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Abstract
Satellite cells support adult skeletal muscle fiber adaptations to loading in numer-
ous ways. The fusion of satellite cells, driven by cell- autonomous and/or extrinsic 
factors, contributes new myonuclei to muscle fibers, associates with load- induced 
hypertrophy, and may support focal membrane damage repair and long- term my-
onuclear transcriptional output. Recent studies have also revealed that satellite 
cells communicate within their niche to mediate muscle remodeling in response 
to resistance exercise, regulating the activity of numerous cell types through vari-
ous mechanisms such as secretory signaling and cell– cell contact. Muscular ad-
aptation to resistance and endurance activity can be initiated and sustained for 
a period of time in the absence of satellite cells, but satellite cell participation 
is ultimately required to achieve full adaptive potential, be it growth, function, 
or proprioceptive coordination. While significant progress has been made in un-
derstanding the roles of satellite cells in adult muscle over the last few decades, 
many conclusions have been extrapolated from regeneration studies. This review 
highlights our current understanding of satellite cell behavior and contributions 
to adaptation outside of regeneration in adult muscle, as well as the roles of sat-
ellite cells beyond fusion and myonuclear accretion, which are gaining broader 
recognition.
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1  |  BACKGROUND

The bona fide tissue- specific stem cell in mammalian 
adult limb skeletal muscle is the satellite cell. Satellite 
cells owe their namesake to the anatomical position in 
which they are observed,1,2 on the periphery of muscle fi-
bers and closely associated with the plasma membrane, as 
if orbiting the multi- nuclear muscle cell. These satellite 
cells, originating from the dermomyotome during devel-
opment,3– 6 usually lay dormant in a quiescent state under 
resting conditions, and are identified by expression of the 
transcription factor Pax7.7 The absence of Pax7+ cells 
through post- natal development7 and pre- pubertal life,8,9 
as well as preventing their fusion during this time10,11 re-
sults in smaller limb muscle fibers, implicating a require-
ment for satellite cells in skeletal muscle fiber growth.12,13 
Satellite cells fuse to radially and longitudinally growing 
muscle fibers and contribute new muscle cell nuclei (myo-
nuclei),14,15 which can explain why their absence early in 
life affects muscle mass throughout life. In mature skeletal 
muscle of sedentary mice (>4 months of age), satellite cell 
depletion does not have an appreciable effect on muscle 
fiber size or myonuclear number throughout the lifes-
pan16– 20; however, satellite cells are indispensable for re-
generation after severe muscle injury.21– 24 In some unique 
skeletal muscles, such as craniofacial and extraocular 
muscles, satellite cells are less quiescent, contributing fre-
quently to muscle fibers for homeostatic purposes.18,25,26 
In adult limb skeletal muscles, however, we propose that 
satellite cells primarily participate during dynamic pro-
cesses such as growth and adaptation.

With exercise in adults, satellite cells activate, often 
proliferate, and may fuse to muscle fibers depending on 
the stimulus.27– 35 Historically, the fusion of satellite cells 
in response to mechanical stimuli in adult muscle is 
thought to be for the purposes of: (1) mediating the re-
pair of focal damage to the muscle fiber,24,36– 40 and/or (2) 
myonuclear addition to maintain the so- called “myonu-
clear domain”41– 43 (i.e., a given myonucleus in the muscle 
fiber syncytium can only transcriptionally govern a finite 
jurisdiction) in response to hypertrophic growth44,45 (re-
viewed previously by our laboratory46). Maintenance of 
the myonuclear domain and restoration of muscle fiber 
membrane integrity via satellite cell fusion are likely 
important aspects of satellite cell participation in exer-
cise adaptation, but there is recent growing appreciation 
for the non- fusion roles satellite cells can play in adult 

muscle.47,48 Indeed, the ability to specifically deplete sat-
ellite cells in an inducible fashion in adult skeletal muscle 
of mice confirmed their indelible role in myonuclear ad-
dition to adult muscle fibers via direct fusion,21,32 but also 
revealed effects on ambulatory coordination as well as the 
behavior of non- satellite cells throughout muscle which 
has a marked effect on muscle fiber phenotype23,32,49– 53; 
this includes secretory communication to muscle fibers, 
fibrogenic cells, and endothelial cells during adaptation.

The purpose of this review is to discuss the roles of 
satellite cells in adult skeletal muscle fiber adaptation to 
resistance-  and endurance- type exercise. In addition to 
fusing to muscle fibers, satellite cells coordinate cellular 
choreography via secreted factors and potentially cell– cell 
contact to create a favorable environment for exercise ad-
aptation. Although adult muscle can mount an effective 
adaptive response to endurance and resistance exercise 
in the absence of satellite cells, accumulated cellular dis-
sonance within the muscle milieu ultimately results in a 
compromised long- term phenotype, which is likely driven 
by dysregulation of multiple cell types, including extra-  
and intrafusal muscle fibers.

2  |  BRIEF HISTORY

2.1 | Satellite cells and adult muscle 
hypertrophy

Perhaps the first mention of satellite cell involvement in 
muscle growth outside of an early developmental con-
text was by Reger and Craig, who studied muscle from 
a young girl diagnosed with neuro- ectodermal dysplasia 
and “bizarre muscle hypertrophy”.54 In this study, the au-
thors concluded that “… satellite cells may serve as focal 
points for presumptive filament formation and muscle 
fiber enlargement by processes similar to those occurring 
in embryonic myogenesis.” Shortly thereafter, using 3H- 
Thymidine labeling, Schiaffino and coworkers performed 
functional overload studies in rats that provided compel-
ling evidence for satellite cells as the source of new myo-
nuclei observed during mechanical load- induced skeletal 
muscle hypertrophy.44,45 Cheek et al. asserted that the de-
mands on the nucleus are dictated by the protein synthetic 
requirements of a given cytoplasmic volume,55 which 
provided the foundation for the concept of the myonu-
clear domain during skeletal muscle growth. Following 

K E Y W O R D S

endurance exercise, extracellular vesicles, hypertrophy, muscle stem cells, myonuclei, 
regeneration, resistance exercise



   | 3 of 15MURACH et al.

chronic stimulation, early evidence for a link between 
myonuclear density and transcriptional demand was pro-
vided in vivo,56,57 although myonuclear number appeared 
to increase as muscle fiber size remained the same or de-
creased in these instances. The prevailing view around this 
time was that satellite cells primarily responded to dam-
age as a consequence of muscle loading.39,40 Later stud-
ies involving mechanically- induced growth posited that 
maintenance of a constant myonucleus- to- sarcoplasmic 
volume ratio (i.e., myonuclear domain) was a necessary 
component for successful hypertrophy, thus requiring sat-
ellite cell fusion to the myofiber.58,59 The ability to directly 
test this hypothesis emerged almost 20 years later with in-
ducible depletion of satellite cells in mice using a genetic 
Cre- inducible LoxP approach, the Pax7- CreER; Rosa26 
Diptheria Toxin A model (Pax7- DTA).21 This model, in 
addition to others where satellite cell fusion can be de-
layed or prevented during growth,51,60 combined with 
very recent non- surgical advances for eliciting exercise 
in mice,61– 63 has allowed for unprecedented mechanistic 
insight into how satellite cells contribute to skeletal mus-
cle hypertrophy.64 Even with these advancements, at the 
present time, the absolute necessity of satellite cell fusion 
for hypertrophy is still debated (expanded on below).65,66

2.2 | Mechanical loading, physiological 
muscle damage, and satellite cell fusion to 
muscle fibers

Once satellite cells were identified as an autonomous 
cell population and subsequently named,1,2 their role in 
non- contraction mediated/pathological muscle regen-
eration following injury was quickly recognized.67– 71 
Unaccustomed activity of any type can be injurious,72,73 
especially if eccentric contractions are involved, but 
muscle damage is specifically apparent with mechanical 
loading used to induce hypertrophy in both rodents and 
humans.39,74– 76 The nature and magnitude of the damage 
response to muscle contraction is complex, and may in-
volve a degree of muscle fiber degeneration and necrosis 
that provokes satellite cell activity and regeneration.39,40 A 
recent example of extreme muscle damage with exercise in 
humans was provided by Mackey and Kjaer,77 where very 
high volumes of eccentric weightlifting elicited a bona 
fide regenerative response. In this circumstance, the role 
of satellite cells in muscle repair is intuitive since the re-
construction of large portions of muscle fibers, or the for-
mation of entirely new muscle fibers, necessitates them. 
Interestingly, it seems that satellite cell expansion with 
mechanical loading often exceeds what is required to re-
pair muscle damage.39,40,78 Coordinated regulation of pro-
liferation, differentiation, and apoptosis in satellite cells 

likely ensures that satellite cell proliferative “overshoot” 
does not result in excess fusion to muscle fibers,79,80 while 
recent evidence provides insight into how satellite cell ex-
haustion is prevented by exercise.81 Under less strenuous 
conditions such as moderate intensity resistance exercise, 
damage induced by contractions is characterized by dis-
ruptions to the internal structure of muscle fibers that 
involve physical forces and/or excessive calcium release 
from the sarcoplasmic reticulum,82– 84 as well as localized 
“focal” damage to the sarcolemma.36,39,40 In concert with 
sarcolemmal disruption, factors released from muscle fib-
ers and subsequent immune cell infiltration are the likely 
main effectors of satellite cell fusion to muscle fibers with 
traditional resistance exercise (expanded on below).

To study mechanical load- induced adaptations in ro-
dents, the primary approach is the synergist ablation 
surgical technique.85– 87 This invasive approach involves 
excision of one or two muscles necessary for ambula-
tion to induce compensatory hypertrophy of a synergist 
and reliably elicits rapid and robust muscle growth, but 
is also associated with muscle fiber damage.88 Even when 
measures are taken to reduce damage, such as modifying 
the surgical approach to attenuate the stimulus, signs of 
muscle damage can still be detected.89 Satellite cells pro-
liferate markedly and fuse to muscle fibers in response to 
synergist ablation,39,90 making it an effective model for 
studying how satellite cells contribute to muscle fiber re-
pair. Following complete removal of the gastrocnemius 
and soleus muscle (the most extreme form of synergist 
ablation) for 14 days in the absence of satellite cells, the 
plantaris muscle is histologically comparable to satellite 
cell replete muscle with the exception of less developmen-
tal myosin expression and centralized myonuclei, and 
fewer small de novo myocytes; muscle fiber strength at 
the single fiber level is also not compromised.21 Satellite 
cells could accelerate muscle fiber repair processes given 
their involvement after muscle membrane re- sealing37; 
however, the findings of McCarthy et al. indicate that 
muscle fiber damage associated with robust short- term 
overload- induced hypertrophy is repairable without the 
explicit need for satellite cells, assuming that the few re-
maining satellite cells do not compensate in some way or 
some other cell type does not adopt the damage repair role 
of satellite cells. Even after 8 weeks of overload without 
satellite cells, muscle fiber function normalized to fiber 
size is not compromised.32 If membrane damage is not 
catastrophic, cell autonomous membrane repair mecha-
nisms intrinsic to muscle fibers91– 98 seem sufficient under 
strenuous mechanical load. Conversely, excessively dam-
aging protocols involving forced intense running in the 
absence of satellite cell fusion results in significant muscle 
impairments.24,99 Thus, the degree and cause of damage 
during load- induced hypertrophy, as well as the specific 
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hypertrophic stimulus, likely determines the necessity of 
satellite cells for successful hypertrophic adaptation.

3  |  RECENT RESULTS

3.1 | Niche- derived cues for satellite 
cell proliferation and fusion during load- 
induced muscle hypertrophy

A challenge to understanding what mediates satellite cell 
fusion to adult muscle fibers with loading is that it is dif-
ficult to parse the effects of external cues from muscle fibers 
and/or mononuclear cells versus the cell autonomous ef-
fects of mechanical loading directly on satellite cells. Muscle 
fibers can grow appreciably without myonuclear accretion 
when hypertrophy is induced by genetic or pharmacological 
means in vivo (i.e., without tension or damage).99– 107 This 
suggests that mechanical loading is a key stimulus for sat-
ellite cell activity during growth. Some studies report that 
satellite cells on adult muscle fibers can be activated in re-
sponse to stretch108 and shear stress,109 suggesting they are 
mechanosensitive and can act cell- autonomously with con-
traction in vivo. Mechanical strain on myogenic progenitors 
in vitro causes satellite cell proliferation but inhibits differ-
entiation and fusion into myotubes.110– 112 These results sug-
gest that mechanical tension directly on satellite cells in vivo 
certainly affects their behavior but may not directly stimu-
late fusion per se. Satellite cells also increase in number in 
response to in vivo mechanotherapy,113,114 further pointing 
to mechanosensitivity of these cells, but this does not result 
in myonuclear accretion.113 Collectively, these data suggest 
that the muscle fiber contraction/tension and/or damaging 
component of load- induced hypertrophy drives satellite cell 
fusion, at least in limb muscles.26,115

In a series of clever studies, Bischoff illustrated how 
adult muscle fibers and their associated satellite cells 
could be studied in vitro, and that the extract from crushed 
muscle stimulated satellite cell proliferation on adult mus-
cle fibers.116– 118 These early investigations laid a founda-
tion for continued inquiry into understanding paracrine 
factors that induce satellite cell proliferation and, perhaps 
ultimately, fusion to adult muscle fibers.119,120 Recent re-
search provides evidence that factors released in response 
to mechanical tension on muscle fibers and their associ-
ated satellite cells, such as hepatocyte growth factor and 
nitric oxide (NO),121– 126 may facilitate satellite cell activa-
tion and proliferation. NO can be released from differen-
tiated muscle cells in response to stretch126 and promote 
satellite cell fusion to muscle fibers in vivo,127 represent-
ing a potential mechanism whereby mature muscle fi-
bers could recruit satellite cells for myonuclear accretion 
during hypertrophy. Interleukin- 4 has been implicated as 

a factor released from muscle fibers that promotes satel-
lite cell fusion.128 Serum response factor- mediated release 
of interleukin- 6 (IL- 6) from myofibers was also identified 
as a mechanosensitive cascade that elicits satellite cell- 
dependent myonuclear accretion129; this mechanism is 
supported by data on muscle fiber- derived IL- 6 during 
development.130 The exercise- sensitive factor Sirt1, when 
conditionally over- expressed in skeletal muscle, results 
in myonuclear accretion, albeit without muscle hypertro-
phy.131 Evidence from developmental studies also suggests 
a YAP/NOTCH/JAG2 axis in muscle fibers during con-
traction may regulate satellite cell fate.132 Furthermore, 
tunneling nanotubes between muscle fibers and satellite 
cells could transfer signals that promote satellite cell fu-
sion.133 Other niche factors from the muscle fiber such as 
Wnt4 are also known to control satellite cell fate progres-
sion.134 Collectively, it is conceivable that when muscle 
fibers sense tension they communicate via various factors 
to recruit satellite cells and contribute myonuclei to sup-
port hypertrophy and potentially stabilize the “myonu-
clear domain”; however, further research is required to 
draw conclusions on when this process is initiated, and 
to which specific cues muscle fibers are responding to in 
order to elicit myonuclear addition.

A complex interplay of cellular dynamics ensues in 
response to mechanical load- induced hypertrophy, but it 
is becoming evident that exercise- stimulated infiltrating 
and inflammatory immune cells could be primary driv-
ers of satellite cell activation, proliferation, and possibly 
fusion.135,136 Macrophage- derived secreted factors such 
as ADAMTS1,135 IGF- 1,137 GDF3,138 NAMPT/PBEF,139 
CXCL10,140 and metabolic intermediates141 among oth-
ers142 may facilitate the process of satellite cell- mediated 
myonuclear accretion to muscle fibers in response to load-
ing. Furthermore, a close physical association between 
macrophages and satellite cells135,143– 147 could influence 
satellite cell activity during muscle growth. With few 
exceptions, however, our understanding of how macro-
phages affect satellite cells comes from studying regener-
ation or pathological conditions. It must be emphasized 
that more work is needed to understand the paracrine 
and/or physical influence of myeloid cells on satellite cell 
fusion during growth in healthy adult muscle.

Other cell types in muscle, such as fibro- adipogenic pro-
genitor (FAPs)148,149 and endothelial cells, may influence 
satellite cell fusion to muscle fibers during hypertrophy via 
secreted factors and/or physical contacts. FAPs release a 
variety of proteins like IL- 6 and Follistatin150 that may pro-
mote satellite cell fusion to muscle fibers. Similarly, endo-
thelial cells are known to reside in very close proximity to 
satellite cells and secrete factors such as Angiopoietin and 
extracellular vesicles that could ultimately contribute to sat-
ellite cell fusion.151– 155 Close anatomical proximity between 
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satellite cells and endothelial cells with resistance exercise 
has been well documented,156– 159 but again, little is known 
mechanistically about these cellular interactions in adult 
muscle during hypertrophy and whether they can drive sat-
ellite cell fusion, so more work is needed in this area.

3.2 | Circulating factors and satellite cell 
fusion during hypertrophy

In addition to local niche factors, circulating exercise- 
responsive factors may also facilitate satellite cell pro-
liferation as well as fusion to adult muscle fibers during 
exercise adaptation. For instance, testosterone pro-
motes satellite cell fusion in adult muscle,160 but this 
is not the result of muscle fiber hypertrophy per se (at 
least initially),100 and likely a direct cell- autonomous 
response of the satellite cells themselves.161 Growth 
hormone,162 Follistatin,127,163 Apelin,164 Ghrelin,165 
and potentially other factors that are modulated in 
the circulation by exercise could contribute to satellite 
cell proliferation and/or fusion to muscle fibers. While 
circulating factors may trigger satellite cell activity, it 
likely requires very high levels or continuous exposure 
to drive a satellite cell to fuse to an adult muscle fiber 
(as is the case with testosterone). We posit that local 
niche factors responding to muscle contraction play a 
larger role in influencing satellite cell behavior than 
circulating factors that are acutely modified during re-
sistance exercise.

3.3 | Matters of controversy— The 
necessity of satellite cells for load- induced 
muscle hypertrophy

Over the last ~2 decades, an engaging discussion has 
been ongoing in regard to whether satellite cell fu-
sion and maintenance of the myonuclear domain is re-
quired for adult muscle fiber growth during mechanical 
loading.59,65,66,166– 169 The development of the Pax7- DTA 
model of genetic inducible satellite cell depletion pro-
vided a valuable tool for testing the requirement of satel-
lite cells during load- induced hypertrophy in mice,21 but 
conflicting results using the Pax7- DTA mouse have left 
the question unsettled.21,65,66,170 Although there is myo-
nuclear domain flexibility in developing muscle,10,11 as 
well as in myotubes undergoing hypertrophy in vitro,171 
satellite cell depletion in young mice (<4  months) im-
pairs developmental growth.8 It follows that imposing 
an additional load- induced hypertrophic stimulus on 
young growing mice requires satellite cells for adapta-
tion.89 By contrast, mature mouse muscle fibers have a 

significant myonuclear transcriptional reserve capac-
ity during hypertrophy21,89,172 and can activate pro- 
hypertrophic signaling in the absence of satellite cell 
fusion,21 an observation supported by human and rodent 
studies.46,173– 177 On balance, it has been put forth that the 
larger the muscle fiber, the smaller the transcriptional 
reserve.178 This may be most relevant in the context of 
early developmental growth since it seems that adult 
muscle fibers of all myosin types and size can grow dur-
ing prolonged loading without myonuclear addition,32,64 
so more work is needed to substantiate this concept. 
Differing ages of mice used for experiments (immature 
versus adult) could in part explain why some studies re-
port necessity for satellite cell fusion during hypertrophy 
while others do not. In addition, while human studies 
suggest satellite cells may be important for hypertro-
phy in aged skeletal muscle (especially in fast- twitch 
fibers),179– 182 satellite cell fusion seemingly cannot drive 
muscle hypertrophy in old age in mice or humans since 
depleting satellite cells19 or increasing their number183 
does not alter hypertrophic responsiveness, at least in 
the short term.

In recent years, alternative models for preventing 
satellite cell fusion in vivo have emerged. These models 
disrupt some aspect of satellite cell function via genetic 
means,60,88,184– 187 and have generally concluded that 
satellite cell- mediated myonuclear accretion is required 
for overload- induced hypertrophy. Given dissonance 
between results from the Pax7- DTA mouse versus other 
models, we speculate that the presence of dysfunctional 
satellite cells could be more deleterious to load- induced 
muscle adaptation than removing satellite cells from 
the muscle environment altogether; however, the mus-
cle being overloaded (e.g., extensor digitorum longus 
versus plantaris), post- surgery/stimulus recovery sta-
tus, genetic background of the mice, diet, or a variety of 
other factors may also in part explain the discrepancy. 
Beyond contributing new myonuclei, additional evi-
dence points to satellite cells playing a powerful secretory 
role in supporting muscle fiber hypertrophic adapta-
tion.32 Hypertrophy can be initiated and sustained for a 
time in the absence of satellite cells in adult mice, but 
long- term hypertrophy (≥8 weeks) across all fiber types 
is blunted concomitant with excess extracellular matrix 
(ECM) accumulation.32,188 Our laboratory reported that 
satellite cells communicate to fibrogenic cells53,188 and 
muscle fibers51 via delivery of extracellular vesicles con-
taining miRNAs that control ECM deposition, influence 
inflammatory signaling, and promote muscle hypertro-
phic adaptation independent from satellite cell fusion. 
Emerging evidence in humans suggests that satellite cells 
may indeed control ECM deposition,189 but more work is 
needed to confirm this relationship during load- induced 
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growth. Most recently, non- fusion satellite cell commu-
nication was shown to be sufficient to support synergist 
ablation- induced hypertrophy of the fast- twitch plantaris 
for 8 weeks, but an upper limit to the myonuclear domain 
may have been approached in the absence of satellite cell 
fusion.53

While synergist ablation has been the standard for 
studying muscle hypertrophy in mice, recent advance-
ments in murine exercise models have allowed for more 
translatable insight into the role of satellite cells during 
hypertrophic growth.61 Utilizing a voluntary progres-
sive weighted wheel running approach (PoWeR),62,63,190 
significant muscle hypertrophy occurs when satellite 
cells are depleted prior to training in glycolytic (plan-
taris) and oxidative (soleus) muscles of adult mice, but 
growth is still blunted relative to satellite cell replete 
muscle.64 Significant but attenuated hypertrophy with 
unweighted wheel running in the absence of satellite 
cells throughout the lifespan has also been reported.20 
Satellite cell fusion, myonuclear accretion, and/or 
fusion- independent communication alters myonuclear 
transcription to favor proper adaptation,64 which em-
phasizes the necessity of satellite cells for sustained hy-
pertrophic growth. Without satellite cells, a population 
of transcriptionally dysregulated or “cryptic” myonuclei 
emerges in response to acute exercise after 4 weeks of 
PoWeR; this transcriptional stochasticity likely contrib-
utes to blunted long- term hypertrophy.191 Furthermore, 
once myonuclear accretion stabilizes after 4  weeks of 
PoWeR in satellite cell replete mice, satellite cells ac-
tivate but do not fuse in response to a bout of exer-
cise, further pointing to satellite cell contributions to 
adult muscle adaptation beyond myonuclear donation. 
Using a different model that prevents satellite cell fu-
sion in vivo (Myomaker depletion)192 combined with 
involuntary high- intensity incline treadmill running, a 
complete lack of hypertrophy was reported.99 The sys-
temic (frequent shocking) and local stressful nature of 
this stimulus (evidenced by continuous myonuclear 
accretion throughout training) and/or disruption to 
other functions of satellite cells with the deletion of 
Myomaker may contribute to the absence of hypertro-
phy observed. Recent evidence suggests that the nature 
of satellite cell activation and participation during load- 
induced growth is dependent on the level of muscle 
damage88 as well as the stage of adaptation,191 so there 
is still much to learn about how satellite cells contrib-
ute to hypertrophy.193 In broad terms, however, resi-
dent myonuclei can support an appreciable degree of 
hypertrophy during exercise/loading in the absence of 
satellite cells, but the participation of satellite cells via 
fusion and/or communication maximizes adult muscle 
growth (Figure 1).

3.4 | Satellite cells and endurance 
exercise adaptations

Satellite cell contribution to endurance exercise adapta-
tion has been less studied relative to resistance training, 
likely because satellite cell fusion and myonuclear accre-
tion or replacement is not believed to play a major role 
with this mode of exercise. Satellite cells are responsive 
to endurance- type exercise in rodents and humans.194– 199 
They can activate, often expand in number, and some-
times fuse independent from hypertrophy200– 203; however, 
a degree of muscle damage with unaccustomed endur-
ance exercise may obscure how satellite cells contribute 
to the adaptive response to endurance training.63 Satellite 
cell fusion as a consequence of unaccustomed exercise 
training in the absence of hypertrophy may be most at-
tributable to damage- mediated satellite cell behavior.38,72

In mice, wheel running after satellite cells were deleted 
in adulthood affects coordination through dysregulation 
of intrafusal spindle fiber phenotype and function,20,204 
suggesting that satellite cells preferentially contribute to 
intrafusal fiber homeostasis. The classic fast- to- slower 
fiber type transition with wheel running is not influenced 
by the loss of satellite cells in limb204 or diaphragm mus-
cle.18 To our knowledge, no study involving satellite cell 
depletion has reported impaired fiber type transitioning 
regardless of the stimulus.20,48,64 Furthermore, there is 
no loss of myonuclei with wheel running over 8  weeks 
in the absence of satellite cells in adult mice,204 nor with 
wheel running throughout the lifespan.20 These findings 
suggest that satellite cell- mediated myonuclear replace-
ment is not a prominent feature of endurance exercise 
adaptation,32,64,188 assuming a different non- satellite cell 
population does not mediate myonuclear replacement. 
Hypertrophy induced by genetic manipulation may occur 
independent from satellite cell contribution,99,102,103 but 
artificially driving an oxidative phenotype simultaneous 
with genetically- mediated muscle growth is associated 
with increased myonuclear number, suggesting a poten-
tial causal link between metabolic demands, growth, and 
the need for myonuclear accretion.104 In the absence of 
satellite cells, PoWeR (which involves endurance-  and 
resistance- type stimuli) elicits myonuclear transcriptional 
disruptions to metabolic pathways, purporting a tradeoff 
between oxidative and hypertrophic adaptations when 
satellite cell contribution is abolished. To this point, en-
durance cycle training in sedentary humans elicits hy-
pertrophy in oxidative and glycolytic fiber types,33,205 but 
only oxidative fibers experience an increase in satellite 
cell abundance and myonuclear accretion.205 Since there 
is often a certain degree of hypertrophy that ensues during 
endurance type- training,206 it can be difficult to tease out 
the specific effects of endurance training adaptations 
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versus muscle growth20,33,205; more work is warranted in 
this area.

As mentioned above, there appears to be a relation-
ship between satellite cell activation and proximity to 
endothelial cells in response to resistance exercise.159 It 
stands to reason that satellite cells may affect endothelial 
cell adaptations to endurance training. During voluntary 
wheel running in the absence of satellite cells, capillar-
ization was not compromised204; worth noting is that sat-
ellite cell depleted mice ran less relative to replete mice 
in this study, likely due to dysregulated ECM deposition 
around spindle fibers that impaired proprioception and 
running performance. Conversely, with a hypertrophic 
component added to high- volume running (PoWeR) and 
equal running volume, capillary density tended to be re-
duced in the absence of satellite cells. More demanding 
exercise may therefore rely on satellite cells for capil-
lary adaptations; this finding was supported by muscle 
transcriptional profiling data and single nuclear RNA 
sequencing.64 Further work is needed to understand 
how satellite cells influence capillarization, but there is 
likely an important relationship that is dependent on the 

mode, volume, and/or intensity of exercise. Endurance 
exercise training can also improve muscle regeneration 
in response to a subsequent severe injury in young207 
and old animals,208,209 and this enhancement could be 
mediated by increased satellite cell number196 as well as 
cell- intrinsic mechanisms.209 One benefit of endurance 
training may therefore be improvements in healing po-
tential with severe injury through augmented satellite 
cell participation. In general, the global contribution of 
satellite cells to endurance training adaptations seems 
more nuanced than the contribution to resistance train-
ing, but muscle fibers can still adapt to an appreciable 
extent without satellite cells.

4  |  UNANSWERED QUESTIONS 
AND FUTURE DIRECTIONS

Regardless of the duration of satellite cell depletion in 
limb muscles under resting conditions, resident myo-
nuclei do not appear to be lost, suggesting a low rate of 
basal myonuclear turnover.16,20 Some work alternatively 

F I G U R E  1  Summary of how satellite cells contribute to hypertrophic muscle adaptation in response to loading
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reports a high contribution of satellite cell fusion to adult 
limb muscle fibers for homeostatic maintenance using 
genetically- driven cytoplasmic- localized fluorescent re-
porters,17,210 and even higher contribution during exer-
cise.200 Interestingly, these fluorescent reporters can be 
transferred between myogenic cells in vitro and in vivo 
via extracellular vesicles,51,211 thus complicating the in-
terpretation of these findings. Improved genetic tools are 
required to elucidate the contribution of satellite cells to 
adult muscle fibers under different conditions. Satellite 
cells are widely accepted as the primary donors of myonu-
clei, but various lines of evidence suggest that alternative 
cell populations may contribute nuclei directly to muscle 
fibers.212– 217 Collectively, the amount and source of myo-
nuclear turnover in adult skeletal muscle, and whether 
this is affected by exercise, are open questions that deserve 
further exploration. While muscle can adapt to an extent 
without satellite cells, it is currently unclear whether hav-
ing augmented satellite cell number or function could 
enhance exercise adaptation through development and/
or in adulthood; human resistance training studies point 
to this possibility in some instances,35,182,218– 221 but cor-
relation does not mean causation. How satellite cells 
contribute to neuromuscular junction stability, as well as 
the myotendinous junction, are also provocative areas of 
inquiry,50,222– 225 especially in the context of exercise ad-
aptation during aging. The precise effects of the process 
of satellite cell fusion itself during adaptation to exercise, 
independent from myonuclear addition, is also an open 
area of inquiry.

It is becoming apparent that stem cells in muscle, and 
specifically satellite cells, communicate with other cells via 
a variety of mechanisms. For example, satellite cells are en-
riched for the microRNA miR- 206188 and deliver it via ex-
tracellular vesicles to different cell populations (specifically 
fibrogenic cells) throughout muscle during loading,53,188 
but recent evidence also suggests miR- 206 is expressed 
cell- autonomously in fibrogenic cells during regeneration 
and with muscular dystrophy226,227; more information on 
the nature of miR- 206 regulation in muscle is therefore 
warranted. Uncovering all the ways by which satellite cells 
affect non- satellite cell populations during adult muscle 
adaptation, and translating these results to human popu-
lations, will be an exciting challenge for future investiga-
tions. More attention should also be paid to sex differences 
in satellite cell contributions to muscle adaptation, as this 
is incompletely understood.27,220,228,229 Unfortunately, the 
vast majority of knowledge on satellite cell behavior during 
adaptation is extrapolated from developmental myogenesis 
or injury and regeneration experiments. More emphasis 
should be placed on how satellite cells behave and contrib-
ute to adult muscle adaptation outside of catastrophic dam-
age and injury.88,193 It is likely that the factors influencing 

satellite cell behavior during exercise differ from those 
during toxin injections, the study of which could poten-
tially re- shape our understanding of satellite cell dynamics 
and niche interactions under different conditions.

5  |  PERSPECTIVES AND 
SUMMARY

Although satellite cells were initially named for their ana-
tomical location orbiting the muscle fiber, it is becoming 
clear that the name “satellite” was fortuitous, since these 
cells have a major function as communicators throughout 
muscle. As the principal cells responsible for the compli-
cated multicellular process of tissue reconstitution, it seems 
intuitive that satellite cells in adult muscle play a central 
role in coordinating the activity of other cell types during 
exercise adaptation. In the absence of satellite cells during 
physiologic stress, fibrotic deposition can ensue, capillari-
zation and coordination may be impaired, and myonuclear 
transcriptional dysregulation develops. Furthermore, if 
satellite cells are dysfunctional, it is possible that they may 
actively inhibit adult muscle adaptation, perhaps via al-
tered communication with muscle fibers and/or mononu-
clear cells. We have learned much in the preceding decade 
about how satellite cells orchestrate muscle adaptations: 
through fusion and myonuclear donation to muscle fibers, 
secreted factors including extracellular vesicles, and physi-
cal contacts with other cell types (see Figure 1). The devel-
opment of new murine genetic tools for conditionally and 
temporally controlling gene expression in muscle fibers230 
and satellite cells,209 as well as novel exercise approaches 
for studying muscle adaptations in model organisms61 will 
facilitate further discoveries that reveal how satellite cells 
contribute to adult skeletal muscle adaptation throughout 
the lifespan, and whether having augmented satellite cell 
number or manipulating their function could enhance ex-
ercise responses.

ACKNOWLEDGEMENTS
This work was supported by NIH grants from the National 
Institutes of Arthritis and Musculoskeletal and Skin 
Diseases (AR060701 to CAP and JJM, AR071753 to KAM) 
and National Institute on Aging (AG049086 to CAP and 
JJM and AG063994 to KAM). Figure  1 was generated 
using BioRender.

DISCLOSURES
The authors have no disclosures to declare.

AUTHOR CONTRIBUTIONS
Kevin A. Murach conceived of the work, wrote the manu-
script, and generated the figure. Christopher S. Fry, Esther 



   | 9 of 15MURACH et al.

E. Dupont- Versteegden, John J. McCarthy, and Charlotte 
A. Peterson provided critical feedback and edited the 
manuscript. All authors approved the final version of the 
manuscript.

ORCID
Kevin A. Murach   https://orcid.
org/0000-0003-2783-7137 

REFERENCES
 1. Katz B. The terminations of the afferent nerve fibre in the 

muscle spindle of the frog. Philos Trans R Soc Lond B Biol Sci. 
1961;243:221- 240.

 2. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys 
Biochem Cytol. 1961;9:493- 495.

 3. Gros J, Manceau M, Thomé V, Marcelle C. A common somitic 
origin for embryonic muscle progenitors and satellite cells. 
Nature. 2005;435:954- 958.

 4. Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/
Pax7- dependent population of skeletal muscle progenitor cells. 
Nature. 2005;435:948- 953.

 5. Kassar- Duchossoy L, Giacone E, Gayraud- Morel B, Jory A, 
Gomès D, Tajbakhsh S. Pax3/Pax7 mark a novel population 
of primitive myogenic cells during development. Genes Dev. 
2005;19:1426- 1431.

 6. Ben- Yair R, Kalcheim C. Lineage analysis of the avian der-
momyotome sheet reveals the existence of single cells with 
both dermal and muscle progenitor fates. Development. 
2005;132:689- 701.

 7. Seale P, Sabourin LA, Girgis- Gabardo A, Mansouri A, Gruss 
P, Rudnicki MA. Pax7 is required for the specification of myo-
genic satellite cells. Cell. 2000;102:777- 786.

 8. Bachman JF, Klose A, Liu W, et al. Prepubertal skeletal muscle 
growth requires Pax7- expressing satellite cell- derived myonu-
clear contribution. Development. 2018;145:dev167197.

 9. Bachman JF, Blanc RS, Paris ND, et al. Radiation- induced 
damage to prepubertal Pax7+ skeletal muscle stem cells drives 
lifelong deficits in myofiber size and nuclear number. iScience. 
2020;23(11):101760.

 10. Hansson K- A, Eftestøl E, Bruusgaard JC, et al. Myonuclear con-
tent regulates cell size with similar scaling properties in mice 
and humans. Nat Commun. 2020;11:1- 14.

 11. Cramer AA, Prasad V, Eftestøl E, et al. Nuclear numbers in syn-
cytial muscle fibers promote size but limit the development of 
larger myonuclear domains. Nat Commun. 2020;11:1- 14.

 12. Bachman JF, Chakkalakal JV. Insights into muscle stem 
cell dynamics during postnatal development. FEBS J. 2021. 
doi:10.1111/febs.15856

 13. Dayanidhi S, Lieber RL. Skeletal muscle satellite cells: media-
tors of muscle growth during development and implications for 
developmental disorders. Muscle Nerve. 2014;50:723- 732.

 14. Moss F, Leblond C. Nature of dividing nuclei in skeletal muscle 
of growing rats. J Cell Biol. 1970;44:459- 461.

 15. Moss FP, Leblond CP. Satellite cells as the source of nuclei in 
muscles of growing rats. Anat Rec. 1971;170:421- 435.

 16. Fry CS, Lee JD, Mula J, et al. Inducible depletion of satellite 
cells in adult, sedentary mice impairs muscle regenerative ca-
pacity without affecting sarcopenia. Nat Med. 2015;21:76- 80.

 17. Keefe AC, Lawson JA, Flygare SD, et al. Muscle stem cells con-
tribute to myofibres in sedentary adult mice. Nat Commun. 
2015;6:7087.

 18. Murach KA, Confides AL, Ho A, et al. Depletion of Pax7+ sat-
ellite cells does not affect diaphragm adaptations to running in 
young or aged mice. J Physiol. 2017;595:6299- 6311.

 19. Lee JD, Fry CS, Mula J, et al. Aged muscle demonstrates fiber- 
type adaptations in response to mechanical overload, in the 
absence of myofiber hypertrophy, independent of satellite cell 
abundance. J Gerontol A Biol Sci Med Sci. 2016;71:461- 467.

 20. Englund DA, Murach KA, Dungan CM, et al. Depletion of res-
ident muscle stem cells negatively impacts running volume, 
physical function and muscle hypertrophy in response to life-
long physical activity. Am J Physiol Cell Physiol. 2020;318:C117
8- C1188.

 21. McCarthy JJ, Mula J, Miyazaki M, et al. Effective fiber hyper-
trophy in satellite cell- depleted skeletal muscle. Development. 
2011;138:3657- 3666.

 22. Lepper C, Partridge TA, Fan C- M. An absolute requirement 
for Pax7- positive satellite cells in acute injury- induced skeletal 
muscle regeneration. Development. 2011;138:3639- 3646.

 23. Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon 
G. Satellite cells, connective tissue fibroblasts and their in-
teractions are crucial for muscle regeneration. Development. 
2011;138:3625- 3637.

 24. Sambasivan R, Yao R, Kissenpfennig A, et al. Pax7- expressing 
satellite cells are indispensable for adult skeletal muscle regen-
eration. Development. 2011;138:3647- 3656.

 25. Kim E, Zhang Y, Wu F, Allen J, Vest KE, Choo HJ. Intrinsic 
and extrinsic factors collaborate to activate pharyn-
geal satellite cells without muscle injury. bioRxiv. 2020. 
doi:10.1101/2020.05.21.108951

 26. McLoon LK, Wirtschafter JD. Continuous myonuclear addi-
tion to single extraocular myofibers in uninjured adult rabbits. 
Muscle Nerve. 2002;25:348- 358.

 27. Roth S, Martel G, Ivey F, et al. Skeletal muscle satellite cell 
characteristics in young and older men and women after heavy 
resistance strength training. J Gerontol A Biol Sci Med Sci. 
2001;56:B240- B247.

 28. Kadi F, Thornell L- E. Concomitant increases in myonuclear 
and satellite cell content in female trapezius muscle following 
strength training. Histochem Cell Biol. 2000;113:99- 103.

 29. Charifi N, Kadi F, Féasson L, Denis C. Effects of endurance 
training on satellite cell frequency in skeletal muscle of old 
men. Muscle Nerve. 2003;28:87- 92.

 30. Kadi F, Charifi N, Denis C, et al. The behaviour of satellite cells 
in response to exercise: what have we learned from human 
studies? Pflügers Archiv. 2005;451:319- 327.

 31. Nederveen JP, Snijders T, Joanisse S, et al. Altered muscle 
satellite cell activation following 16 wk of resistance train-
ing in young men. Am J Physiol Regul Integr Comp Physiol. 
2017;312:R85- R92.

 32. Fry CS, Lee JD, Jackson JR, et al. Regulation of the muscle fiber 
microenvironment by activated satellite cells during hypertro-
phy. FASEB J. 2014;28:1654- 1665.

 33. Murach KA, Walton RG, Fry CS, et al. Cycle training modulates 
satellite cell and transcriptional responses to a bout of resis-
tance exercise. Physiol Rep. 2016;4:e12973.

 34. Farup J, Rahbek SK, Riis S, Vendelbo MH, de Paoli F, Vissing 
K. Influence of exercise contraction mode and protein 

https://orcid.org/0000-0003-2783-7137
https://orcid.org/0000-0003-2783-7137
https://orcid.org/0000-0003-2783-7137
https://doi.org/10.1111/febs.15856
https://doi.org/10.1101/2020.05.21.108951


10 of 15 |   MURACH et al.

supplementation on human skeletal muscle satellite cell con-
tent and muscle fiber growth. J Appl Physiol. 2014;117:898- 909.

 35. Petrella JK, Kim JS, Mayhew DL, Cross JM, Bamman MM. 
Potent myofiber hypertrophy during resistance training in hu-
mans is associated with satellite cell- mediated myonuclear ad-
dition: a cluster analysis. J Appl Physiol. 2008;104:1736- 1742.

 36. Schultz E, Jaryszak DL, Valliere CR. Response of satellite cells 
to focal skeletal muscle injury. Muscle Nerve. 1985;8:217- 222.

 37. Robertson T, Papadimitriou J, Grounds M. Fusion of myo-
genic cells to the newly sealed region of damaged myofibres 
in skeletal muscle regeneration. Neuropathol Appl Neurobiol. 
1993;19:350- 358.

 38. Smith HK, Maxwell L, Rodgers CD, McKee NH, Plyley MJ. 
Exercise- enhanced satellite cell proliferation and new myo-
nuclear accretion in rat skeletal muscle. J Appl Physiol. 
2001;90:1407- 1414.

 39. Snow MH. Satellite cell response in rat soleus muscle undergo-
ing hypertrophy due to surgical ablation of synergists. Anat Rec. 
1990;227:437- 446.

 40. Darr KC, Schultz E. Exercise- induced satellite cell activa-
tion in growing and mature skeletal muscle. J Appl Physiol. 
1987;63:1816- 1821.

 41. Ralston E, Hall ZW. Restricted distribution of mRNA pro-
duced from a single nucleus in hybrid myotubes. J Cell Biol. 
1992;119:1063- 1068.

 42. Ralston E, Hall ZW. Transfer of a protein encoded by a single 
nucleus to nearby nuclei in multinucleated myotubes. Science. 
1989;244:1066- 1069.

 43. Pavlath GK, Rich K, Webster SG, Blau HM. Localization of mus-
cle gene products in nuclear domains. Nature. 1989;337:570- 573.

 44. Schiaffino S, Bormioli SP, Aloisi M. Cell proliferation in rat 
skeletal muscle during early stages of compensatory hypertro-
phy. Virchows Archiv B. 1972;11:268- 273.

 45. Schiaffino S, Pierobon Bormioli S, Aloisi M. The fate of newly 
formed satellite cells during compensatory muscle hypertro-
phy. Virchows Archiv B. 1976;21:113- 118.

 46. Murach KA, Englund DA, Dupont- Versteegden EE, McCarthy 
JJ, Peterson CA. Myonuclear domain flexibility challenges rigid 
assumptions on satellite cell contribution to skeletal muscle 
fiber hypertrophy. Front Physiol. 2018;9:635.

 47. Anderson JE. The satellite cell as a companion in skeletal mus-
cle plasticity: currency, conveyance, clue, connector and colan-
der. J Exp Biol. 2006;209:2276- 2292.

 48. Murach KA, Fry CS, Kirby TJ, et al. Starring or supporting 
role? Satellite cells and skeletal muscle fiber size regulation. 
Physiology. 2018;33:26- 38.

 49. Patsalos A, Pap A, Varga T, et al. In situ macrophage pheno-
typic transition is affected by altered cellular composition prior 
to acute sterile muscle injury. J Physiol. 2017;595:5815- 5842.

 50. Liu W, Wei- LaPierre L, Klose A, Dirksen RT, Chakkalakal 
JV. Inducible depletion of adult skeletal muscle stem cells 
impairs the regeneration of neuromuscular junctions. eLife. 
2015;4:e09221.

 51. Murach KA, Vechetti IJ Jr, Van Pelt DW, et al. Fusion- 
independent satellite cell communication to muscle fibers 
during load- induced hypertrophy. Function. 2020;1:zqaa009.

 52. Shuler KT, Wilson BE, Muñoz ER, Mitchell AD, Selsby JT, 
Hudson MB. Muscle stem cell- derived extracellular vesicles re-
verse hydrogen peroxide- induced mitochondrial dysfunction in 
mouse myotubes. Cells. 2020;9:2544.

 53. Murach KA, Peck BD, Policastro RA, et al. Early satellite cell 
communication creates a permissive environment for long- 
term muscle growth. iScience. 2021;24:102372.

 54. Reger JF, Craig AS. Studies on the fine structure of muscle fi-
bers and associated satellite cells in hypertrophic human del-
toid muscle. Anat Rec. 1968;162:483- 499.

 55. Cheek D, Holt A, Hill D, Talbert J. Skeletal muscle mass and 
growth: the concept of the deoxyribonucleic unit. Pediatr Res. 
1971;5:312- 328.

 56. Joplin R, Franchi L, Salmons S. Changes in the size and syn-
thetic activity of nuclear populations in chronically stimulated 
rabbit skeletal muscle. J Anat. 1987;155:39.

 57. James N, Cabric M. Quantitative studies on the numerical 
frequency of myonuclei in the muscles of exercised rats: evi-
dence against the occurrence of fibre- splitting. Br J Exp Pathol. 
1981;62:600.

 58. Winchester P, Gonyea W. A quantitative study of satellite cells 
and myonuclei in stretched avian slow tonic muscle. Anat Rec. 
1992;232:369- 377.

 59. Rosenblatt JD, Parry DJ. Gamma irradiation prevents compen-
satory hypertrophy of overloaded mouse extensor digitorum 
longus muscle. J Appl Physiol. 1992;73:2538- 2543.

 60. Goh Q, Millay DP. Requirement of myomaker- mediated 
stem cell fusion for skeletal muscle hypertrophy. eLife. 
2017;6:e20007.

 61. Murach KA, McCarthy JJ, Peterson CA, Dungan CM. Making 
mice mighty: recent advances in translational models of load- 
induced muscle hypertrophy. J Appl Physiol. 2020;129:516- 521.

 62. Dungan CM, Murach KA, Frick KK, et al. Elevated myonu-
clear density during skeletal muscle hypertrophy in response to 
training is reversed during detraining. Am J Physiol Cell Physiol. 
2019;316:C649- C654.

 63. Murach KA, Mobley CB, Zdunek CJ, et al. Muscle memory: 
myonuclear accretion, maintenance, morphology, and miRNA 
levels with training and detraining in adult mice. J Cachexia 
Sarcopenia Muscle. 2020;11:1705- 1722.

 64. Englund D, Figueiredo V, Dungan C, et al. Satellite cell deple-
tion disrupts transcriptional coordination and muscle adapta-
tion to exercise. Function. 2020;2:zqaa033.

 65. Egner IM, Bruusgaard JC, Gundersen K. An apparent lack of 
effect of satellite cell depletion on hypertrophy could be due 
to methodological limitations. Response to ‘methodologi-
cal issues limit interpretation of negative effects of satellite 
cell depletion on adult muscle hypertrophy’. Development. 
2017;144:1365- 1367.

 66. McCarthy JJ, Dupont- Versteegden EE, Fry CS, Murach KA, 
Peterson CA. Methodological issues limit interpretation of neg-
ative effects of satellite cell depletion on adult muscle hypertro-
phy. Development. 2017;144:1363- 1365.

 67. Allbrook D. An electron microscopic study of regenerating 
skeletal muscle. J Anat. 1962;96:137.

 68. Allbrook D, Baker WDC, Kirkaldy- Willis W. Muscle regener-
ation in experimental animals and in man. J Bone Joint Surg. 
1966;48:153- 169.

 69. Shafiq S, Gorycki M. Regeneration in skeletal muscle of mouse: 
some electron- microscope observations. J Pathol Bacteriol. 
1965;90:123- 127.

 70. Reznik M. Origin of myoblasts during skeletal muscle re-
generation. Electron microscopic observations. Lab Invest. 
1969;20:353- 363.



   | 11 of 15MURACH et al.

 71. Reznik M. Thymidine- 3H uptake by satellite cells of regenerat-
ing skeletal muscle. J Cell Biol. 1969;40:568- 571.

 72. Irintchev A, Wernig A. Muscle damage and repair in volun-
tarily running mice: strain and muscle differences. Cell Tissue 
Res. 1987;249:509- 521.

 73. Wernig A, Irintchev A, Weisshaupt P. Muscle injury, cross- 
sectional area and fibre type distribution in mouse soleus after 
intermittent wheel- running. J Physiol. 1990;428:639- 652.

 74. Damas F, Phillips SM, Libardi CA, et al. Resistance training- 
induced changes in integrated myofibrillar protein synthesis 
are related to hypertrophy only after attenuation of muscle 
damage. J Physiol. 2016;594:5209- 5222.

 75. Roth SM, Martel GF, Ivey FM, et al. Ultrastructural muscle 
damage in young vs. older men after high- volume, heavy- 
resistance strength training. J Appl Physiol. 1999;86:1833- 1840.

 76. Roth SM, Martel GF, Ivey FM, et al. High- volume, heavy- 
resistance strength training and muscle damage in young and 
older women. J Appl Physiol. 2000;88:1112- 1118.

 77. Mackey AL, Kjaer M. The breaking and making of healthy 
adult human skeletal muscle in vivo. Skelet Muscle. 2017;7:24.

 78. Jacobs S, Wokke J, Bär P, Bootsma A. Satellite cell activa-
tion after muscle damage in young and adult rats. Anat Rec. 
1995;242:329- 336.

 79. Hirai H, Verma M, Watanabe S, Tastad C, Asakura Y, Asakura 
A. MyoD regulates apoptosis of myoblasts through microRNA- 
mediated down- regulation of Pax3. J Cell Biol. 2010;191:347- 365.

 80. Schwartz LM, Gao Z, Brown C, Parelkar SS, Glenn H. Cell death 
in myoblasts and muscles. In: Erhardt P, Toth A, eds. Apoptosis. 
Springer; 2009:313- 332.

 81. Chen Z, Li L, Wu W, et al. Exercise protects proliferative muscle 
satellite cells against exhaustion via the Igfbp7- Akt- mTOR axis. 
Theranostics. 2020;10:6448- 6466.

 82. Friden J, Sjöström M, Ekblom B. Myofibrillar damage fol-
lowing intense eccentric exercise in man. Int J Sports Med. 
1983;4:170- 176.

 83. Duncan C. Role of calcium in triggering rapid ultrastructural 
damage in muscle: a study with chemically skinned fibres. J 
Cell Sci. 1987;87:581- 594.

 84. Duncan C. Role of intracellular calcium in promoting muscle 
damage: a strategy for controlling the dystrophic condition. 
Experientia. 1978;34:1531- 1535.

 85. Goldberg AL. Work- induced growth of skeletal mus-
cle in normal and hypophysectomized rats. Am J Physiol. 
1967;213:1193- 1198.

 86. James N. Compensatory muscular hypertrophy in the extensor 
digitorum longus muscle of the mouse. J Anat. 1976;122:121.

 87. Hamosh M, Lesch M, Baron J, Kaufman S. Enhanced protein 
synthesis in a cell- free system from hypertrophied skeletal mus-
cle. Science. 1967;157:935- 937.

 88. Fukuda S, Kaneshige A, Kaji T, et al. Sustained expression of 
HeyL is critical for the proliferation of muscle stem cells in 
overloaded muscle. eLife. 2019;8:e48284.

 89. Murach KA, White SH, Wen Y, et al. Differential require-
ment for satellite cells during overload- induced muscle hy-
pertrophy in growing versus mature mice. Skelet Muscle. 
2017;7(1):1- 13.

 90. Kirby TJ, McCarthy JJ, Peterson CA, Fry CS. Synergist ablation 
as a rodent model to study satellite cell dynamics in adult skel-
etal muscle. In: Kyba M, ed. Skeletal Muscle Regeneration in the 
Mouse. Springer New York; 2016:43- 52.

 91. Bansal D, Miyake K, Vogel SS, et al. Defective membrane 
repair in dysferlin- deficient muscular dystrophy. Nature. 
2003;423:168- 172.

 92. Cai C, Masumiya H, Weisleder N, et al. MG53 nucleates as-
sembly of cell membrane repair machinery. Nat Cell Biol. 
2009;11:56- 64.

 93. Demonbreun AR, Quattrocelli M, Barefield DY, Allen MV, 
Swanson KE, McNally EM. An actin- dependent annexin com-
plex mediates plasma membrane repair in muscle. J Cell Biol. 
2016;213:705- 718.

 94. Papadimitriou J, Robertson T, Mitchell C, Grounds M. The pro-
cess of new plasmalemma formation in focally injured skeletal 
muscle fibers. J Struct Biol. 1990;103:124- 134.

 95. Furukawa K. Healing- over in skeletal muscles of the guinea pig 
following induced injury. Muscle Nerve. 1984;7:610- 617.

 96. Barthélémy F, Defour A, Lévy N, Krahn M, Bartoli M. Muscle 
cells fix breaches by orchestrating a membrane repair ballet. J 
Neuromuscul Dis. 2018;5:21- 28.

 97. Carmeille R, Bouvet F, Tan S, et al. Membrane repair of human 
skeletal muscle cells requires Annexin- A5. Biochim Biophys 
Acta Mol Cell Res. 2016;1863(9):2267- 2279.

 98. Leikina E, Defour A, Melikov K, et al. Annexin A1 deficiency 
does not affect myofiber repair but delays regeneration of in-
jured muscles. Sci Rep. 2015;5:1- 12.

 99. Goh Q, Song T, Petrany MJ, et al. Myonuclear accretion is a de-
terminant of exercise- induced remodeling in skeletal muscle. 
eLife. 2019;8:e44876.

 100. Englund D, Peck B, Murach K, et al. Resident muscle stem cells 
are not required for testosterone- induced skeletal muscle hy-
pertrophy. Am J Physiol Cell Physiol. 2019;317:C719- C724.

 101. Wang Q, McPherron AC. Myostatin inhibition induces mus-
cle fibre hypertrophy prior to satellite cell activation. J Physiol. 
2012;590:2151- 2165.

 102. Lee S- J, Huynh TV, Lee Y- S, et al. Role of satellite cells versus 
myofibers in muscle hypertrophy induced by inhibition of 
the myostatin/activin signaling pathway. Proc Natl Acad Sci. 
2012;109:E2353- E2360.

 103. Amthor H, Otto A, Vulin A, et al. Muscle hypertrophy driven by 
myostatin blockade does not require stem/precursor- cell activ-
ity. Proc Natl Acad Sci USA. 2009;106:7479- 7484.

 104. Omairi S, Matsakas A, Degens H, et al. Enhanced exercise and 
regenerative capacity in a mouse model that violates size con-
straints of oxidative muscle fibres. eLife. 2016;5:e16940.

 105. Welle S, Bhatt K, Pinkert CA, Tawil R, Thornton CA. Muscle 
growth after postdevelopmental myostatin gene knockout. Am 
J Physiol Endocrinol Metab. 2007;292(4):E985- E991.

 106. Blaauw B, Canato M, Agatea L, et al. Inducible activation of 
Akt increases skeletal muscle mass and force without satellite 
cell activation. FASEB J. 2009;23:3896- 3905.

 107. Raffaello A, Milan G, Masiero E, et al. JunB transcription factor 
maintains skeletal muscle mass and promotes hypertrophy. J 
Cell Biol. 2010;191:101- 113.

 108. Wozniak AC, Pilipowicz O, Yablonka- Reuveni Z, et al. C- Met 
expression and mechanical activation of satellite cells on cul-
tured muscle fibers. J Histochem Cytochem. 2003;51:1437- 1445.

 109. Haroon M, Klein- Nulend J, Bakker AD, et al. Myofiber stretch 
induces tensile and shear deformation of muscle stem cells in 
their native niche. Biophys J. 2021;120:2665- 2678.

 110. Kook S- H, Son Y- O, Choi K- C, et al. Cyclic mechanical stress 
suppresses myogenic differentiation of adult bovine satellite 



12 of 15 |   MURACH et al.

cells through activation of extracellular signal- regulated ki-
nase. Mol Cell Biochem. 2008;309:133- 141.

 111. Kook S- H, Lee H- J, Chung W- T, et al. Cyclic mechanical stretch 
stimulates the proliferation of C2C12 myoblasts and inhibits 
their differentiation via prolonged activation of p38 MAPK. Mol 
Cells. 2008;25:479- 468.

 112. Kumar A, Murphy R, Robinson P, Wei L, Borie AM. Cyclic me-
chanical strain inhibits skeletal myogenesis through activation 
of focal adhesion kinase, Rac- 1 GTPase, and nf- kB transcrip-
tion factor. FASEB J. 2004;18:1524- 1535.

 113. Miller BF, Hamilton KL, Majeed ZR, et al. Enhanced skeletal 
muscle regrowth and remodelling in massaged and contralat-
eral non- massaged hindlimb. J Physiol. 2018;596:83- 103.

 114. Hunt ER, Confides AL, Abshire SM, Dupont- Versteegden EE, 
Butterfield TA. Massage increases satellite cell number inde-
pendent of the age- associated alterations in sarcolemma per-
meability. Physiol Rep. 2019;7:e14200.

 115. McLoon LK, Wirtschafter J. Activated satellite cells are present 
in uninjured extraocular muscles of mature mice. Trans Am 
Ophthalmol Soc. 2002;100:119- 123.

 116. Bischoff R. A satellite cell mitogen from crushed adult muscle. 
Dev Biol. 1986;115:140- 147.

 117. Bischoff R. Cell cycle commitment of rat muscle satellite cells. 
J Cell Biol. 1990;111:201- 207.

 118. Bischoff R. Proliferation of muscle satellite cells on intact myo-
fibers in culture. Dev Biol. 1986;115:129- 139.

 119. Bischoff R. Interaction between satellite cells and skeletal mus-
cle fibers. Development. 1990;109:943- 952.

 120. Tsuchiya Y, Kitajima Y, Masumoto H, Ono Y. Damaged 
myofiber- derived metabolic enzymes act as activators of mus-
cle satellite cells. Stem Cell Rep 2020;15(4):926- 940.

 121. Tatsumi R, Sheehan S, Iwasaki H, Hattori A, Allen RE. 
Mechanical stretch induces activation of skeletal muscle satel-
lite cells in vitro. Exp Cell Res. 2001;267:107- 114.

 122. Tatsumi R, Hattori A, Allen RE, Ikeuchi Y, Ito T. Mechanical 
stretch- induced activation of skeletal muscle satellite cells 
is dependent on nitric oxide production in vitro. Anim Sci J. 
2002;73:235- 239.

 123. Tatsumi R, Hattori A, Ikeuchi Y, Anderson JE, Allen RE. Release 
of hepatocyte growth factor from mechanically stretched skel-
etal muscle satellite cells and role of pH and nitric oxide. Mol 
Biol Cell. 2002;13:2909- 2918.

 124. Yamada M, Sankoda Y, Tatsumi R, et al. Matrix metalloprotein-
ase- 2 mediates stretch- induced activation of skeletal muscle 
satellite cells in a nitric oxide- dependent manner. Int J Biochem 
Cell Biol. 2008;40:2183- 2191.

 125. Tatsumi R. Mechano- biology of skeletal muscle hypertrophy 
and regeneration: possible mechanism of stretch- induced 
activation of resident myogenic stem cells. Anim Sci J. 
2010;81:11- 20.

 126. Wozniak A, Anderson J. The dynamics of the nitric oxide 
release- transient from stretched muscle cells. Int J Biochem Cell 
Biol. 2009;41:625- 631.

 127. Pisconti A, Brunelli S, Di Padova M, et al. Follistatin induc-
tion by nitric oxide through cyclic GMP: a tightly regulated 
signaling pathway that controls myoblast fusion. J Cell Biol. 
2006;172:233- 244.

 128. Horsley V, Jansen KM, Mills ST, Pavlath GK. IL- 4 acts as a myo-
blast recruitment factor during mammalian muscle growth. 
Cell. 2003;113:483- 494.

 129. Guerci A, Lahoute C, Hébrard S, et al. Srf- dependent paracrine 
signals produced by myofibers control satellite cell- mediated 
skeletal muscle hypertrophy. Cell Metab. 2012;15:25- 37.

 130. Serrano AL, Baeza- Raja B, Perdiguero E, Jardí M, Muñoz- 
Cánoves P. Interleukin- 6 is an essential regulator of satel-
lite cell- mediated skeletal muscle hypertrophy. Cell Metab. 
2008;7:33- 44.

 131. Ross JA, Levy Y, Svensson K, Philp A, Schenk S, Ochala J. 
SIRT1 regulates nuclear number and domain size in skeletal 
muscle fibers. J Cell Physiol. 2018;233:7157- 7163.

 132. de Lima JE, Bonnin M- A, Birchmeier C, Duprez D. Muscle 
contraction is required to maintain the pool of muscle pro-
genitors via YAP and NOTCH during fetal myogenesis. eLife. 
2016;5:e15593.

 133. Tavi P, Korhonen T, Hänninen SL, et al. Myogenic skeletal mus-
cle satellite cells communicate by tunnelling nanotubes. J Cell 
Physiol. 2010;223:376- 383.

 134. Eliazer S, Muncie JM, Christensen J, et al. Wnt4 from the niche 
controls the mechano- properties and quiescent state of muscle 
stem cells. Cell Stem Cell. 2019;25(5):654- 665.e654.

 135. Du H, Shih C- H, Wosczyna MN, et al. Macrophage- released 
ADAMTS1 promotes muscle stem cell activation. Nat Commun. 
2017;8:1- 11.

 136. Saclier M, Yacoub- Youssef H, Mackey AL, et al. Differentially 
activated macrophages orchestrate myogenic precursor cell 
fate during human skeletal muscle regeneration. Stem Cells. 
2013;31:384- 396.

 137. Tonkin J, Temmerman L, Sampson RD, et al. Monocyte/
macrophage- derived IGF- 1 orchestrates murine skeletal mus-
cle regeneration and modulates autocrine polarization. Mol 
Ther. 2015;23:1189- 1200.

 138. Varga T, Mounier R, Patsalos A, et al. Macrophage PPARγ, 
a lipid activated transcription factor controls the growth 
factor GDF3 and skeletal muscle regeneration. Immunity. 
2016;45:1038- 1051.

 139. Ratnayake D, Nguyen PD, Rossello FJ, et al. Macrophages pro-
vide a transient muscle stem cell niche via NAMPT secretion. 
Nature. 2021;1- 7.

 140. Zhang C, Cheng N, Qiao B, et al. Age- related decline of 
interferon- gamma responses in macrophage impairs satel-
lite cell proliferation and regeneration. J Cachexia Sarcopenia 
Muscle. 2020;11:1291- 1305.

 141. Shang M, Cappellesso F, Amorim R, et al. Macrophage- derived 
glutamine boosts satellite cells and muscle regeneration. 
Nature. 2020;1- 6.

 142. Cantini M, Giurisato E, Radu C, et al. Macrophage- secreted 
myogenic factors: a promising tool for greatly enhancing the 
proliferative capacity of myoblasts in vitro and in vivo. Neurol 
Sci. 2002;23:189- 194.

 143. Chazaud B, Sonnet C, Lafuste P, et al. Satellite cells at-
tract monocytes and use macrophages as a support to es-
cape apoptosis and enhance muscle growth. J Cell Biol. 
2003;163:1133- 1143.

 144. Kosmac K, Gonzalez- Freire M, McDermott MM, et al. 
Correlations of calf muscle macrophage content with muscle 
properties and walking performance in peripheral artery dis-
ease. J Am Heart Assoc. 2020;9:e015929.

 145. Ceafalan LC, Fertig TE, Popescu AC, Popescu BO, Hinescu 
ME, Gherghiceanu M. Skeletal muscle regeneration involves 
macrophage- myoblast bonding. Cell Adh Migr. 2017;12:228- 235.



   | 13 of 15MURACH et al.

 146. Walton RG, Kosmac K, Mula J, et al. Human skeletal muscle 
macrophages increase following cycle training and are asso-
ciated with adaptations that may facilitate growth. Sci Rep. 
2019;9:1- 14.

 147. Kann AP, Hung M, Krauss RS. Cell– cell contact and signaling in 
the muscle stem cell niche. Curr Opin Cell Biol. 2021;73:78- 83.

 148. Joe AW, Yi L, Natarajan A, et al. Muscle injury activates res-
ident fibro/adipogenic progenitors that facilitate myogenesis. 
Nat Cell Biol. 2010;12:153- 163.

 149. Uezumi A, Fukada S- I, Yamamoto N, Takeda SI, Tsuchida K. 
Mesenchymal progenitors distinct from satellite cells contrib-
ute to ectopic fat cell formation in skeletal muscle. Nat Cell Biol. 
2010;12:143.

 150. Madaro L, Mozzetta C, Biferali B, Proietti D. Fibro- adipogenic 
progenitors (FAPs) cross- talk in skeletal muscle: the social net-
work. Front Physiol. 2019;10:1074.

 151. Christov C, Chrétien F, Abou- Khalil R, et al. Muscle satellite 
cells and endothelial cells: close neighbors and privileged part-
ners. Mol Biol Cell. 2007;18:1397- 1409.

 152. Abou- Khalil R, Mounier R, Chazaud B. Regulation of myo-
genic stem cell behaviour by vessel cells: the “ménage à trois” 
of satellite cells, periendothelial cells and endothelial cells. Cell 
Cycle. 2010;9:892- 896.

 153. Verma M, Asakura Y, Murakonda BSR, et al. Muscle satellite 
cell cross- talk with a vascular niche maintains quiescence via 
VEGF and notch signaling. Cell Stem Cell. 2018;23(4):530- 543.
e539.

 154. Abou- Khalil R, Le Grand F, Pallafacchina G, et al. Autocrine 
and paracrine angiopoietin 1/Tie- 2 signaling promotes muscle 
satellite cell self- renewal. Cell Stem Cell. 2009;5:298- 309.

 155. Kargl CK, Nie Y, Evans S, et al. Factors secreted from high 
glucose treated endothelial cells impair expansion and differ-
entiation of human skeletal muscle satellite cells. J Physiol. 
2019;597:5109- 5124.

 156. Snijders T, Nederveen JP, Joanisse S, et al. Muscle fibre capil-
larization is a critical factor in muscle fibre hypertrophy during 
resistance exercise training in older men. J Cachexia Sarcopenia 
Muscle. 2017;8:267- 276.

 157. Nederveen JP, Joanisse S, Snijders T, et al. Skeletal muscle 
satellite cells are located at a closer proximity to capillaries in 
healthy young compared with older men. J Cachexia Sarcopenia 
Muscle. 2016;7:547- 554.

 158. Moro T, Brightwell CR, Volpi E, Rasmussen B, Fry CS. Resistance 
exercise training promotes fiber type- specific myonuclear adap-
tations in older adults. J Appl Physiol. 2020;128:795- 804.

 159. Nederveen JP, Betz MW, Snijders T, Parise G. The importance 
of muscle capillarization for optimizing satellite cell plasticity. 
Exerc Sport Sci Rev. 2021. doi:10.1249/JES.00000 00000 000270

 160. Egner IM, Bruusgaard JC, Eftestøl E, Gundersen K. A cellu-
lar memory mechanism aids overload hypertrophy in muscle 
long after an episodic exposure to anabolic steroids. J Physiol. 
2013;591:6221- 6230.

 161. Sinha- Hikim I, Taylor WE, Gonzalez- Cadavid NF, Zheng W, 
Bhasin S. Androgen receptor in human skeletal muscle and 
cultured muscle satellite cells: up- regulation by androgen treat-
ment. J Clin Endocrinol Metab. 2004;89:5245- 5255.

 162. Sotiropoulos A, Ohanna M, Kedzia C, et al. Growth hor-
mone promotes skeletal muscle cell fusion independent of 
insulin- like growth factor 1 up- regulation. Proc Natl Acad Sci. 
2006;103:7315- 7320.

 163. Gilson H, Schakman O, Kalista S, Lause P, Tsuchida K, Thissen 
J- P. Follistatin induces muscle hypertrophy through satellite 
cell proliferation and inhibition of both myostatin and activin. 
Am J Physiol Endocrinol Metab. 2009;297:E157- E164.

 164. Vinel C, Lukjanenko L, Batut A, et al. The exerkine apelin re-
verses age- associated sarcopenia. Nat Med. 2018;24:1360- 1371.

 165. Filigheddu N, Gnocchi VF, Coscia M, et al. Ghrelin and des- 
acyl ghrelin promote differentiation and fusion of C2C12 skele-
tal muscle cells. Mol Biol Cell. 2007;18:986- 994.

 166. Rehfeldt C. Satellite cell addition is/is not obligatory for skeletal 
muscle hypertrophy. J Appl Physiol. 2007;103:1104- 1106.

 167. Mantilla CB, Sieck GC. Point: counterpoint comments. J Appl 
Physiol. 2007;103:1104- 1106.

 168. McCarthy JJ, Esser KA. Counterpoint: satellite cell addition is 
not obligatory for skeletal muscle hypertrophy. J Appl Physiol. 
2007;103:1100- 1102.

 169. Rosenblatt JD, Yong D, Parry DJ. Satellite cell activity is re-
quired for hypertrophy of overloaded adult rat muscle. Muscle 
Nerve. 1994;17:608- 613.

 170. Egner IM, Bruusgaard JC, Gundersen K. Satellite cell depletion 
prevents fiber hypertrophy in skeletal muscle. Development. 
2016;143:2898- 2906.

 171. Taylor- Weiner H, Grigsby CL, Ferreira DM, et al. Modeling the 
transport of nuclear proteins along single skeletal muscle cells. 
Proc Natl Acad Sci. 2020;117:2978- 2986.

 172. Kirby TJ, Patel RM, McClintock TS, Dupont- Versteegden EE, 
Peterson CA, McCarthy JJ. Myonuclear transcription is respon-
sive to mechanical load and DNA content but uncoupled from 
cell size during hypertrophy. Mol Biol Cell. 2016;27:788- 798.

 173. Kadi F, Schjerling P, Andersen LL, et al. The effects of heavy 
resistance training and detraining on satellite cells in human 
skeletal muscles. J Physiol. 2004;558:1005- 1012.

 174. van der Meer SF, Jaspers RT, Jones DA, Degens H. The time 
course of myonuclear accretion during hypertrophy in young 
adult and older rat plantaris muscle. Ann Anat. 2011;193:56- 63.

 175. Psilander N, Eftestøl E, Cumming KT, et al. Effects of train-
ing, detraining, and retraining on strength, hypertrophy, and 
myonuclear number in human skeletal muscle. J Appl Physiol. 
2019;126:1636- 1645.

 176. Damas F, Libardi C, Ugrinowitsch C, et al. Early- and later- 
phases satellite cell responses and myonuclear content with re-
sistance training in young men. PLoS ONE. 2018;13:e0191039.

 177. Herman- Montemayor JR, Hikida RS, Staron RS. Early- phase 
satellite cell and myonuclear domain adaptations to slow- speed 
vs. traditional resistance training programs. J Strength Cond 
Res. 2015;29:3105- 3114.

 178. Prasad V, Millay DP. Skeletal muscle fibers count on nuclear 
numbers for growth. Semin Cell Dev Biol. 2021. doi:10.1016/j.
semcdb.2021.04.015

 179. Verdijk LB, Gleeson BG, Jonkers RA, et al. Skeletal muscle 
hypertrophy following resistance training is accompanied by 
a fiber type- specific increase in satellite cell content in elderly 
men. J Gerontol A Biol Sci Med Sci. 2009;64:332- 339.

 180. Snijders T, Verdijk LB, Smeets JS, et al. The skeletal muscle sat-
ellite cell response to a single bout of resistance- type exercise is 
delayed with aging in men. Age. 2014;36:9699.

 181. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg HH, 
van Loon LJ. Satellite cell content is specifically reduced in type 
II skeletal muscle fibers in the elderly. Am J Physiol Endocrinol 
Metab. 2007;292:E151- E157.

https://doi.org/10.1249/JES.0000000000000270
https://doi.org/10.1016/j.semcdb.2021.04.015
https://doi.org/10.1016/j.semcdb.2021.04.015


14 of 15 |   MURACH et al.

 182. Petrella JK, Kim JS, Cross JM, Kosek DJ, Bamman MM. 
Efficacy of myonuclear addition may explain differential myofi-
ber growth among resistance- trained young and older men and 
women. Am J Physiol Endocrinol Metab. 2006;291:E937- E946.

 183. Karlsen A, Soendenbroe C, Malmgaard- Clausen NM, et al. 
Preserved capacity for satellite cell proliferation, regeneration, 
and hypertrophy in the skeletal muscle of healthy elderly men. 
FASEB J. 2020;34:6418- 6436.

 184. Hindi SM, Shin J, Gallot YS, et al. MyD88 promotes myo-
blast fusion in a cell- autonomous manner. Nat Commun. 
2017;8:1624.

 185. Moriya N, Miyazaki M. Akt1 deficiency diminishes skeletal 
muscle hypertrophy by reducing satellite cell proliferation. Am 
J Physiol Regul Integr Comp Physiol. 2018;314:R741- R751.

 186. Randrianarison- Huetz V, Papaefthymiou A, Herledan G, et al. 
Srf controls satellite cell fusion through the maintenance of 
actin architecture. J Cell Biol. 2018;217:685- 700.

 187. Kobayashi Y, Tanaka T, Mulati M, et al. Cyclin- dependent ki-
nase 1 is essential for muscle regeneration and overload muscle 
fiber hypertrophy. Front Cell Dev Biol. 2020;8:564581.

 188. Fry CS, Kirby TJ, Kosmac K, McCarthy JJ, Peterson CA. 
Myogenic progenitor cells control extracellular matrix pro-
duction by fibroblasts during skeletal muscle hypertrophy. Cell 
Stem Cell. 2017;20:56- 69.

 189. Noehren B, Kosmac K, Walton R, et al. Alterations in quadriceps 
muscle cellular and molecular properties in adults with moder-
ate knee osteoarthritis. Osteoarthr Cartil. 2018;2018:1359- 1368.

 190. Wen Y, Dungan CM, Mobley CB, Valentino T, von Walden F, 
Murach KA. Nucleus type- specific DNA methylomics reveals 
epigenetic “memory” of prior adaptation in skeletal muscle. 
Function. 2021;zqab038.

 191. Wen Y, Englund DA, Peck B, Murach KA, McCarthy JJ, 
Peterson CA. Myonuclear transcriptional dynamics in re-
sponse to exercise following satellite cell depletion. iScience. 
2021;24(8):102838.

 192. Millay DP, O’Rourke JR, Sutherland LB, et al. Myomaker is a 
membrane activator of myoblast fusion and muscle formation. 
Nature. 2013;499:301- 305.

 193. Fukada S- I, Akimoto T, Sotiropoulos A. Different behaviors of 
muscle stem cells in regeneration and hypertrophy. Biochim 
Biophys Acta Mol Cell Res. 2020;1867(9):118742.

 194. Abreu P, Mendes SVD, Ceccatto VM, Hirabara SM. Satellite 
cell activation induced by aerobic muscle adaptation in re-
sponse to endurance exercise in humans and rodents. Life Sci. 
2017;170:33- 40.

 195. Shefer G, Rauner G, Stuelsatz P, Benayahu D, Yablonka- 
Reuveni Z. Moderate- intensity treadmill running promotes ex-
pansion of the satellite cell pool in young and old mice. FEBS J. 
2013;280:4063- 4073.

 196. Shefer G, Rauner G, Yablonka- Reuveni Z, Benayahu D. Reduced 
satellite cell numbers and myogenic capacity in aging can be al-
leviated by endurance exercise. PLoS ONE. 2010;5:e13307.

 197. Joanisse S, Gillen JB, Bellamy LM, et al. Evidence for the contri-
bution of muscle stem cells to nonhypertrophic skeletal muscle 
remodeling in humans. FASEB J. 2013;27:4596- 4605.

 198. Joanisse S, McKay BR, Nederveen JP, et al. Satellite cell activity, 
without expansion, after nonhypertrophic stimuli. Am J Physiol 
Regul Integr Comp Physiol. 2015;309:R1101- R1111.

 199. Kurosaka M, Naito H, Ogura Y, Kojima A, Goto K, Katamoto S. 
Effects of voluntary wheel running on satellite cells in the rat 
plantaris muscle. J Sports Sci Med. 2009;8:51.

 200. Masschelein E, D'Hulst G, Zvick J, et al. Exercise promotes sat-
ellite cell contribution to myofibers in a load- dependent man-
ner. Skelet Muscle. 2020;10:21.

 201. Frese S, Ruebner M, Suhr F, et al. Long- term endurance exer-
cise in humans stimulates cell fusion of myoblasts along with 
fusogenic endogenous retroviral genes in vivo. PLoS ONE. 
2015;10:e0132099.

 202. Frese S, Valdivieso P, Flück M, et al. Expression of metabolic 
and myogenic factors during two competitive seasons in elite 
junior cyclists. Dtsch Z fur Sportmed. 2016;67:150- 158.

 203. McKenzie AI, D'Lugos AC, Saunders MJ, Gworek KD, Luden 
ND. Fiber type- specific satellite cell content in cyclists follow-
ing heavy training with carbohydrate and carbohydrate- protein 
supplementation. Front Physiol. 2016;7:550.

 204. Jackson JR, Kirby TJ, Fry CS, et al. Reduced voluntary run-
ning performance is associated with impaired coordination as 
a result of muscle satellite cell depletion in adult mice. Skelet 
Muscle. 2015;5:41.

 205. Fry CS, Noehren B, Mula J, et al. Fibre type- specific satellite 
cell response to aerobic training in sedentary adults. J Physiol. 
2014;592:2625- 2635.

 206. Konopka AR, Harber MP. Skeletal muscle hypertrophy after 
aerobic exercise training. Exerc Sport Sci Rev. 2014;42:53.

 207. Abreu P, Kowaltowski AJ. Satellite cell self- renewal in en-
durance exercise is mediated by inhibition of mitochon-
drial oxygen consumption. J Cachexia Sarcopenia Muscle. 
2020;11:1661- 1676.

 208. Joanisse S, Nederveen JP, Baker JM, Snijders T, Iacono C, Parise 
G. Exercise conditioning in old mice improves skeletal muscle 
regeneration. FASEB J. 2016;30:3256- 3268.

 209. Brett JO, Arjona M, Ikeda M, et al. Exercise rejuvenates quies-
cent skeletal muscle stem cells in old mice through restoration 
of Cyclin D1. Nat Metab. 2020;2:307- 317.

 210. Pawlikowski B, Pulliam C, Betta ND, Kardon G, Olwin BB. 
Pervasive satellite cell contribution to uninjured adult muscle 
fibers. Skelet Muscle. 2015;5:42.

 211. Forterre A, Jalabert A, Berger E, et al. Proteomic analysis 
of C2C12 myoblast and myotube exosome- like vesicles: a 
new paradigm for myoblast- myotube cross talk? PLoS ONE. 
2014;9:e84153.

 212. Strömberg A, Jansson M, Fischer H, Rullman E, Hägglund H, 
Gustafsson T. Bone marrow derived cells in adult skeletal mus-
cle tissue in humans. Skelet Muscle. 2013;3:12.

 213. Liu N, Garry GA, Li S, et al. A twist2- dependent progeni-
tor cell contributes to adult skeletal muscle. Nat Cell Biol. 
2017;19:202- 213.

 214. Chretien F, Dreyfus PA, Christov C, et al. In vivo fusion of 
circulating fluorescent cells with dystrophin- deficient myofi-
bers results in extensive sarcoplasmic fluorescence expression 
but limited dystrophin sarcolemmal expression. Am J Pathol. 
2005;166:1741- 1748.

 215. Mitchell KJ, Pannérec A, Cadot B, et al. Identification and 
characterization of a non- satellite cell muscle resident 
progenitor during postnatal development. Nat Cell Biol. 
2010;12:257- 266.



   | 15 of 15MURACH et al.

 216. Dellavalle A, Maroli G, Covarello D, et al. Pericytes resident in 
postnatal skeletal muscle differentiate into muscle fibres and 
generate satellite cells. Nat Commun. 2011;2:499.

 217. Yaseen- Badarneh W, Kraft- Sheleg O, Zaffryar- Eilot S, et al. 
Fibroblast fusion to the muscle fiber regulates myotendinous 
junction formation. Nat Commun. 2020;12:3852.

 218. Snijders T, Holwerda AM, van Loon LJ, Verdijk LB. Myonuclear 
content and domain size in small versus larger muscle fibres 
in response to 12 weeks of resistance exercise training in older 
adults. Acta Physiol. 2021;231:e13599.

 219. Shamim B, Camera DM, Whitfield J. Myofibre hypertrophy in 
the absence of changes to satellite cell content following con-
current exercise training in young healthy men. Front Physiol. 
2021;12:625044.

 220. Abou Sawan S, Hodson N, Babits P, Malowany JM, Kumbhare 
DA, Moore DR. Satellite cell and myonuclear accretion is re-
lated to training- induced skeletal muscle fiber hypertrophy in 
young males and females. J Appl Physiol. 2021. doi:10.1152/
jappl physi ol.00424.2021

 221. Lundberg TR, Martinez- Aranda LM, Sanz G, et al. Early accen-
tuated muscle hypertrophy is strongly associated with myonu-
clear accretion. J Appl Physiol. 2020;319:R50- R58.

 222. Liu W, Klose A, Forman S, et al. Loss of adult skeletal muscle 
stem cells drives age- related neuromuscular junction degener-
ation. eLife. 2017;6:e26464.

 223. Larouche J, Mohiuddin M, Choi JJ, et al. Murine muscle stem 
cell response to perturbations of the neuromuscular junction 
are attenuated with aging. eLife. 2021;10:e66749.

 224. Jakobsen J, Jakobsen N, Mackey A, Koch M, Kjaer M, 
Krogsgaard M. Remodeling of muscle fibers approaching 

the human myotendinous junction. Scand J Med Sci Sports. 
2018;28:1859- 1865.

 225. Kelly AM. Perisynaptic satellite cells in the developing and ma-
ture rat soleus muscle. Anat Rec. 1978;190:891- 903.

 226. Wosczyna MN, Carbajal EEP, Wagner MW, et al. Targeting 
microRNA- mediated gene repression limits adipogenic conver-
sion of skeletal muscle mesenchymal stromal cells. Cell Stem 
Cell. 2021;28:1323- 1334.

 227. Sandonà M, Consalvi S, Tucciarone L, et al. HDAC inhibitors 
tune miRNAs in extracellular vesicles of dystrophic muscle- 
resident mesenchymal cells. EMBO Rep. 2020;e50863.

 228. Collins BC, Arpke RW, Larson AA, et al. Estrogen regulates the 
satellite cell compartment in females. Cell Rep. 2019;28:368- 
381.e366.

 229. Walker DK, Fry CS, Drummond MJ, et al. PAX7+ satellite cells 
in young and older adults following resistance exercise. Muscle 
Nerve. 2012;46:51- 59.

 230. Iwata M, Englund DA, Wen Y, et al. A novel tetracycline- 
responsive transgenic mouse strain for skeletal muscle- specific 
gene expression. Skelet Muscle. 2018;8:33.

How to cite this article: Murach KA, Fry CS, 
Dupont- Versteegden EE, McCarthy JJ, Peterson 
CA. Fusion and beyond: Satellite cell 
contributions to loading- induced skeletal muscle 
adaptation. FASEB J. 2021;35:e21893. https://doi.
org/10.1096/fj.20210 1096R

https://doi.org/10.1152/japplphysiol.00424.2021
https://doi.org/10.1152/japplphysiol.00424.2021
https://doi.org/10.1096/fj.202101096R
https://doi.org/10.1096/fj.202101096R

	Fusion and Beyond: Satellite Cell Contributions to Loading-Induced Skeletal Muscle Adaptation
	Repository Citation

	Fusion and Beyond: Satellite Cell Contributions to Loading-Induced Skeletal Muscle Adaptation
	Digital Object Identifier (DOI)
	Notes/Citation Information

	/var/tmp/StampPDF/ulpBmkJIYd/tmp.1637377342.pdf._IB8d

