then proliferate and their daughter cells proceed to permanently 

withdraw from the cell cycle and continue differentiation, or they can return to quiescence 

and rejoin the satellite cell population (Halevy et al., 2004; Olguin and Olwin 2004; Zammit 

et al., 2004, 2006). The frequency distribution of these alternative developmental fates can 

profoundly affect the long-term health of muscle; if too few activated cells return to the 

satellite cell pool and if other potential sources of satellite cells such as mesoangioblasts are 

insufficient (Lolmede et al., 2009), the number of satellite cells will decline over time, 

leading to a reduction of the future regenerative capacity of muscle (Sambasivan et al., 

2011).

Activated satellite cells that become differentiated myogenic cells exhibit a sequential 

change in the expression of muscle-specific transcription factors, called myogenic regulatory 

factors (MRFs), that regulate the course of muscle differentiation. Myogenin is an especially 

important MRF (Hasty et al., 1993) that is expressed by post-mitotic, myogenic cells 

entering terminal-differentiation and then fuse with other myogenic cells to generate 

multinucleated myotubes (Creuzet et al., 1998). The myotubes continue to increase in 

volume as myonuclear accretion progresses and differentiation proceeds, leading to 

tremendously elevated expression of contractile proteins and other muscle-specific proteins. 

Myonuclei lie along the central axis of the myotubes throughout myotube growth and 

differentiation, where they remain through late stages of development. As differentiation is 

completed, the central nuclei migrate to the periphery of fully-mature muscle fibers. Each 

fully-differentiated muscle fiber can range in size from hundreds to tens of thousands of 

micrometers in length and have diameters that exceed 50 micrometers and is occupied by 

hundreds of myonuclei. The location of nuclei at later stages of muscle growth and 

differentiation enable morphological identification of regenerating muscle fibers by their 

central nucleation (Schmalbruch, 1976) (Figure 2).

Each stage of myogenesis is strongly influenced by soluble factors, including cytokines, 

chemokines and growth factors that can be produced at high levels by immune cells. For 

example, interferon-gamma (IFNγ), interleukin-6 (IL6), and tumor necrosis factor (TNFα) 

are cytokines that are vigorously synthesized and secreted by immune cells, as well as some 

non-immune cells, and each can have powerful effects on myogenesis. IFNγ can serve as a 

potent regulator of both proliferation and differentiation of myogenic cells (Kalovidouris et 

al., 1993; Kelic et al., 1993). IL6 also demonstrates pleiotropic effects on myogenic cells, 

influencing both proliferation and differentiation, as well as muscle fiber growth (Haddad et 

al., 2005; Toth et al., 2011; Hoene et al., 2013; Muñoz-Cánoves et al., 2013). TNFα can 

maintain satellite cells in early proliferative stages of myogenesis, inhibit differentiation and 

affect muscle cell fusion (Guttridge et al., 1999; Langen et al., 2001, 2004; Li 2003; Wang et 

al., 2018). In addition, insulin-like growth factor-1 (IGF1) can be secreted at high levels by 

immune and non-immune cells, and has strong effects on muscle cell proliferation, 

differentiation and growth of mature muscle fibers (Jennische et al., 1987; Allen and 

Boxhorn, 1989; Palmer et al., 1997). Thus, every step of the course of myogenesis can be 

greatly influenced by inflammation.
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3. Inflammation of regenerating muscle.

As with other acutely-injured tissues, skeletal muscle experiences a rapid invasion of 

leukocytes that are associated with the removal of damaged tissue and with modulating the 

repair, regeneration and regrowth of the injured tissue. Although recent reviews have 

addressed in depth the mechanisms through which the immune system can influence 

regeneration of adult muscle (Tidball, 2017), key aspects of those mechanisms that are 

important for understanding the influence of aging of the immune system on muscle 

regeneration are summarized here.

The presence of large numbers of inflammatory cells at sites of regeneration of injured 

muscle has been interpreted as indicating a role for the immune system in muscle 

regeneration for over 120 years (Volkmann, 1893). Although nearly all of the leukocytes that 

appear in acutely-injured muscle are myeloid cells, a much smaller population of lymphoid 

cells in the inflammatory infiltrate can also have significant, modulatory effects on 

regeneration. Most immune cells accumulate in the injured muscle as a consequence of 

invasion, not by proliferation of immune cells residing in the injured muscle; mice that were 

pulse labeled with tritiated thymidine at the time of acute muscle injury contained few 

labeled cells in the injured muscle at 2 days post-injury (dpi) (Bintliff and Walker,1960). 

Interestingly, the same investigators found that if the pulse labeling were performed 2.5 days 

before muscle injury, most inflammatory cells in the muscle at 2 dpi were radiolabeled. The 

observations supported the conclusion that proliferative, hematopoietic stem cells (HSCs) in 

the bone marrow at 2.5 days before muscle injury were the primary source of inflammatory 

cells located in the regenerative muscle at 2 dpi (Figure 5). Despite the prevalence of 

invasive leukocytes in regenerating muscle, immune cells that reside in healthy muscle also 

play an important role in the response of muscle to injury, by releasing chemokines that play 

a significant role in attracting the invading leukocytes (Brigitte et al., 2010),

Neutrophils.

The initial population of leukocytes that accumulate in injured muscles is predominantly 

neutrophils, which are typically identified by their expression of Ly6G and CD11b, and by 

their characteristic, multi-lobed nucleus. Typically, neutrophil numbers are significantly 

elevated in muscle within 1 to 6 hours of injury and their numbers rapidly decline by 12- to 

24-hours post-injury (Fielding et al., 1993; Tidball, 2005). Neutrophil functions in injured 

and regenerating muscle largely reflect their specialized roles in rapidly producing high 

levels of free radicals, phagocytosis of cellular debris caused by tissue damage and release of 

proinflammatory cytokines and chemokines that recruit other leukocyte populations that 

directly promote muscle regeneration (Table 1). Despite the apparent benefits of those 

functions, the net effect of neutrophil accumulation in acutely-injured muscle is typically to 

exacerbate damage. For example, experimental depletion of neutrophil numbers reduces 

muscle damage that is caused by muscle ischemia followed by reperfusion, or by forced, 

lengthening contractions, or by exhaustive exercise (Korthuis et al., 1988; Yokota et al., 

1989; Carden et al., 1990; Kyriakides et al., 1999; Lockhart and Brooks, 2008; Kawanishi et 

al., 2016). In addition, genetic ablation of enzymes in neutrophils that generate free radicals 

(gp91phox or myeloperoxidase) can greatly reduce the extent of muscle fiber damage caused 
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by modified muscle use (Nguyen and Tidball, 2003; Nguyen et al., 2005). Although many of 

the injury-exacerbating actions of neutrophils in damaged muscle are attributable to direct 

actions of free radicals on muscle fibers, they may also have indirect effects by increasing 

the cytotoxicity of other leukocyte populations (Nguyen et al., 2003). Surprisingly, the 

possibility that aging affects the function of neutrophils in injured muscle remains 

unexplored, despite the occurrence of age-related reductions in neutrophil functions, such as 

diminished phagocytosis and free radical production, that occur in neutrophils in vitro and in 

other, aging tissues (Fulop et al., 2004; Tortorella et al., 2007).

Macrophages.

Macrophages vastly exceed all other leukocyte populations in muscle following acute injury 

and, unlike neutrophils, they persist at elevated levels in muscle throughout the period of 

muscle repair and regeneration, which may extend for weeks (Figure 6). Macrophages also 

express CD11b but they can be distinguished from neutrophils and other leukocytes in 

muscle by their expression of CD68 and, in mice, by their expression of F4/80. Some 

macrophages can play roles in injured muscle that are similar to neutrophil functions; they 

release free radicals that can affect muscle damage and repair (Villalta et al., 2009; Vezzoli 

et al., 2010), they phagocytose debris at injury sites (McLennan, 1996; Summan et al., 2006; 

Zhao et al., 2016; Zhang et al., 2019), they produce chemokines and other factors that 

amplify the inflammatory response (Robertson et al., 1993; Bryer et al., 2008; Rigamonti et 

al., 2013; Wang et al., 2014; Nicholas et al., 2015) and they attract satellite cells and other 

stem cells to the site of muscle damage (Lolmede et al., 2009; Lemos et al., 2015). However, 

other macrophage populations release anti-inflammatory molecules and produce factors that 

influence the activation, proliferation and differentiation of myogenic cells and increase the 

growth of regenerating muscle fibers (e.g. IL10, IGF1, Klotho) (Tables 1 and 2). 

Macrophages demonstrating those functions increase in muscle between 2 and 4 dpi, and 

their numbers remain elevated over the remaining course of muscle repair and regeneration. 

During the resolution of inflammation in injured muscle, macrophages are eliminated, at 

least in part, by apoptosis (Tidball and St. Pierre, 1996).

The plasticity of macrophage phenotypes is regulated by the presence of cytokines and 

growth factors that activate them to potentially innumerable different phenotypes that occur 

along a functional continuum between a quintessential, pro-inflammatory phenotype (M1-

biased) and a quintessential, anti-inflammatory phenotype (M2-biased) (Mills et al., 2000; 

Locati et al., 2013; Weisser et al., 2013; Murray et al., 2014). Muscle macrophages in mice 

that are biased toward an M1-phenotype are typically identified by their expression of F4/80 

and relatively high levels of CD11b or Ly6C. M2-biased macrophages in mouse muscle are 

typically identified by their expression of F4/80 and relatively low levels of CD11b or Ly6C 

or by their expression of CD163 or CD206. Although many cytokines can modulate 

macrophage phenotypes, several are particularly powerful at promoting the M1-biased, pro-

inflammatory phenotype (IFNγ, TNFα) or the M2-biased, anti-inflammatory phenotype 

(IL4, IL10, IL13) (Mills et al., 2000; Locati et al., 2013; Weisser et al., 2013). Macrophages 

biased toward either end of the spectrum of phenotypes have positive influences on muscle 

regeneration, but the transition from the initial population of macrophages, dominated by 

cells biased toward the M1 phenotype, to the later population, dominated by an M2-biased 

Tidball et al. Page 6

Exp Gerontol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phenotype, is particularly important in the progress of muscle regeneration. For example, 

depletion of F4/80+ macrophages at the time of M1/M2 phenotype transition from muscles 

injured by increased loading greatly slowed muscle repair, growth and regeneration, 

accompanied by disruptions in normal expression of myogenic transcription factors (Tidball 

and Wehling-Henricks, 2007). Muscle fiber growth following injury caused by injection of 

cardiotoxin (CTX) was also slowed in mice from which CD11b+ cells, which would 

predominantly be macrophages, were ablated at the time of peak muscle regeneration 

(Arnold et al., 2007).

Lymphoid cells.

In contrast to myeloid cells such as neutrophils and macrophages, lymphoid cells occur at 

relatively low numbers in muscle following acute injury (Orimo et al., 1991; McLennan, 

1996; Castiglioni et al., 2015; Deyhle et al., 2018) and, likely as a result of their smaller 

numbers, their potential roles in muscle regeneration are less explored. Their invasion 

following acute muscle injury follows a time-course that is similar to changes in M2-biased 

macrophages in injured muscles, which suggests that they may also support regeneration. 

Following muscle damage by sterile injection of CTX, both CD4+ and CD8+ T-lymphocyte 

populations reached maximum numbers in muscle at ~3 dpi, after which their numbers 

slowly declined as muscle regeneration occurred (Zhang et al., 2014; Fu et al., 2015). 

Furthermore, ablation of all T-cell and B-cell populations significantly slowed muscle 

regeneration following CTX injury, although macrophage numbers were unaffected by the 

mutation (Fu et al., 2015). Surprisingly, CD8+ cytotoxic T-lymphocytes (CTLs) are 

responsible for a substantial proportion of the pro-regenerative role played by lymphoid 

cells. Although CTLs primarily serve as central components of the adaptive immune 

response, which is not typically activated in acute, sterile injuries, their numbers are elevated 

following acute injury. In addition, specifically deleting CTLs from mice by genetic ablation 

of Cd8a slowed muscle regeneration following sterile injection of CTX (Zhang et al., 2014), 

similar to the slowing achieved by Rag1 mutation (Fu et al., 2015). However, the extent to 

which CTLs or other lymphoid cells influence muscle regeneration through direct actions on 

myogenic cells in the injured muscle versus through effects mediated by myeloid cells is 

uncertain. On one hand, numbers of mature myeloid cells that expressed high levels of the 

Gr1 phenotypic marker were greatly reduced in injured muscles of Cd8a mutant mice, which 

corresponded to a reduction in the expression of chemokine ligand-2 (CCL2) (Zhang et al., 

2014), the most potent and well-documented chemoattractant for myeloid cells to injured 

muscle (Warren et al., 2004; Shireman et al., 2006, 2007; Martinez et al., 2010; Lu et al., 

2011). Because macrophages can promote proliferation of myogenic cells (Bencze et al., 

2012), the findings supported the interpretation that CTLs promote muscle regeneration by 

attracting macrophages to the muscle via CCL2, and those macrophages then accelerate 

regeneration by more rapidly expanding the myogenic cell population. On the other hand, 

muscle regeneration was slowed without affecting numbers of F4/80+ macrophages in mice 

that were Rag1 mutants, preventing the production of mature T-cells or B-cells (Fu et al., 

2015). In addition, pro-inflammatory cytokines (IL1α, TNFα and IFNγ) secreted by T-cells 

increased proliferation of myogenic cells in vitro (Fu et al., 2015). Those findings show that 

some of the pro-regenerative effects of T-cells on muscle regeneration can occur via direct 
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actions on the myogenic cells, although those directly-acting, effector T-cells may be a 

population other than CTLs.

Although CD4+ T-cells are a diverse population, CD4+ regulatory T-cells (Treg cells) are 

now established as having a significant regulatory role in muscle regeneration (Burzyn et al., 

2013; Villalta et al., 2014). Treg cells, which express the forkhead box protein3 (FOXP3), 

also accumulate in muscles subjected to acute sterile injury with kinetics similar to M2-

biased macrophages, reaching peak numbers at about 4 dpi (Burzyn et al., 2013). In 

addition, their depletion during muscle regeneration slowed muscle growth and regeneration, 

prolonged muscle inflammation and disrupted the pattern of expression of myogenic 

transcription factors (Burzyn et al., 2013). These effects of Treg cell depletion were similar 

to the effects of depleting F4/80 macrophages from regenerating muscle at the time of 

macrophage phenotype transition (Tidball and Wehling-Henricks, 2007), suggesting that the 

effects of Treg cell depletion could be mediated in part by disrupting macrophage influences 

on muscle regeneration. That possibility was also supported by the finding that the normal 

transition between M1-biased and M2-biased macrophage phenotypes was disrupted by 

ablating Treg cells in regenerating muscle (Burzyn et al., 2013). A role for Treg cells in 

promoting the M2-biased phenotype is partly attributable to Treg cell-derived IL10 (Villalta 

et al., 2014; Castiglioni et al., 2015). However, muscle Treg cells are also a source of the 

growth factor amphiregulin which can act directly on myogenic cells in vitro to increase 

their differentiation, without affecting proliferation (Burzyn et al., 2013). Thus, Treg cells 

can also have regulatory influences on muscle regeneration by modulating the immune 

response and by directly acting on myogenic cells.

4. Mechanisms through which aging of the immune system can affect 

muscle regeneration.

a. Age-related defects in muscle regeneration are affected by factors extrinsic to muscle 
cells.

Satellite cell numbers in rodents and humans decline during aging (Allbrook et al., 1971; 

Snow, 1977; Gibson and Schultz, 1983; Renault et al., 2002) and, because adult myogenesis 

depends on the presence of satellite cells, their reduced numbers may contribute to the 

impaired regenerative capacity of muscle. This was demonstrated experimentally in young, 

adult mice in which Pax7-expressing satellite cells were nearly completely eliminated 

leading to greatly impaired histological signs of regeneration in TA muscles that were 

injured by CTX injection (Sambasivan et al., 2011). Similarly, genetic ablation of Pax7-

expressing satellite cells in 17-month-old mice resulted in histological evidence of 

diminished regeneration in TA muscles injured by barium chloride (BaCl2) injection (Fry et 

al., 2015). Thus, normal muscle regeneration is influenced by the number of satellite cells, at 

least in cases of extreme reductions of their numbers. During aging of mice, satellite cell 

numbers decline by about 50% in mice by 20- to 24-months of age compared to young 

adults (Brack et al., 2005; Wang et al., 2019), which may be sufficient to impair muscle 

regenerative capacity with age. This reduction in cell numbers is attributable both to age-

related changes that are intrinsic to myogenic cells and to age-related changes in their 

environment. For example, proliferation of myogenic cells isolated from soleus and extensor 
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digitorum longus (EDL) muscles from mice ranging from 6-days to 30-months of age 

showed that older cells were less proliferative in vitro, reflecting an intrinsic, age-related 

change (Schultz and Lipton, 1982). On the other hand, exposure to serum from ~3-month-

old mice increased the proliferative capacity of satellite cells on isolated muscle fibers 

obtained from 19- to 26-month-old mice in vitro (Conboy et al., 2005), showing that 

extrinsic factors also influence age-related changes in satellite cell proliferation. In addition, 

exposure of old satellite cells in injured muscle to circulating factors obtained from young 

mice reduced the age-related shift of old satellite cells from a myogenic phenotype to a more 

fibrogenic phenotype following their activation (Brack et al 2007). Collectively, these 

findings show that age-related changes in satellite cell number and function are attributable 

to both intrinsic and extrinsic factors that influence myogenesis.

Although age-related changes within satellite cells contribute to the loss of the regenerative 

capacity of aging muscles, numerous findings show that changes in extrinsic factors during 

aging may dominate the progressive decline in muscle’s ability to repair itself. Early, 

pioneering studies used age-matched (isochronic) and age-mismatched (heterochronic) 

muscle transplantations in which rat EDL muscles were transplanted between rats ~3-

months of age and 24-months of age, to assess whether muscle regeneration following 

transplantation was most influenced by the age of the rat muscle that was transplanted or the 

age of the host rat that received the transplantation (Carlson and Faulkner 1989). Using 

increases in muscle mass, recovery of muscle force production and restoration of muscle 

histology as indices of regeneration, each assay showed that the most successful 

regeneration occurred if the host were young, regardless of the age of the transplanted 

muscle, and the worse regeneration occurred in old hosts, regardless of the age of the 

transplanted muscle. Subsequently, the circulatory system was shown to be the source of at 

least some of the host-derived, exogenous factors that affect muscle regeneration. After 

surgically-joining age-matched and age-mismatched mice between young (2- to 3-month-

old) and old (19- to 24-month-old) mice so that they shared a common circulatory system, 

old mice that experienced acute injury by freeze-damage to the TA muscle demonstrated 

better myotube formation and less muscle fibrosis if they were conjoined with a young 

mouse than if they were conjoined with an old mouse (Conboy et al., 2005). Although these 

findings clearly demonstrate a role for an age-related change in circulating cells and factors 

in affecting the age-related change in muscle regeneration, we do not yet know the relative 

importance of those circulating factors versus age-related changes in other cells and tissues 

that influence muscle regeneration. For example, age-related changes in the neuromuscular 

system outside the muscle fiber can contribute substantially to the regenerative ability of 

acutely-injured muscle (Carlson and Faulkner, 1998), and we do not know whether the age-

related changes in the motor nervous system are more important than age-related changes in 

circulating factors in influencing muscle regeneration. Furthermore, age-related changes in 

circulating cells and factors may influence muscle regeneration indirectly, by acting on other 

tissues involved in muscle repair, such as the nervous system and circulatory system. The 

relative importance of those direct versus indirect effects of circulating factors on age-related 

changes in muscle regeneration is unknown. Nevertheless, circulating factors definitively 

contribute to age-related changes in muscle regeneration to some extent, as shown by the 

discovery that the direct application of serum from young mice improved satellite cell 
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proliferation, compared to serum from old mice (Conboy et al., 2005). Those findings 

provided the foundation for current investigations into the source and identity of the specific 

molecules that provide extrinsic regulatory controls on muscle regeneration that change with 

age, and introduced the possibility that the immune system was a significant component of 

the regulatory controls.

b. Do age-related changes in the numbers or functions of immune cells in injured muscle 
contribute to loss of muscle regenerative capacity?

i. Does aging cause defects in leukocyte recruitment to injured muscle?—
Some of the earliest studies of the regeneration of aging muscle identified relationships 

between changes in muscle regeneration that coincided with disruptions of muscle 

inflammation, especially changes in the numbers of macrophages and other myeloid cells. 

Because most leukocytes in muscle following acute injuries are derived from cells recruited 

from the circulation, an age-related defect in recruitment would diminish the normal 

regulatory influences of the immune system on muscle regeneration. Several observations 

support that possibility. Injuries caused by injection of bupivicaine (which can cause 

analgesia in addition to muscle fiber damage) into rat tibialis anterior (TA) muscles at 3-

months or 2-years of age showed that regeneration, assayed by the time of appearance of 

myotubes, was greatly delayed in old animals and accompanied by much slower growth of 

muscle fibers (Sadeh, 1988). The slowing of myogenesis was also paralleled by a slowing of 

the accumulation of inflammatory cells in the injured muscle and a prolongation of the 

inflammatory response (Sadeh, 1988). Together, the observations suggested that an age-

related delay in the recruitment of inflammatory cells into old, injured muscle impaired 

regeneration. Similarly, more recent observations showed that EDL muscles that were 

injured by a series of forced, lengthening contractions experienced a larger increase of 

CD68+ macrophages in muscles at 5 dpi in young muscle (3- to 5-month-old mice) than in 

old (25- to 27-month-old) (Sloboda et al., 2018), consistent with an age-related defect in 

leukocyte recruitment or expansion after recruitment to the injured tissue. Importantly, age-

matched mice in the same investigation that were not injured showed much higher numbers 

of monocytes in the circulation of old mice than in young (Sloboda et al., 2018), indicating 

that the diminished accumulation of CD68+ cells in the old mice was not a consequence of a 

reduction in the pool available for recruitment.

However, defects of inflammatory cell recruitment or migration into old, injured muscle are 

not apparent or are minimal in other acute injury models in mice. For example, 

transplantation of muscle grafts causes muscle damage, and transplantation of muscle from 

young mice (2 months) to young recipients, or transplantation from young mice to old 

recipients (21 months) or transplantation of old muscle to either young or old recipients 

produced similar courses of muscle inflammation, with only slight delays of inflammation in 

older recipients (Smythe et al., 2008). In addition, muscle injury that is caused by removing 

loading from hindlimb muscles (hindlimb suspension; HS) followed by a period of reloading 

the muscles by a return to weight-bearing (reloading) produces an inflammatory response 

that is qualitatively similar to inflammation caused by more extreme injuries such as toxin 

injection. However, muscles experiencing HS/reloading showed no impairment in the 

accumulation of Ly6C+ cells (neutrophils/monocytes/macrophages) during reloading of old 
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gastrocnemius muscles (24- to 26-month-old mice) compared to young muscles (4- to 5-

month-old), although muscle regeneration, assayed by fiber growth, was slower in old 

muscle (Reidy et al., 2019b). In addition, expression levels of Ccl2 were higher in old 

muscles during reloading (Reidy et al., 2019b), which is significant because CCL2 is the 

strongest driver of leukocyte chemoattraction into muscle following acute injury (Warren et 

al., 2004; Shireman et al., 2006, 2007; Martinez et al., 2010; Lu et al., 2011). Thus, aging of 

muscle and the immune system does not produce a universal, intrinsic defect in myeloid cell 

recruitment to injured muscles in mice. Similarly, quadriceps muscles in young humans (~32 

years) that were injured by resistance exercise showed no difference in the increase of 

numbers of CD68+ macrophages in the muscles at 72 hours post-exercise, compared to old 

humans (~71 years) (Przybyla et al., 2006). Because CD68 is expressed by all circulating 

monocytes and by all macrophages in humans, and the vast majority of inflammatory cells 

in injured muscle are monocytes/macrophages, the observation indicates that aging does not 

cause a significant, universal defect in leukocyte recruitment to injured muscle, in humans as 

well as in mice.

Why does aging cause no defect in leukocyte recruitment following mild muscle damage 

(e.g., HS/reloading) but causes reduced leukocyte numbers following more severe muscle 

damage (e.g., myotoxin injection)? Although the cause of this difference in the effect of age 

on leukocyte recruitment in different injury models has not been identified, it could reflect 

age-related differences in the response of old muscle to injury. Old muscle experiences more 

extensive damage than young muscle as a consequence of the same perturbation (Zerba et 

al., 1990; Brooks and Faulkner 1996) and perhaps, in more severe injury models, the 

amplified damage to old muscle may impair the production or release of signals from the 

muscle that are necessary for leukocyte recruitment. Alternatively, the more extensive 

damage of old muscle may generate other obstacles for trafficking of leukocytes into injured 

tissue if, for example, there is more extensive damage to the vascular bed. However, no 

experimental findings are available to address this alternative possibility.

ii. Does aging cause intrinsic changes to macrophage phenotypes that affect 
muscle regeneration?—The tremendous preponderance of macrophages in injured 

muscle and the growing body of knowledge that demonstrates their central roles in 

regulating regeneration suggests that age-related defects in their function in muscle would 

significantly affect muscle regeneration. As outlined in Section 3 above, the shift in 

macrophages along the spectrum of phenotypes over the course of muscle regeneration is 

key to determining the success of regeneration. This point has been illustrated by 

investigations in which levels of IL10 in injured muscle have been disrupted. IL10 

expression is elevated in regenerating muscle and it mediates the normal transition of 

macrophages from an M1-biased phenotype to an M2-biased, CD163+, CD206+ phenotype 

in muscle following HS/reloading (Deng et al., 2012) or BaCl2 injection (Welc et al., 

2020a). If IL10 is not expressed, transition to an M2-biased phenotype does not occur and 

muscle regeneration is impaired. However, premature elevation of IL10 in early stages of 

regeneration also disrupted regeneration (Perdiguero et al., 2011), showing that disruption of 

the normal time course of macrophage transitions may also negatively affect regeneration.
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Macrophage phenotype transitions are perturbed in aged muscle following injury. For 

example, injuries caused by repeated, forced, lengthening contractions (eccentric 

contractions) of EDL muscles showed a greater increase in CD163+, M2-biased 

macrophages in old (25- to 27-month-old) mice compared to young (3- to 5-month-old), 

although the increase in total CD68+ macrophages was greater in young mice at the same 

stage of regeneration (Sloboda et al., 2018). Similarly, human quadriceps muscles subjected 

to repeated, forced, eccentric contractions showed a reduction of CD11bhigh, M1-biased 

macrophages and an increase in CD206+, M2-biased macrophages in old muscles (~77 

years) compared to young muscles (~22 years) during regeneration, although the number of 

total CD68+ macrophages was unchanged (Sorensen et al., 2019). Some of these changes in 

numbers of M2-biased macrophages in old versus young, injured muscle are also reflected in 

changes in gene expression in macrophages. FACS-isolated CD45+, CD11b+ cells from 

gastrocnemius muscles of mice experiencing HS followed by 4 days of reloading showed 

significantly higher expression of Retnia (Fizz1), a marker of the M2-biased phenotype, in 

cells sorted from old (24- to 26-month-old) mice compared to young (4- to 5-month-old), 

with no difference in the expression of pro-inflammatory genes (IL1β, TNFα, IFNγ) (Reidy 

et al., 2019b). However, expression levels of another M2-phenotypic marker (Mrc1 which 

encodes CD206) did not differ between cells sorted from old versus young muscles (Reidy 

et al., 2019b). Together, these findings indicate that there is an age-related shift of 

macrophages toward an M2-biased phenotype in regenerating muscle by increasing both the 

numbers of M2-biased macrophages in old regenerating muscle and by increasing the levels 

of expression of some M2 phenotypic markers in individual macrophages.

The greater prevalence of M2-biased macrophages in regenerating muscle of old mice and 

humans is surprising for a couple of reasons. First, aging of the immune system produces 

“inflammaging,” a condition in which there is a systemic shift of the immune system to a 

more pro-inflammatory environment characterized by higher levels of Th1 cytokines 

(TNFα, IL1β and IFNγ); that created the expectation that the inflammatory response in 

aged-muscle would also be shifted toward a pro-inflammatory, M1-biased macrophage 

population. In addition, the unexpected bias of intramuscular macrophages to an M2 

phenotype is not only a consequence of injury; non-injured, old muscles also show an 

increased proportion of CD163+, CD206+ M2-biased macrophages (Wang et al., 2015; 

Sorensen et al., 2019; Reidy et al., 2019; Cui et al., 2019), despite an age-related shift of 

muscle toward the expression of pro-inflammatory cytokines. For example, non-injured 

muscle exhibits inflammaging, associated with elevated expression of IL1β and IFNγ 
(Dennis et al., 2004; Przybyla et al., 2006; Leger et al., 2008; Peake et al., 2010; Wang et al., 

2015) and either elevated or unchanged levels of TNFα (Dennis et al., 2004; Hamada et al., 

2005; Raue et al., 2007; Leger et al., 2008; Wang et al., 2015). Muscle aging is also 

associated with no change in the level of expression of IL6 (Hamada et al., 2005; Przybyla et 

al., 2006; Wang et al., 2015), a cytokine that promotes the M2 phenotype (Duluc et al., 

2007) and a decline in IGF1 expression (Dennis et al., 2004), a growth factor that supports 

the M2-biased phenotype (Tonkin et al., 2015). Thus, the shift of macrophages toward an 

anti-inflammatory, M2-phenotype in non-injured muscle occurs contrary to the presence of a 

pro-inflammatory, inflammaging environment that mirrors systemic changes, at least in part. 

Injury can then further amplify that inclination (Sloboda et al., 2018).
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We do not know why the aging, intramuscular environment favors an M2-biased 

macrophage phenotype when expression levels of Th1 cytokines in aging muscle reflect 

systemic inflammaging, but a possible explanation may lie in the large increases in 

expression of IL10 that occur during muscle aging (Leger et al., 2008; Wang et al., 2015). 

IL10 is a potent deactivator of the M1 macrophage phenotype in muscle and increases in its 

production are an established feature of aging macrophages (Chelvarajan et al., 2005). Its 

powerful role in regulating shifts in macrophages to an M2-biased phenotype in young, 

injured muscles (Deng et al., 2010; Welc et al., 2020a) suggests the untested possibility that 

the age-related shift in its expression in muscle contributes to the M2 bias of macrophages in 

aging muscle.

The greater prevalence of M2-biased macrophages in regenerating muscles of old mice and 

humans is also unexpected because M2-biased macrophages play important roles in 

promoting growth and regeneration of younger muscles following injury, but old muscles 

with a higher proportion of M2-biased macrophages (Wang et al., 2015; Sloboda et al., 

2018) show impaired regeneration (Gutmann and Carlson, 1976; Zacks and Sheff 1982; 

Carlson and Faulkner, 1988, 1996; Musaro et al., 2001). The apparent discrepancy between 

the elevated numbers of M2-biased macrophages and impaired regeneration is also likely 

explained by the great, functional diversity of the M2 macrophage phenotype and the 

inadequacy of associating the expression of a small number of phenotypic markers (e.g., 

CD163, CD206, CD11blow, Ly6Clow) with a specific function (e.g., pro-regeneration or pro-

reparative macrophages). Despite that limitation, other aspects of the age-related 

dysregulation of intramuscular macrophage phenotype are more clearly associated with 

another defect of muscle regeneration in old animals: increased muscle fibrosis (Brack et al., 

2007; Hidestrand et al., 2008; Serrano et al., 2010; Fry et al., 2015; Wang et al., 2015; 2019; 

Lyu et al., 2019). In part, this increase in fibrosis is attributable to the age-related shift of 

satellite cells to a more fibrotic phenotype (Brack et al., 2007). However, elevated numbers 

of CD163+ M2-biased macrophages in aging muscle can also increase fibrosis (Wang et al., 

2015, 2019).

Some of the age-related changes in macrophages that affect muscle regeneration are the 

consequence of intrinsic changes in the function of old macrophages that occur independent 

of the muscle environment. For example, human myoblasts that were treated with 

conditioned media obtained from macrophages that were derived from whole-blood 

monocytes from old humans showed less proliferation than myoblasts treated with 

conditioned media from macrophages from young humans (Sorensen et al., 2019). 

Furthermore, these intrinsic changes in macrophage function occurred during aging of 

hematopoietic stem cells (HSCs) that are progenitors of macrophages, while the HSCs still 

reside in the bone marrow. Myoblasts treated with conditioned media from macrophages that 

were differentiated from bone marrow cells (BMCs) from old mice (bone marrow derived 

macrophages; BMDMs) were less proliferative than myoblasts treated with conditioned 

media from young BMDMs (Wang et al., 2019). In addition, the myoblasts treated with 

media from old BMDMs showed lower levels of expression of MyoD and myogenin, 

indicating that aging of macrophage progenitors influences their capacity to directly affect 

both proliferation and differentiation of myogenic cells (Wang et al., 2019). Furthermore, 

this intrinsic, age-related shift of macrophage progenitor cells to a phenotype that is less able 
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to support myogenesis is demonstrable in vivo. Transplantation of old BMCs (18-month-old) 

into young mice (2-month-old) that were then aged to 10-months yielded satellite cell 

numbers that were reduced to levels occurring in mice 24- to 28-month-old. Note that the 

BMCs in those mice at the time of tissue collection were 26-month-old while the host mice 

were 10-months. However, transplantation of young BMCs (2-month-old) into young mice 

(2-month-old) that were then aged to 10-months caused no change in numbers of satellite 

cells compared to the muscles of age-matched, non-transplanted controls (Wang et al., 

2019). Thus, aging of the hematopoietic system leads to intrinsic changes in myeloid lineage 

cells that diminish their capacity to maintain satellite cell numbers in vivo. However, 

whether aging of HSCs also contributes to age-related defects in muscle regeneration has not 

been tested.

c. What macrophage-derived molecules influence age-related defects in muscle 
regeneration?

Macrophages are rich sources of cytokines and growth factors that can influence muscle 

regeneration and the expression levels of many of those molecules change in muscle during 

aging (Table 1). However, we frequently do not know whether the age-related changes in 

expression of molecules that influence myogenesis occur in leukocytes or in non-immune 

cells within the aging muscle. For example, there is a systemic reduction in IGF1 expression 

during aging (Kelijman, 1991) and induction of IGF1 expression in muscle by injury is 

greatly reduced by aging (Hammers et al., 2008; Reidy et al., 2019a,b). IGF1 can influence 

both the proliferation and differentiation of muscle cells (Coolican et al., 1997), it can 

increase growth of embryonic and aging muscle (Powell-Braxton et al., 1993; Barton-Davis 

et al., 1998) and its expression by macrophages improves repair of injured, non-aged muscle 

(Lu et al., 2011; Tonkin et al., 2015). However, whether an age-related reduction in IGF1 

expression in macrophages contributes to defects in regeneration of aged muscle is 

unknown, but offers a promising hypothesis for future experimentation. Nevertheless, some 

insights acquired over the last several years into the identity of specific, macrophage-derived 

molecules that influence muscle aging and regeneration provide more definitive evidence 

concerning how aging of the immune system affects muscle regeneration (Figure 7).

i. Growth differentiation factor 3 (GDF3).—GDF3 is a TGFβ family member 

(Levine and Brivanlou 2006) that is now established as a significant, macrophage-derived 

cytokine that modulates muscle regeneration (Varga et al., 2016; Patsalos et al., 2018). 

GDF3 is secreted by macrophages and is primarily expressed in muscles by CD45+ cells in 

the hematopoietic lineage, suggesting that macrophages are the major source of GDF3 in 

whole muscle tissue (Varga et al., 2016; Patsalos et al., 2018). Treatment of myogenic cells 

in vitro with GDF3 slightly reduced their proliferation and increased their rate of cell fusion 

(Varga et al., 2016), indicating a role for the protein in promoting muscle differentiation. 

Several observations provide strong support that GDF3 influences muscle regeneration in 
vivo and show that age-related reductions in GDF3 expression by macrophages contribute to 

defects in regeneration of old muscle. First, Gdf3−/− mice in which muscles were acutely 

injured by CTX injection experienced slower muscle fiber growth during regeneration than 

the growth that occurred in non-mutant mice (Varga et al., 2016). In addition, wild-type mice 

that received bone marrow transplantations (BMT) from Gdf3−/− donors showed similarly 
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slowed growth (Varga et al., 2016), indicating that the GDF3 deletion specifically in myeloid 

cells was sufficient to delay regeneration. In contrast to a large induction of GDF3 

expression by injury in young mouse muscles (2-month-old), old mice (23-month-old) 

showed little induction of GDF3, which was accompanied by reductions in growth of 

regenerative fibers and slowed repair of damaged fibers (Patsalos et al., 2018). However, the 

reduction of GDF3 in old injured muscle was not a consequence of reductions in 

inflammation; the old mice showed greater numbers of Ly6Chigh cells in the muscle, 

suggesting that old macrophages produced lower levels of GDF3, and that loss contributed 

to age-related defects in regeneration.

ii. Osteopontin.—Osteopontin (Opn; encoded by Spp1) is a pro-inflammatory cytokine 

expressed by macrophages, T-cells and natural killer (NK) cells that can be induced by IL1 

and TNFα (reviewed by Denhardt and Noda, 1998; O’Regan et al., 2000; Denhardt et al., 

2001). Much of the pro-inflammatory role of Opn in muscle is attributable to its strong 

chemoattractant function for neutrophils, monocytes and macrophages to sites of injury and 

inflammation (Zhu et al., 2004; Koh et al., 2007; Marcondes et al., 2008; Many et al., 2016; 

Shi et al., 2018) and its induction of Th1 cytokines and inhibition of Th2 cytokine 

production via its interactions with CD44 and integrins (Ashkar et al., 2000). In particular, 

Opn binding to CD44 inhibits the induction of IL10 (Ashkar et al,. 2000). However, despite 

the induction of pro-inflammatory cytokines and inhibition of IL10 expression by Opn, Spp1 
mutant mice showed a lower proportion of CD206+ M2-biased macrophages in mouse 

muscles injured by transplantation (Wasgewatte Wijesinghe et al., 2019), suggesting that 

Opn increases inflammation through its chemotactic role but also affects macrophage 

phenotype in injured muscle through an unknown mechanism. Although many leukocyte 

populations (Denhardt et al., 2001) and muscle cells (Pereira et al., 2006) can express Opn, 

its expression is elevated in CTX-injured muscle primarily in F4/80+ macrophages, although 

not all F4/80+ macrophages, with peak expression levels occurring at 2 dpi (Hirata et al., 

2003).

Although Opn’s most well-defined roles are as an immunomodulatory molecule, it also acts 

directly on myogenic cells in vitro and influences muscle regeneration in vivo. Opn 

treatment of myogenic cells in vitro inhibits their migration and differentiation 

(Uaesoontrachoon et al., 2008) and neutralization of Opn in vivo perturbs muscle 

regeneration following CTX injection (Paliwal et al., 2012). Interestingly, these influences of 

macrophage-derived Opn on muscle regeneration are affected by aging of the immune 

system. Following acute muscle injury, CD11b+ cells that were isolated from injured TA and 

gastrocnemius muscles of old mice (22- to 24-month-old) showed much higher levels of 

Opn expression than in CD11b+ cells from young (2- to 3-month-old) muscles (Paliwal et 

al., 2012), accompanying the delay in regeneration in old muscles. Furthermore, injection of 

recombinant Opn (rOpn) into young, injured muscles reduced histological signs of 

regeneration and injection of neutralizing antibodies to Opn into old, injured muscles 

improved histological signs of regeneration and increased expression levels of MyoD and 

myogenin (Paliwal et al., 2012). In vitro observations also support the conclusion that these 

in vivo effects are attributable to age-related changes in the interaction between muscle and 

macrophages. Although young satellite cells cultured with young macrophages in the 
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presence of young serum were more proliferative in vitro than old satellite cells cultured 

with old macrophages and old serum, those higher levels of proliferation in the young 

cultures were reduced by adding rOpn. Conversely, adding anti-Opn to cultures of old cells 

increased proliferation of old satellite cells and, similarly, replacing old macrophages with 

young macrophages in old cultures restored proliferation (Paliwal et al., 2012).

iii. Tumor necrosis factor-α.—TNFα is a pro-inflammatory cytokine that is a 

quintessential representative of a pro-inflammatory mediator that is expressed at higher 

levels during aging. In addition, its systemic elevation has been associated with the loss of 

muscle mass and function during aging and disease. For example, serum TNFα 
concentration increases in men during aging (Léger et al., 2008) which correlates with their 

loss of muscle mass and strength (Greiwe et al., 2001; Visser et al., 2002). Furthermore, the 

systemic elevation of TNFα coincides with an increase in TNFα signaling in muscle 

(Phillips and Leeuwenburgh, 2005) and treatment of patients with Crohn’s disease with 

neutralizing antibodies to TNFα reduced sarcopenia associated with inflammation that 

characterizes that disease (Subramaniam et al., 2015). In part, the association between 

increases in TNFα and sarcopenia is attributable to a TNFα-induced shift of muscle to a 

negative protein balance via an NFκB-mediated pathway (Langen et al., 2001). However, 

elevation of TNFα reduces muscle regenerative capacity, as well as increasing muscle 

wasting (Coletti et al., 2005; Song et al., 2015). These negative effects of TNFα on muscle 

regeneration may reflect direct actions on satellite cells. Application of TNFα to myoblasts 

in vitro increases their proliferation at early stages of myogenesis while repressing their 

differentiation (Langen et al., 2001; Chen et al., 2005; Palacios et al., 2010) which is 

attributable in part to transcriptional activation of NF- κB and decreased stability of MyoD 

(Guttridge et al., 2000). Thus, increases in TNFα levels during inflammaging have the 

potential to disrupt adult myogenesis, which could then contribute to age-related defects in 

muscle regeneration.

The systemic elevation of TNFα during aging is mirrored by increases in its expression in 

aging muscle and those increases are further amplified following muscle injury. For 

example, muscles of old mice (25- to 27-month-old) showed higher levels of TNFα 
induction following injury by a series of lengthening contractions than occurred in young 

injured muscles (3- to 5-month-old) (Sloboda et al., 2018). However, whether those injury-

induced elevations of TNFα expression occurred in macrophages is unknown; using a less 

damaging injury protocol (HS/reloading), CD45+, CD11b+ cells that were sorted from 

injured muscle showed no difference in the levels of TNFα expression in young (4- to 5-

month-old) compared to old (24- to 26-month-old) macrophages (Reidy et al., 2019b).

Because non-immune cells can be significant sources of TNFα, determining whether 

macrophages are important sources of TNFα that affect age-related changes in muscle 

wasting and regeneration has been challenging to address. In particular, satellite cells and 

muscle fibers also express and secrete TNFα (de Rossi et al., 2000) and in situ hybridization 

studies showed TNFα mRNA located in muscle fibers and in mononucleated cells between 

muscle fibers, and showed that the apparent quantity of TNFα mRNA in those cells 

increased in humans during aging (Griewe et al., 2001). Despite the occurrence of TNFα 
expression by muscle cells and intramuscular leukocytes, more recent studies show that 
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macrophage-derived TNFα plays a significant role in influencing muscle aging and affects 

the number of satellite cells present in aging muscle. First, the importance of systemic 

TNFα in age-related changes in muscle was demonstrated by the systemic ablation of TNFα 
which prevented sarcopenia that occurred by 20-months of age in mice (Wang et al., 2018). 

However, transplantation of wild-type BMCs into 12-months-old Tnf mutants yielded 

intramuscular CD68+ macrophages that expressed TNFα located in an otherwise TNFα-free 

intramuscular environment and that transplantation led to levels of sarcopenia that resembled 

20-month-old wild-type mice (Wang et al 2018). This indicates that macrophage-derived 

TNFα contributes significantly to muscle wasting in old age. The transplantation of TNFα 
expressing BMCs into Tnf mutants also reduced the numbers of myonuclei and increased 

the numbers of satellite cells, which suggested that TNFα generated by intramuscular 

macrophages inhibits satellite cell differentiation and fusion. Although these observations 

support the conclusion that macrophage-derived TNFα can influence age-related changes in 

muscle and affect satellite cell numbers, they do not show that those influences also affect 

defects in the regeneration of aged muscle, which remains to be definitively tested.

iv. Klotho.—Klotho is a transmembrane protein that can be cleaved and released or 

expressed as a truncated form that is secreted to function as a hormone (Kuro-o et al., 1997; 

Matsumura et al, 1998; Li et al 2004; Kurosu et al., 2005). Klotho expression declines in 

many tissues during aging (Kuro-o et al., 1997) and in mouse muscles its expression 

progressively declines between 1- and 24 - months of age during normal development, 

maturation and aging (Wehling-Henricks et al., 2016, 2018). Delivery of Klotho to injured or 

diseased muscles that is achieved by expression of a Klotho transgene improves muscle 

growth and regeneration (Wehling-Henricks et al., 2016, 2018; Welc et al., 2020b). In part, 

the pro-regenerative effects of Klotho on injured muscle are attributable to its ability to act 

directly on myoblasts to increase their proliferation through a TNFα-mediated autocrine 

loop (Wehling-Henricks et al., 2016, 2018) and to protect them against mitochondrial DNA 

damage (Sahu et al., 2018) and to regulate Wnt signaling (Ahrens et al., 2018). In vivo, 

several observations show that the primary effect of Klotho on healthy, injured or diseased 

muscle is to function as a positive regulator of satellite cell numbers, which would have 

implications for the regenerative capacity of muscle. For example, genetic restoration of 

Klotho expression to dystrophic muscle in which Klotho is pathologically reduced, prevents 

the pathological reduction in satellite cell numbers that occurs during muscle aging 

(Wehling-Henricks et al., 2016). In addition, transplantation of BMCs expressing a Klotho 

transgene into dystrophic mice increased satellite cell numbers and improved muscle 

regeneration, confirming that myeloid-cell mediated delivery of Klotho to muscle can 

improve regeneration (Wehling-Henricks et al., 2018). Similarly, mice that are hypomorphic 

mutants for Klotho showed reduced numbers of satellite cells in non-injured muscles and 

displayed impaired muscle regeneration (Ahrens et al., 2018; Sahu et al., 2018) and reduced 

numbers of MyoD+ cells at the site of muscle damage by CTX-injection (Sahu et al., 2018).

Following skeletal muscle damage either by BaCl2 or CTX injection or during muscular 

dystrophy, Klotho expression is elevated and the Klotho that is detectible by 

immunohistochemistry is present in CD206+ M2-biased macrophages (Wehling-Henricks et 

al., 2018; Welc et al., 2020b) and in MyoD+ satellite cells (Sahu et al., 2018). In addition, 
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the accumulation of Klotho-expressing M2-biased macrophages and MyoD+ satellite cells 

occurs at sites of muscle regeneration (Wehling-Henricks et al., 2018; Sahu et al., 2018) 

which indicates that Klotho expressed by both cell types may promote muscle regeneration. 

However, old, injured muscle did not experience an increase in Klotho (Sahu et al., 2018) 

and the age-related reduction of Klotho expression occurred in both M2-biased macrophages 

and MyoD+ satellite cells in regenerating, aged muscle (Wehling-Henricks et al., 2018; Sahu 

et al., 2018). Those findings show that aging of the immune system and intrinsic, age-related 

changes in satellite cells produce reductions in Klotho expression and suggest that their 

Klotho deficiency is a significant factor in the impaired regenerative capacity of aging 

muscle. However, current evidence is inadequate to address whether the age-related loss of 

Klotho in either macrophages or in muscle cells alone produces a sufficient Klotho 

deficiency to cause impaired regeneration.

d. Aging perturbs interactions between lymphoid cells and other immunoregulatory cells, 
contributing to defects in regeneration of aging muscle.

Although changes in macrophage interactions with muscle cells have been examined most 

extensively in studies of inflammaging and muscle regeneration, important regulatory roles 

for lymphocytes in muscle regeneration are also affected by aging. As noted in Section 3, 

both Treg cells and CTLs can influence regeneration of young muscle and depletion of 

either population slows regeneration (Burzyn et al., 2013; Zhang et al., 2014; Villalta et al., 

2014; Panduro et al., 2018) which is partially attributable to reduced (Zhang et al., 2014) or 

increased (Burzyn et al., 2013) muscle inflammation, to disruption of the normal regulation 

of macrophage phenotype (Burzyn et al., 2013; Panduro et al., 2018) and to lost production 

of T-cell derived growth factors that promote myogenesis (amphiregulin; Burzyn et al., 

2013). Thus, age-related defects in the recruitment or function of either Treg cells or CTLs 

could contribute to diminished regeneration of injured, old muscle. Indeed, the proportion of 

CD4+ T-cells that is comprised of Treg cells is lower in CTX-injured muscles of old mice 

(24-months-old) than in young (2-months) and increasing Treg cell recruitment into old, 

injured muscle by injection of IL33 improved regeneration (Kuswanto et al., 2016), 

supporting the conclusion that sufficient numbers of Treg cells in injured muscle are 

necessary for normal regeneration. Although IL33 is produced by many cell types, including 

macrophages, dendritic cells and endothelial cells, most detectable IL33 in old muscle is 

present in fibro/adipogenic progenitor cells (FAPs) and IL33+ cell numbers decline in aging 

muscle (Kuswanto et al., 2016). This indicates that some of the age-related defects involving 

perturbations of Treg cell influences on muscle regeneration are not intrinsic defects in Treg 

cells, but are primarily attributable to unknown factors that diminish numbers of IL33-

expressing cells in injured, aging muscle.

Aging also produces defects in signaling between CTLs, Treg cells and macrophages that 

lead to impaired muscle regeneration, particularly involving perturbations of IFNγ-mediated 

pathways. CTLs in injured muscles are a primary source of IFNγ (Panduro et al., 2018; 

Zhang et al., 2020), a cytokine that has strong but variable influences on muscle 

regeneration. For example, null mutation of IFNγ in dystrophic muscles that experience 

chronic-injury can reduce muscle damage (Villalta et al., 2011) but ablation of IFNγ 
expression impairs regeneration of young, acutely-injured muscle (Panduro et al., 2018; 
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Zhang et al., 2020). Much of the muscle regenerative defect in young, injured, IFNγ-null 

mice is rescued by the adoptive transfer of wild-type CD8+ T cells into the IFNγ mutant 

mice experiencing muscle injury (Zhang et al., 2020), emphasizing the importance of CTL-

derived IFNγ in muscle regeneration. In part, the regenerative defects of reduced IFNγ 
signaling in injured muscle may result from disruptions of the normal inflammatory 

response to muscle damage because IFNγ ablation skews the inflammatory response in 

damaged muscle toward a Th2 response with elevated numbers of CD206+, M2-biased 

macrophages (Villalta et al., 2011). However, IFNγ also acts directly on myogenic cells to 

influence their proliferation and differentiation (Kalovidouris et al., 1993; Kelic et al., 1993), 

which could also exert important influences on muscle regeneration if IFNγ production were 

impaired.

Disruption of IFNγ expression and signaling in old, injured muscle plays a significant role 

in impaired regeneration. Although IFNγ expression in old, uninjured muscles is either 

greater (Dennis et al., 2004; Przybyla et al., 2006; Leger et al., 2008; Peake et al., 2010; 

Wang et al., 2015) or does not differ from young muscles (Zhang et al., 2020), IFNγ 
expression is significantly lower in old muscle following injury than in young, injured 

muscle (Zhang et al., 2020). Whether this reduction results from reduction in the numbers or 

function of CTLs or other IFNγ-expressing cells in the injured muscle has not been 

established. In addition, aging produces a specific attrition of macrophages in injured muscle 

that are responsive to IFNγ (Zhang et al., 2020). These IFN-responsive macrophages 

(IFNRMs) are characterized by elevated expression of IFNγ response genes (e.g., Irf7, Ifit3, 
Isg15, Rsad2, Ifitm3) as well as transcripts traditionally associated with both the M2-biased 

phenotype (Mrc1 encoding CD206) and the M1-biased phenotype (Ly6c2) (Zhang et al., 

2020). Several observations indicate that the reduction of IFNRMs in old, injured muscle 

can directly affect muscle regeneration. First, upon activation, IFNRMs secrete cytokine C-

X-C motif chemokine 10 (CXCL10) that increases the proliferation and differentiation of 

satellite cells in vitro via binding its receptor, CXCR3 (Zhang et al., 2020). In addition, 

injection of recombinant CXCL10 into old, injured muscle increased satellite cell 

proliferation, increased muscle growth and reduced fibrosis, showing recovery of many 

regenerative defects of old muscle (Zhang et al., 2020).

Some of the down-stream effects of CTL-derived IFNγ production in injured muscle may be 

exerted by Treg cells, perhaps by their actions on IFNRMs or an IFNRM-related population. 

Although depletion of Treg cells from young mice that experienced acute muscle injury by 

CTX injection increased total numbers of CD45+ cells in the muscle, the loss of Treg cells 

reduced the proportion of macrophages in a subpopulation characterized by low levels of 

major histocompatibility complex class II (MHCII) expression (MHCIIlow macrophages) 

and by expression of transcripts associated with both an M2-biased phenotype (e.g., Mrc1, 
Arg2, GDF3) and associated with an M1-biased phenotype (e.g., LPS responsive genes) 

(Panduro et al., 2018). Particularly significant, the MHCIIhigh macrophage subpopulation 

that was elevated in the injured muscles of Treg cell depleted mice showed elevated 

expression of IFNγ response genes (e.g, Stat1, Soc1, Jak2, Irf1) and elevated expression of 

transcripts associated with the M1-biased macrophage phenotype (e.g., Nos2, IL1a) 

(Panduro et al., 2018). The correlations that Treg cell deficiency led to an elevated presence 

of a macrophage subpopulation that expressed IFNγ response genes and that injured 
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muscles in the Treg cell depleted mice showed poorer regeneration, supported the 

interpretation that loss of Treg cell regulation of IFNγ-mediated signaling in macrophages 

caused the regeneration defect. The interpretation was also supported by the finding that 

injection of IFNγ into mice experiencing muscle injury worsened muscle repair (Panduro et 

al., 2018). Whether the MHCIIhigh macrophages that express IFNγ response genes are the 

same macrophage population as the IFNRMs has not been tested.

Although the investigations noted above support the general conclusion that disruption of a 

Treg cell / CTL / macrophage IFNγ-signaling network in aging muscle underlies some of 

the regenerative defects in aging muscle, they also illustrate a chronic limitation of our 

understanding of the role of IFNγ in muscle growth, injury and repair: on one hand, loss of 

IFNRMs is associated with impaired regeneration (Zhang et al 2020) and on the other hand, 

increases in IFNγ-responsive macrophages are also associated with impaired regeneration 

(Panduro et al, 2018). The apparently conflicting results may reflect the dichotomous, dose-

dependent effects of IFNγ on myogenesis. For example, IFNγ can act directly on muscle 

cells in vitro and inhibit their proliferation (Kalovidouris et al., 1993; Villalta et al., 2011). 

However, treating myoblasts in vitro with neutralizing Abs to IFNγ reduced myoblast 

proliferation (Cheng et al., 2008), suggesting that IFNγ promotes myoblast proliferation. 

These differing outcomes may reflect the dose dependency of IFNγ influences on muscle 

proliferation in which low concentrations increase proliferation (Kelic et al 1993), but high 

doses of IFNγ inhibit proliferation (Fisher et al., 1983).

Nevertheless, the significance of the Treg cell / CTL / macrophage IFNγ-signaling network 

in regeneration of aged muscle is that aging produces a selective loss in IFNRMs, which 

yields a reduction of CXCL10, a protein that improves regeneration and reduces fibrosis of 

injured muscle (Zhang et al., 2020). Thus, inflammaging has the potential to disrupt this pro-

regenerative network in old skeletal muscle not only through the age-related loss of IFNRMs 

(Zhang et al., 2020), but also through the loss of CD133-expressing cells that are necessary 

for the normal recruitment of Treg cells to injured muscle (Kuswanto et al., 2016), in which 

they can regulate this newly identified, pro-regenerative signaling pathway.

5. Are beneficial effects of exercise on regeneration of aging muscle 

attributable in part to the influence of exercise on the immune system?

Because age-related changes in immune cells influence the regenerative capacity of aging 

muscle, any life-style changes that act on the immune system could also affect the ability of 

old muscle to regenerate. This possibility has been explored little, but nascent findings 

support speculation that some of the effects of exercise on the regeneration of aging muscle 

may partially reflect the influence of exercise on the immune system. Definitively, exercise 

improves the regenerative capacity of old muscles and much of the restorative activity of 

exercise reflects changes in the number and activation of satellite cells. Satellite cell 

numbers increase after exercise in aged, healthy muscles of rodents (Shefer et al., 2010; 

Shefer et al., 2013; Fujimaki et al., 2014; Joanisse et al., 2016; Cisterna et al., 2016; Englund 

et al., 2020) and those exercise-induced increases are associated with improved regeneration. 

For example, this was demonstrated using an 8-week progressive treadmill exercise protocol 
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that increased Pax7+ cells in muscles of aged mice (Joanisse et al., 2016). Following the 

exercise protocol, TA muscles were injured by CTX injections and cross-sectional areas of 

muscle fibers in exercised, aging muscle were found significantly larger than non-exercised 

aging muscle and similar to that of young, non-exercised mice at 28 dpi (Joanisse et al., 

2016). Similarly, aged TA muscles injured by BaCl2 injection after 4-weeks of voluntary 

wheel running showed increased numbers of muscle fibers expressing embryonic myosin 

heavy chain, an index of regeneration, compared to age-matched muscle without running 

(Brett et al., 2020).

But, are any of these beneficial effects of exercise on old muscle mediated by the immune 

system? Exercise has substantial effects on the levels of expression in aging muscle of 

cytokines that can influence muscle regeneration and satellite cell proliferation and 

differentiation, including IL6 and TNFα (Lavin et al., 2020). In addition, the age-related 

increases in TNFα mRNA and protein in human muscle were decreased by 3-months of 

resistance exercise (Greiwe et al., 2001). However, muscle cells themselves are major 

sources of both IL6 and TNFα whether the exercise-effects acted significantly on leukocytes 

within the muscle is unknown. Nevertheless, more specific effects of exercise on leukocyte-

derived cytokines that influence regeneration have been demonstrated. Aged human subjects 

that were lifelong aerobic exercisers (over 50 years) showed higher levels of IL-10 mRNA in 

their muscles compared to aged, non-exercisers (Lavin et al., 2020). Given the powerful 

influence of IL10 in regulating the phenotype of intramuscular macrophages that influence 

muscle regeneration, the finding suggests a link between exercise, immunity and muscle 

regeneration. Although exercise can influence numbers of both M1-biased and M2-biased 

macrophages in old muscle (Reidy et al., 2018; Jensen et al., 2020), and both acute and 

chronic exercise induce shifts of macrophages toward an M2-biased phenotype in young, 

healthy muscle (Gordon et al., 2012; Minari et al., 2015) and adipose tissue (Kawanishi et 

al., 2010), whether shifts in macrophage phenotype in aged muscle is similarly affected by 

exercise is unknown. Likewise, whether different types of exercise, for example resistance 

versus endurance, can exert different influences on the regulatory role of the immune system 

on the regeneration of aging muscle remains wholly unexplored.

6. Surprises and beginnings in a newly-developing area of muscle 

biology.

We are at the very early stages of understanding how aging of the immune system can affect 

muscle regeneration and much of what we have learned thus far would have been 

unpredictable just a few years ago. Prior to the first investigations into muscle aging, 

regeneration and inflammation, the systemic changes in the immune system during 

inflammaging that produce a shift toward elevated production of Th1 cytokines (IL1β, 

IFNγ, TNFα) and a prevalence of pro-inflammatory leukocytes would have also been 

expected to occur in muscles of old animals. We have now learned that immune-related 

changes in old muscle only partly mirror those systemic changes. Although uninjured 

muscle shows elevated expression of some pro-inflammatory cytokines (IL1β) during 

muscle aging, the expression of some anti-inflammatory cytokines that are powerful 

modulators of muscle inflammation (IL10) are even more greatly increased. In addition, the 
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primary population of immune cells in the non-injured, old muscle consists of macrophages 

that express phenotypic markers typically associated with an M2-biased, “pro-regenerative” 

phenotype. Furthermore, old, injured muscles in which regeneration is impaired display a 

greater amplification of M2-biased macrophage populations than occurs in young muscle. 

These observations are broadly significant to our understanding of the influence of aging of 

the immune system on muscle regeneration because they tell us that changes that occur 

systemically are not predictive of those that we will discover in aging muscle. They also 

show us the limitations of associating the expression of a small number of transcripts with a 

phenotypic descriptor that indicates function, such as “pro-inflammatory,” “pro-

regenerative” or “reparative” macrophage populations.

We have also learned that age-related perturbations in the action or expression of some 

immune-cell-derived signaling molecules that were predicted to affect age-related changes 

in muscle regeneration (e.g., IFNγ and TNFα) do actually contribute to some of the defects 

in repair and function of old muscle. However, other molecules that were completely 

unexpected to influence adult myogenesis were discovered to undergo changes in expression 

or function in aging immune cells and thereby influence muscle regeneration (e.g., GDF3, 

osteopontin, CXCL10, Klotho). Those new discoveries not only add to our knowledge of 

mechanisms through which aging of the immune system affects muscle regeneration, they 

also highlight the possibility that those mechanisms that were initially discovered in muscle 

may also be involved in regenerative defects in other aging or diseased tissues that have not 

yet been explored.

As studies of the influences of immune system aging on muscle regeneration advance, many 

basic questions will need to be addressed. For example, aging affects the earliest stages of 

lymphopoiesis and myelopoiesis which can have implications on the function of the immune 

system in old animals (Dorshkind et al., 2020). Do those age-related changes in the 

development of the immune system affect muscle regeneration? Does T-cell senescence or 

T-cell exhaustion during aging influence muscle regeneration? In addition, epigenetic 

modifications to genes that occur over the lifetime of an organism can produce persistent 

alterations in immune system function (van Beek et al., 2019). Could those epigenetic 

effects bear on defects in muscle regeneration in old age? Furthermore, age-related changes 

in the function of immune cells that have not yet been explored in the context of regenerative 

defects in old muscle, such as myeloid-derived suppressor cells, natural killer cells and 

dendritic cells, may also play significant but unknown roles in regenerative defects in aging 

muscle. Adding further to the immense list of unanswered questions, is the recently 

identified influence of the aging, gut microbiota that can affect muscle strength (Fielding et 

al., 2019). Could aging of the gut-muscle axis also affect muscle regeneration? Much work 

remains in the emerging field of muscle immunobiology.
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Figure 1. 
Approximate, relative timelines for mice, rats and humans.
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Figure 2. 
Time course of muscle regeneration after intramuscular BaCl2 injection. Hematoxylin-

stained cross-sections of TA muscles from 3-month-old (A-C) and 24-month-old (D-F) 

mice, either non-injured (A, D), or 3-dpi (B, E) or 7-dpi (C, F). Representative fibers with 

central nuclei (white arrows) and areas of inflammation or edema between damaged fibers 

(*) are indicated. Note that 3-month-old muscle at 7-dpi shows numerous, relatively-large, 

regenerating fibers that contain multiple, central nuclei and few inflammatory cells between 

fibers (C). Muscle from 24-month-old mice at 7-dpi shows fewer and smaller central-

nucleated fibers and more numerous inflammatory cells between fibers. Bars = 120 μm.
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Figure 3. 
Pax7-expressing cells in non-injured (A) and BaCl2-injured TA muscles at 7-dpi (B, C) from 

6-month-old mice. A. In non-injured muscle, Pax7+ cells satellite cells appear at relatively-

low numbers in tissue sections, flattened on the surface of healthy muscle fibers. An anti-

Pax7-labeled cell is stained red (arrow). B: At 7-dpi, areas of relatively little muscle damage 

show elevated numbers of satellite cells located on the surface of muscle fibers. Some fibers 

are associated with more than one satellite cell at the fiber surface (*), indicating satellite 

cell proliferation at the fiber surface. C: At 7-dpi, areas of more extensive muscle damage 

show elevated numbers of satellite cells, many of which have left the surface of muscle 

fibers, to occupy the extracellular space (arrows), where they may undergo further 

differentiation and fusion to form myotubes. Bars = 50 μm.
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Figure 4. 
General overview of the stages of satellite cell activation and muscle cell differentiation and 

maturation following acute injury. Activated satellite cells can either return to quiescence or 

proceed along a course of differentiation to contribute to mature muscle fibers. A few of the 

key transcription factors that are expressed at different stages of adult myogenesis are 

indicated.
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Figure 5. 
General overview of the stages of hematopoiesis that give rise to myeloid and lymphoid cells 

that can influence muscle regeneration. Hematopoietic stem cells that reside in the bone 

marrow enter either the myeloid or lymphoid cell lineage by differentiating to become either 

common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs). CLPs then 

further differentiate to enter either the B-cell or T-cell lineage. B-cells are not known to have 

any direct influences on adult myogenesis. T-cells then differentiate to become CD8+ or 

CD4+ T-cells, which have direct effects on muscle regeneration. CMPs differentiate to 

become granulocyte progenitors (GPs) or monocyte progenitors (MPs). MPs then further 

differentiate to monocytes and then become macrophages, which have the most prominent 

influence on muscle regeneration of all immune cell populations.
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Figure 6. 
Non-injured and BaCl2-injured (3 dpi) TA muscles, immunolabeled for F/80+ macrophages 

(A, B) and CD206+ macrophages (C, D). Note that macrophages in non-injured muscle (A, 

C) are small, indicating lack of activation, versus macrophages in areas of extensive injury 

and inflammation where they are greatly enlarged, reflecting their activation (B, D). 

Representative macrophages in each sample are indicated by arrows. Bars = 50 μm.
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Figure 7. 
Summary diagram of changes in gene expression in intramuscular macrophages that occur 

during aging and the consequence of those changes on satellite cell function and numbers.
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Table 1.

Aging modulates the expression in skeletal muscle of molecules that influence muscle inflammation and 

regeneration.

Molecule Species Net 
change 

with age

Potential 
source in 
muscle

Effects on muscle 
regeneration

Effect on muscle 
inflammation

References

TNFα human, 
mouse, 
rat

increase macrophages, 
neutrophils, 
muscle cells, 
endothelial 
cells, 
fibroblasts

promotes muscle cell 
proliferation, inhibits 
myoblast 
differentiation, 
promotes protein 
catabolism, reduces 
protein synthesis 
rate, chemotactic 
recruitment of 
muscle cells to 
lesions

stimulates 
production of Th1 
cytokines, promotes 
the M1 macrophage 
phenotype

Greiwe et al., 2001; van der Poel 
et al., 2011; Wang et al., 2015, 
2018; Wehling-Henricks et al., 
2018; Collins and Grounds, 2001; 
Sloboda et al., 2018; Warren et 
al., 2002; Li, 2003; Langen et al., 
2001, 2004; Reid and Li, 2001, 
Lang et al., 2002; Torrente et al., 
2003; Locati et al., 2003; Tidball 
and Villalta, 2010

IFNγ mouse increase macrophages, 
natural killer 
cells, T-cells

inhibits muscle cell 
proliferation, inhibits 
muscle cell 
differentiation

stimulates 
production of Th1 
cytokines, promotes 
the M1 macrophage 
phenotype, represses 
the M2 macrophage 
phenotype

Wang et al., 2015; Wehling-
Henricks et al., 2018; Cheng et 
al., 2008; Fu et al., 2015; Panduro 
et al., 2018; Kalovidouris et al., 
1993; Kelić et al., 1993; Londhe 
and Davie et al., 2011; Villalta, et 
al., 2011a; Mills et al., 2000; 
Tidball, 2017; Tidball and 
Villalta, 2010

IL6 human, 
mouse, 
rat

unchanged macrophages, 
muscle cells

promotes muscle cell 
proliferation, 
promotes muscle cell 
differentiation

promotes the M2 
macrophage 
phenotype, 
macrophage 
chemoattractant

Przybyla et al., 2006; Wang et al., 
2015; Hamada et al., 2015; Visser 
et al., 2002; Serrano et al., 2008; 
Kami and Senba, 1998; Zhang et 
al., 2013; Hoene et al., 2013, Toth 
et al., 2011; Haddad et al., 2005; 
Chen et al., 2018, Duluc et al., 
2007

IL1β mouse, 
human

increase macrophages inhibits IGF-1-
mediated 
differentiation of 
muscle cells

promotes Th1 
cytokine production, 
macrophage 
chemoattractant

Przybyla et al., 2006; Wang et al., 
2015; Arnold et al., 2007; 
Perdiguero et al., 2011, Wang et 
al., 2014; Broussard et al., 2004; 
Mortala et al., 2018; Rider et al., 
2011

IL10 human, 
mouse

increase macrophages, 
regulatory T-
cells

IL-10-activated 
macrophages 
promote muscle cell 
proliferation, reduces 
M1 macrophage-
mediated 
cytotoxicity, 
modulates muscle 
cell differentiation

deactivates the M1 
macrophage 
phenotype, 
promotes the M2 
macrophage 
phenotype

Przybyla et al., 2006; Wang et al., 
2015; Deng et al., 2012; Villalta 
et al., 2009; Villalta et al., 2011b; 
Castiglioni et al., 2015; Villalta et 
al., 2014; Mosser and Zhang, 
2008; Murray, 2016; Martinez-
Pomares et al., 2003; Welc et al., 
2020

GDF3 mouse decrease 
(following 
injury)

macrophages promotes muscle cell 
fusion, increases 
regenerating 
myofiber cross-
sectional area

inhibits Th1 
cytokine production

Patsalos et al., 2018; Varga et al., 
2016; Wang et al., 2020

OPN mouse increase 
(following 
injury)

macrophages, 
muscle cells, T-
cells

promotes muscle cell 
fusion (ECM-bound 
OPN), promotes 
muscle cell 
differentiation 
(soluble OPN), 
inhibits muscle cell 
differentiation 
(soluble OPN), 
promotes muscle 
regeneration

promotes Th1 
cytokine production, 
inhibits the M2 
macrophage 
phenotype, 
macrophage 
chemoattractant, 
neutrophil 
chemoattractant

Paliwal et al., 2012; Denhardt et 
al., 2001; Pereira et al., 2006; 
Uaesoontrachoo n et al., 2008; 
Wasgewatte Wijesinghe et al., 
2019; Patarca et al., 1989; Hirata 
et al., 2003; Marcondes et al., 
2008; Shi et al., 2018; Zhu et al., 
2004; Koh et al., 2007; Ashkar et 
al., 2000; Many et al., 2016
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Molecule Species Net 
change 

with age

Potential 
source in 
muscle

Effects on muscle 
regeneration

Effect on muscle 
inflammation

References

Klotho mouse decrease macrophages, 
muscle cells, 
fibro-
adipogenic 
progenitor cells

promotes muscle cell 
proliferation, 
increases myofiber 
growth

promotes Th1 
cytokine production, 
promotes Th2 
cytokine production, 
increases M2-biased 
macrophage 
numbers

Kuro-o et al., 1997; Wehling-
Henricks et al., 2016, 2018; Sahu 
et. al., 2018; Welc et al., 2020b; 
Sahu et al., 2018; Ahrens et al., 
2018

IGF1 human, 
mouse, 
rat

decrease macrophages, 
muscle cells

promotes muscle cell 
proliferation, 
promotes muscle cell 
differentiation, 
stimulates protein 
synthesis, promotes 
muscle fiber growth, 
increases aged 
muscle growth 
(exogenous 
administration)

promotes the M2 
macrophage 
phenotype

Corpas et al., 1993; Kelijman, 
1991; Lamberts et al., 1997; Lu et 
al., 2010; Tonkin et al., 2015; 
Jennische et al., 1987; Allen and 
Boxhorn, 1989; Coolican et al., 
1997; Palmer et al., 1997; Barton-
Davis et al., 1998
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Table 2.

Age-dependent defects in the regulation of inflammatory molecules that mediate regeneration are highlighted 

by perturbations in the levels of these molecules after muscle injuries.

Injury models

Molecule Species Injury protocol Expression level changes in old muscle relative to 
young muscle

References

Pre-injury Post-injury

TNFα mouse lengthening contractions no change increase Sloboda et al., 2018

rat bupivacaine hydrochloride 
injection

no change increase van der Poel et al., 2001

IFNγ mouse CTX injection no change decrease Zhang et al., 2020

IL6 rat CTX injection no change increase van der Poel et al., 2011

IL1β rat bupivacaine hydrochloride 
injection

no change increase van der Poel et al., 2011

IL10 mouse lengthening contraction data not provided decrease Sloboda et al., 2018

GDF3 mouse CTX injection no change decrease Patsalos et al., 2018

OPN mouse CTX injection data not provided increase Paliwal et al., 2012

Klotho mouse CTX injection no change decrease Sahu et al., 2018

IGF1 mouse unloading and reloading no change decrease Reidy et al., 2019

rat Pneumatic tourniquet (ischemia-
reperfusion)

no change decrease Hammers et al., 2008

Exercise models

Molecule Species Exercise protocol Expression level changes in old muscle relative to 
young muscle

References

Pre-exercise Post-exercise

TNFα human 45-minutes of downhill running data not provided data not provided Hamada et al., 2005

3-months of resistance training increase data not provided Greiwe et al., 2001

IL1β human single resistance training 
session

increase no change Przybyla et al., 2006

45-minutes of downhill running data not provided data not provided Hamada et al., 2016

IL10 human Single resistance training 
session

increase no change Przybyla et al., 2006
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