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Abstract

Skeletal muscle wasting, whether related to physiological ageing, muscle disuse or to an underlying chronic disease, is
a key determinant to quality of life and mortality. However, cellular basis responsible for increased catabolism in
myocytes often remains unclear. Although myocytes represent the vast majority of skeletal muscle cellular population,
they are surrounded by numerous cells with various functions. Animal models, mostly rodents, can help to decipher the
mechanisms behind this highly dynamic process, by allowing access to every muscle as well as time-course studies. Sat-
ellite cells (SCs) play a crucial role in muscle regeneration, within a niche also composed of fibroblasts and vascular and
immune cells. Their proliferation and differentiation is altered in several models of muscle wasting such as cancer,
chronic kidney disease or chronic obstructive pulmonary disease (COPD). Fibro-adipogenic progenitor cells are also re-
sponsible for functional muscle growth and repair and are associated in disease to muscle fibrosis such as in chronic
kidney disease. Other cells have recently proven to have direct myogenic potential, such as pericytes. Outside their role
in angiogenesis, endothelial cells and pericytes also participate to healthy muscle homoeostasis by promoting SC pool
maintenance (so-called myogenesis–angiogenesis coupling). Their role in chronic diseases muscle wasting has been
less studied. Immune cells are pivotal for muscle repair after injury: Macrophages undergo a transition from the M1
to the M2 state along with the transition between the inflammatory and resolutive phase of muscle repair. T regulatory
lymphocytes promote and regulate this transition and are also able to activate SC proliferation and differentiation. Neu-
ral cells such as terminal Schwann cells, motor neurons and kranocytes are notably implicated in age-related sarcope-
nia. Last, newly identified cells in skeletal muscle, such as telocytes or interstitial tenocytes could play a role in tissular
homoeostasis. We also put a special focus on cellular alterations occurring in COPD, a chronic and highly prevalent re-
spiratory disease mainly linked to tobacco smoke exposure, where muscle wasting is strongly associated with increased
mortality, and discuss the pros and cons of animal models versus human studies in this context. Finally, we discuss res-
ident cells metabolism and present future promising leads for research, including the use of muscle organoids.
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Introduction

Skeletal muscle wasting is a prevalent condition, associated
with increased hospitalizations and disability, and is thus a

key determinant to quality of life and mortality. It corre-
sponds to a reduction in the size of muscle fibres, mainly
linked to an imbalance between anabolism and catabolism
in myocytes.1 In terms of lexical field, it encompasses both
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sarcopenia, which is currently defined by a loss of both mus-
cle mass (without body weight loss) and force,2 and cachexia,
which reflects an active state of body weight loss predomi-
nantly linked to skeletal muscle loss and associated with an
underlying condition.3 There is indeed a vast panel of condi-
tions associated with muscle wasting, ranging from physio-
logical ageing or muscle disuse to chronic diseases such as
cancer (the most well-known cause of cachexia), but also
metabolic and cardiovascular diseases (diabetes, chronic kid-
ney disease, heart failure), chronic inflammatory diseases
such as rheumatoid arthritis, infectious diseases (acquired
immunodeficiency syndrome, sepsis) and respiratory diseases
such as chronic obstructive pulmonary disease (COPD).4 In
COPD in particular, a chronic respiratory disease mainly linked
to cigarette smoke exposure, muscle wasting affects up to
35% of the patients5 and is associated with a dramatic in-
crease in mortality even after matching for respiratory
function.6,7 Given the high prevalence of COPD (around
10%) as well as the fact that it currently represents the third
cause of death in the world,8 studying the cellular basis be-
hind COPD muscle alterations is of particular interest.

In addition to being associated with several very different
diseases, muscle wasting appears to be heterogeneous in
terms of phenotypes or histological and molecular alter-
ations. This might be due to the multifactorial origin of mus-
cle loss. For example, in COPD, muscle wasting can be attrib-
uted to both extrinsic factors (deconditioning, repeated
corticosteroid use, cigarette smoke exposure, malnutrition)
and intrinsic COPD-bound factors (inflammation, hypoxia, ox-
idative stress).9 Overall, these factors lead to an imbalance
between protein synthesis and degradation in myocytes, in
favour of increased catabolism. Affected pathways are well-
characterized: Catabolism includes the myostatin pathway
(signalling through activin type II receptor), nuclear
factor-kappa B (NF-кB) pathway and angiotensin and gluco-
corticoid receptors, all leading to increased ubiquitin–protea-
some system activity (via the transcription factor forkhead
box O (FOXO)), autophagy and apoptosis.10 Anabolism mainly
includes the insulin-like growth factor 1 (IGF1) receptor, sig-
nalling via AKT and mammalian target of rapamycin (mTOR).

However, the initial trigger behind this increased catabo-
lism in myocytes remains unclear. In this context, taking into
account the role of tissular resident skeletal muscle cells
other than myocytes appears essential. Recent molecular bi-
ology techniques such as single-cell RNA sequencing have
allowed a complete characterization of the resident cell pop-
ulations in skeletal muscle, as well as unravelling new
populations.11,12 Indeed, although satellite cells are at the
core of myonuclear turnover and muscle regeneration, they
interact with many other cells in a finely tuned process. How-
ever, muscle wasting is also a highly dynamic process which
investigation is hampered by the differential cellular and pro-
tein regulation according to the stage of the disease, as illus-
trated by the shift in macrophages type in muscle repair after

injury.13 As skeletal muscle is not so easily accessible, and re-
peated muscle biopsies are not always possible in patients al-
ready suffering from physical limitations, animal models ap-
pear essential to study the dynamics of muscle wasting,
which allow access to every muscle as well as time-course
studies. Several models are available for muscle wasting,
whether primarily devoted to muscle loss/repair or related
to the underlying condition.14

Here, we will discuss the potential role of tissular resident
cells interacting with myocytes within skeletal muscle using
data from animal models of muscle wasting. We will discuss
the role of and cellular cross-talk between progenitor, im-
mune and vascular cells as well as other constitutional cells
such as neural cells and report data concerning their role in
homoeostasis and regeneration as well as several sarcopenia
models. We also focus our attention on fibrocytes, whose
role has recently been highlighted in COPD lung by our
team,15,16 and sum up the current knowledge about the cel-
lular interplay leading to muscle wasting in COPD. Finally,
we present future promising leads for research, including
the use of muscle organoids.

A summary of the respective role of each cell, as well as
the preferential animal models used to study this role, can
be found in Table 1.

Progenitor cells

Satellite cells (SCs) are skeletal muscle resident stem cells re-
siding beneath the basal lamina of myofibres, quiescent at
the steady state but upon activation, able to proliferate, dif-
ferentiate and fuse with myofibres. They are thus responsible
for both muscle maintenance via myonuclear turnover and
functional muscle repair following damage. Their differentia-
tion comes along with successive up-regulation and
down-regulation of key transcription factors: The paired box
transcription factor Pax7 and the myogenic regulatory factors
(MRFs) MyoD and Myf5 are required for myogenic determi-
nation (early stage), whereas the MRF myogenin is required
for differentiation and MRF4 for myotube maturation (late
stages).17 This delicate balance is mediated by a cross-talk be-
tween the MRFs and the cell cycle regulators. Interestingly, it
has recently been shown that a subset of SCs also express
Pax3 and are resistant to environmental stress such as
pollution.18 SCs also participate to physiological muscle re-
generation after endurance training, with a metabolic
reprogramming favouring lower mitochondrial respiration
and oxygen consumption.19 Indeed, regular exercise in-
creases SC pool and contribution to myofibres.20

Concerning muscle regeneration specifically, the crucial
and non-redundant role of SCs has been demonstrated by
many studies, both in humans and animal models.21 During
regeneration, SCs also benefit from a reciprocal support of
resident muscle cells such as fibroblasts22 or endothelial cells
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(see below and Christov et al,23). Recent data tend to precise
the role of SC activation upon injury in the muscle tissue, as
well as their plasticity. For example, it has been shown in a
mouse model of cardiotoxin-induced injury that the muscle
damage enabled in vivo reprogramming of SCs to
pluripotency.24 Very interestingly, muscle repair was depen-
dent on the prior local accumulation of tissular senescent
cells and their senescent-associated secretory phenotype,
among which interleukin-6 (IL-6) plays a prominent role. This
interesting observation counteracts the general idea that se-
nescent cells are deleterious for tissue repair (see below).

In disease, SCs can be altered both in number and activity.
Ageing mice models indeed clearly point out a decrease in
the SC pool.25 Whether this is primarily linked to an intrinsic
defect in SCs, such as alterations in genomic integrity and
metabolic regulation, or alterations in the muscle
micro-environment (stem cell niche) remains debated. On
the one hand, engraftment of human SCs from both young
and old donors in mice led to impaired renewal of the quies-
cent stem cell population of elderly donors, which was attrib-
uted to an increase in global DNA methylation, contributing
to stem cell exhaustion.26 Studies in mice models of ageing
also showed intrinsic defects in SCs, such as p16(INK4a)/Rb-
driven stem cell senescence.S1 One the other hand, engraft-
ment of post-mortem human muscle tissue from both young
and old deceased donors into immunodeficient mice showed

that SCs retained their regenerative capacity.27 However, con-
tribution of non-myogenic stem cells such as fibro-adipogenic
progenitors (see below) cannot be excluded.

Overall, muscle micro-environment seems to play a prom-
inent role in the muscle wasting process. Indeed, SCs isolated
from cachectic muscles differentiate faster in vitro than
controls.28 Factors associated with the NF-кB pathway, such
as pro-inflammatory cytokines [tumour necrosis alpha (TNF-
α), angiotensin II] or myostatin are classically incriminated.29

One study showed that enhancement of growth differentia-
tion factor 11 (GDF11) circulating content, either by adminis-
trating recombinant protein or by parabiosis, could restore
genomic integrity of SCs by reducing DNA damage, as well
as their myogenic potential assessed by the number of myo-
genic colonies in vitro.30 Interestingly, no change in SC prolif-
eration was observed. This study further showed that GDF11
could act through enhancement of mitochondrial biogenesis.
The functional improvement opens therapeutic possibilities
for GDF11. Oxytocin was also pointed out as a promising can-
didate improving aged muscle regeneration.S2

Data from several other atrophy models such as denerva-
tion or cancer cachexia models suggest that impaired regula-
tion of SCs and their ensuing myogenic program is an impor-
tant contributing factor to the muscle wasting process (for
review, see Biressi and Gopinath31). The early phase of
myogenesis can be affected, with a decreased proliferation

Table 1 Respective physiological and pathological role of resident tissular cells in skeletal muscle homoeostasis and most common animal models
used to study this role. SCs, satellite cells. FAPs, fibro-adipogenic progenitor cells. ECM, extra-cellular matrix.? Indicate putative role

Cell class Cell type Studied model(s) Role (physiological and pathological) Ref.

Progenitor
cells

Satellite cells (SCs) Acute muscle injury
Ageing

Myocyte turnover and regeneration
Angiogenesis
Muscle reprogramming after tissue injury

17–37; S1–S4

Fibro-adipogenic
progenitor cells (FAPs)

Acute muscle injury
Chronic kidney disease
Obesity

Cross-talk with immune cells during muscle repair
SCs proliferation and differentiation
Tissue fibrosis or myosteatosis

38–46; S5,S6

Vascular
cells

Endothelial cells Exercise training Angiogenesis, nutrient uptake
Cross-talk with SCs

47–53; S7-S9

Pericytes Exercise training NG2+/Nestin+: myogenic differentiation
SCs pool maintenance
Angiogenesis

57–67; S10,S11

Immune
cells

Macrophages Acute muscle injury
Ageing

Shift from M1-biased phenotype (debris phagocyting)
to M2 (CD163+: connective tissue production) during
the transition between the initial inflammatory phase
and the resolutive phase

65–75

Fibrocytes Duchenne muscular
dystrophy

Secretion of pro-inflammatory and pro-fibrotic
cytokines upon muscle injury

76–80

Lymphocytes Acute muscle injury CD8+: macrophage recruitment, SCs proliferation
CD4+ TRegs: macrophage recruitment and
polarization shift, SC activation and differentiation–
angiogenesis?

81–86; S12-S15

Neutrophils Exercise training Debris phagocyting, SC proliferation and
differentiation, macrophage recruitment; myocyte
damage via neutrophil extracellular traps (NETs)

S25–S32

Other Telocytes Acute muscle injury Cross-talk with SCs and vascular cells? S33–S37
Interstitial tenocytes ECM remodelling in a cross-talk with FAPs? S38
Neural cells Ageing Neuromuscular junction degeneration mainly related

to SC depletion
S39–S51

ECM, extracellular matrix; FAPs, fibro-adipogenic progenitor cells; SCs, satellite cells.
? indicates putative role.
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observed in a chronic kidney disease, linked to a reduced in-
sulin growth factor-1 (IGF-1) signalling.32 Of note, differentia-
tion was also impaired in this study. In addition, observational
and experimental data from cancer models support the fact
that differentiation is mainly impaired in atrophying
muscle,29 as an initial increase in Pax7+ cells33 suggests that
proliferation is not the limiting factor here. Blockade of the
activin type II receptor pathway leads to active proliferation
of SCs in vivo in mouse model of cancer-induced cachexia,34

emphasizing both a preserved proliferative capacity and the
mutual cross-talk between myocytes and SCs (Figure 1). The
increase in Pax7 expression also reflects an increase of
assisting non-SC populations, such as fibro-adipogenic pro-
genitors (FAPs) and pericytes, which seem to undergo a line-
age switch and adopt myogenic fate35 (Figure 1). Of note, the
number of SCs is reduced in late-stage atrophy in both human
and rodent models,36 emphasizing the dynamic process of
muscle wasting and the fact that timing is crucial, both to
determine underlying mechanisms and as a therapeutic
prospect. Finally, another potential cause for muscle atrophy
is a defect of SC fusion with myoblasts, as observed in a
denervation model.36,S3 In another similar model, the

decreased fusion was attributed to a lack of up-regulation
of M-cadherin transcription.S4 A decreased fusion was also
observed in vitro in senescent myoblasts.37

Fibro-adipogenic progenitor cells (FAPs) are mesenchymal
extra-laminal stromal cells that are usually quiescent unless
induced by injury or intense exercise. They can be identified
thanks to their expression of stem cell antigen 1 (Sca-1) and
platelet-derived growth factor receptor alpha (PDGFRα), and
their phenotypical plasticity allows them to differentiate into
adipocytes or myofibroblasts according to the environment.38

Although they are quiescent at the steady state, FAPs are re-
quired for homoeostatic muscle maintenance,39,40 notably by
secreting extracellular matrix (ECM) components.

In muscle injury repair, they play a physiological role by
promoting first phagocytosis and later regenerative
fibrogenesis by producing ECM, in a delicate interplay with
macrophages and lymphocytes.41 Failure of T regulator lym-
phocytes (Tregs) recruitment has notably been attributed to
absence of IL-33 signalling by senescent FAPs.42 They also
sustain SC regenerative potential in a paracrine manner by
secreting IL-6 and WNT1-inducible signalling pathway protein
1 (WISP1/CCN4) to promote their proliferation and follistatin

Satellite cells

Myocyte

Endothelial cell

Pericyte

FAPs

Macrophage

Telocyte

Angiogenesis
Proliferation 
Migration

Activation

Regeneration

Myogenic differentiation

Recruitment

Proliferation 
Migration

+

M1-like M2-like

CD8+

Treg

Lymphocyte

Neutrophil

FIGURE 1 Cellular interplay in skeletal muscle homoeostasis. Tissular resident cells interact with myocytes and with each other in a finely tuned process.
Immune cells take part in muscle repair, initially by phagocyting debris (M1-like macrophages and neutrophils, coordinated by CD8+ T cells); at a later
stage, they activate muscle regeneration through satellite cells proliferation, migration and differentiation [promoted by M2-like macrophages as well
as T regulator lymphocytes (TRegs)]. The vascular compartment also plays an important role by regulatingmuscle nutrient uptake.Moreover, endothelial
cells and pericytes can promote both angiogenesis and muscle regeneration, as well as recruit inflammatory cells. In addition, pericytes have been re-
ported to undergo myogenic differentiation. Telocytes, which have been identified close to satellite cells, could activate their differentiation into myo-
blasts. Fibro-adipogenic progenitor cells (FAPs) interact with immune cells and satellite cells to promote skeletal muscle regeneration. Finally, satellite
cells are essential to muscle regeneration, by proliferating and differentiating into myotubes, which later fuse and give rise to functional myofibres.
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and IL-10 to promote their differentiation.38 In turn, they are
controlled by several surrounding cells, including macro-
phages via transforming growth factor-β (TGF-β) production
(promoting their differentiation towards fibroblasts),
myocytes via IL-15 secretion (inhibiting their adipogenic dif-
ferentiation) and eosinophils producing IL-4 and IL-13 (also
inhibiting adipogenic differentiation).38 IL-4 even directly pro-
motes fibrogenic differentiation, supporting myogenesis by
clearing out necrotic debris.43 In acute muscle injury, FAPs
are thought to be activated at least partly by IL-4 produced
by recruited eosinophils. IL-4/IL-13 signalling further pro-
motes proliferation of FAPs to support myogenesis while
inhibiting their differentiation into adipocytes.43 This physio-
logical response is disrupted in the case of chronic trauma or
disease such as Duchenne muscular dystrophy, where FAPs
are responsible for prolonged connective tissue production
and muscle fibrosis.44 Moreover, CD34�/� mice suffer from
more severe muscle atrophy induced by hypoxia than
wild-type mice, and this seems to be at least partly mediated
by a lower number of FAPs.45

Overall, the role of FAPs in skeletal muscle tissue has
mainly been characterized in regeneration, where they take
part in both phases by secreting growth factors and cyto-
kines. In other diseases, they are mainly associated with mus-
cle fibrosis, for example, in models of chronic kidney disease,
upon stimulation by myostatin.S5 In this study, myostatin was
responsible for the transition of FAPs to a fibroblast-like phe-
notype. Importantly, specific deletion of FAPs leads to a pre-
mature ageing phenotype with sarcopenia features.40 They
have also been associated with skeletal muscle wasting in
the context of obese mice models by promoting
fibro-adipogenic tissue replacement in the diaphragm.S6

Quite interestingly, transplanting intra-peritoneally senescent
FAPs into mice is sufficient to induce a sarcopenia-like func-
tional phenotype using functional outcomes such as de-
creased grip strength and walking speed. At the molecular
level, the authors observed an increase in quadriceps muscle
TNF-α and IL-6.46 Of note, senolytics ‘cocktail’ using dasatinib
and quercetin improved significantly the functional parame-
ters and the mice lifespan.

Vascular cells

Endothelial cells
Endothelial cells (ECs) in healthy muscle act as sensors for
metabolic demand to induce upstream arterial dilation, pro-
viding a blood flow perfectly matched to oxygen and nutrient
requirements. This active hyperaemia accounts for a large
part of the oxygen convective supply capacities and is as such
a major determinant of muscle oxygen uptake.47 Moreover,
muscle glucose uptake has also been strongly related to the
endothelial insulin sensitivity.48 ECs are thus critical in muscle
adaptation to exercise training, with a pivotal role in muscle

angiogenesis. However, besides their role in substrate deliv-
ery, few studies investigate ECs in skeletal muscle
homoeostasis. In contrast, the role of skeletal muscle micro-
vasculature has been well described, notably physiological
angiogenesis such as exercise and altitude induced.49 Indeed,
there is a complex interplay between the muscle hypertro-
phic process and angiogenesis (Figure 1), also referred to as
the myogenic-endothelial cross-talk. The acute and transient
hypoxia generated by exercise seems to be responsible for
vascular endothelial growth factor (VEGF) secretion, notably
within myofibre-derived extracellular vesicles,50 which stimu-
lates angiogenesis in a HIF-1α-dependent manner.S7 More-
over, exercise induces PGC-1α expression, which induces indi-
rectly MCP-1 secretion by macrophages, which in turn
activates ECs, pericytes and smooth muscle cells.51 Other
pro-angiogenic stimuli induced by exercise include shear
stress and oxidative stress.52

During the regenerative process, SCs can produce
pro-angiogenic stimuli that induce EC proliferation and
migration.53,S8 Conversely, an abnormal endothelial cell re-
sponse could compromise the muscle repair. Endothelial pro-
genitor cells, mobilized at the site of muscle injury, may pro-
mote both angiogenesis and muscle regeneration.54,S9 ECs
could also play a role in muscle mass regulation.55 Indeed,
they appear closely juxtaposed to SCs in the muscle
compartment,23 and an increase of the endothelial cell num-
ber during the myogenesis process appeared as a strong stim-
ulant of myogenic progenitor cells migration and
proliferation.53 Another study demonstrated the close vicinity
between endothelial cells and SCs using muscle tissue
clearing.56 They also showed that both type of cells interact
through VEGF-A and Notch signalling. This cross-talk results
on the one hand in resulting in capillaries patterning by SCs
and on the other hand in promoting SC self-renewal. M2-bi-
ased macrophages (or restorative) also take part in the
myogenesis–angiogenesis coupling: Indeed, adding M2-like
macrophages in a 3D model composed of SCs and endothelial
cells stimulated both capillaries and myotube formation.53

This effect could be inhibited by blocking oncostatin M se-
creted by macrophages.

Pericytes
Pericytes are perivascular cells wrapped around capillaries,
responsible for various physiological functions in skeletal
muscle, including regulation of vessel growth, stabilization
and permeability.57 Few data are available concerning their
precise role in skeletal muscle homoeostasis. However, two
points are to be considered: their myogenic potential and
their role in exercise-induced angiogenesis. Indeed, a myo-
genic potential for pericytes has been demonstrated in skele-
tal muscle, both in animal (including murine and canine
models of dystrophy) and human studies.58,59,S10 A particular
subtype of pericytes, the nerve/glial antigen-2 (NG2)+/Nestin+

subtype, is responsible for this myogenic role.60 Pericytes are
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responsive to skeletal muscle contraction and provide
significant variation of gene expression, notably up-
regulation of genes involved in immunomodulation and
ECM remodelling.61 Moreover, pericyte transplantation in
skeletal muscle associated with exercise training have been
associated with better improvements in muscle maximal
contraction force.61 Regarding the role of skeletal muscle
angiogenesis in the muscle perfusion and fatigability,
pericytes appear as essential to obtain viable and functional
vasculature with angiogenesis62 (Figure 1).

Pericytes also participate to muscle regeneration indepen-
dently of SCs, due to their myogenic capacity.59 Moreover,
pericytes are able to induce re-entry into quiescence on com-
pletion of regeneration through angiopoietin-1 (Ang1)
secretion.63

In a context of muscle damage, consecutive to muscle dys-
trophy or after eccentric exercise, the activity of skeletal mus-
cle pericytes is increased and participate to muscle repair.63,
S11 Moreover, they could contribute to muscular dystrophy,
both by participating to fat accumulation due to the
adipogenic potential of PDFGRα+ type 1 pericytes and con-
tributing to fibrosis via a possible differentiation to
myofibroblasts.64

Immune cells

Macrophages
Resident macrophages are a heterogeneous cell population,
quiescent at the steady state, appearing to maintain tissue
homoeostasis and promoting muscle growth and regenera-
tion, although little is known about their precise role.65 The
latter has been more extensively characterized in acute mus-
cle injury experimental models.

The regeneration process of acute muscle injury models is
classically biphasic, with an initial inflammatory phase
followed by a secondary resolutive phase (for review, see
Tidball13). During the initial phase, resident macrophages dif-
ferentiate into pro-inflammatory M1-biased phenotype
(CD163�), aiming to phagocyte debris. This is coordinated by
interferon-γ (IFN-γ), a major component of muscle inflamma-
tory response, acting through the Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) pathway. In-
deed, IFN-γ levels are dramatically increased immediately
after the injury, and blocking IFN-γ reduces M1-type macro-
phage activation.13 TNF-α is the second major mediator of
the inflammatory phase by activating the NF-кB pathway in
macrophages. In addition to resident macrophages, circulating
monocytes are also recruited during this initial inflammatory
phase.66 A study performed in a cardiotoxin-induced acute in-
jury model in mice showed that secretion of the IGF-1 pro-
peptide IGF-1Ea byM1-biasedmacrophages promoted SC pro-
liferation in the acute inflammatory phase.67 IGF-1 secretion
was later on sustained mainly by a population of non-myeloid,

non-myogenic cells, which were probably fibroblasts.68 Inter-
estingly, IGF-1 also had effects on macrophages themselves,
via an autocrine feedback loop limiting inflammation and
promoting muscle reconstruction. The inflammatory phase
appears essential for muscle homoeostasis, as doxorubicin
treatment in exercise-challenged mice provokes muscle loss
and accelerated death specifically by depleting the
M1-macrophage population.69

The transition towards the regenerative phase is accompa-
nied by a progressive shift from M1 to M2-biased phenotype
(CD163+) within the muscle tissue, after 4–7 days, in order to
support the production of connective tissue and promote re-
generative fibrosis. This polarization shift is likely to occur in
the same cells as in the inflammatory phase66,70 and is possi-
bly functionally coupled to the transition in stages of
myogenesis (from proliferation to differentiation). This transi-
tion is paralleled by a shift in secreted factors, from IFN-γ and
TNF-α to IL-10, amphiregulin, IGF-1 and TGF-β.71 Tregs pro-
duce IL-10 and amphiregulin, whereas macrophages produce
IL-10 and IGF-1. Apart from secreted factors, the phenotypic
transmembrane marker CD163 also actively takes part in
the regeneration process by binding to haemoglobin–hapto-
globin complexes and enhancing IL-10 secretion.72 The polar-
ization shift is also accompanied by 5′-adenosine
monophosphate-activated protein kinase (AMPK) activation
(at least partly via IL-10), which further enhances phagocyto-
sis and promotes M2 polarization. Differentiated, M2-biased
macrophages stimulate myogenesis and myotube fusion.66,71

Thus, the sequence of events leading to muscle repair has
been well identified. However, the specific reason for the po-
larization shift remains unclear, although phagocytosis of de-
bris has been recognized as one direct mechanism, both by
creating space for repair and by activating the secretion of
myokines implicated in the later stages, such as TGF-β,
through the activation of AMPK pathway. Perhaps most inter-
esting is the hypothesis that phagocytosis of debris could
generate a form of immunological memory in macrophages
that would facilitate their ability to recognize and respond
to tissue damage, as suggested by an elegant study per-
formed in drosophila.73

This physiological response to injury is disturbed in several
sarcopenia models. For example, a recent study showed that
in mice, ageing leads to reduced macrophage density in the
muscle and impaired IGF-1 production. Furthermore, ageing
mice do not display the classical polarization shift contrary
to young mice.74 Another ageing mouse model recently
allowed the identification of a novel subset of skeletal muscle
macrophages, named interferon-responsive macrophages
(IFNRMs), which promote the proliferation and differentia-
tion of SCs via CXCL-10 secretion; such cells were less abun-
dant in older mice muscle.75

Of note, a particular subset of macrophages called
fibrocytes, originating from the bone marrow and bearing
features of both leukocytes and fibroblasts,76 could also play
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a role in muscle homoeostasis. Fibrocytes are defined as
monocytes-derived, double-positive for CD45 and collagen,77

which allows to distinguish them from FAPs. Although they
have initially been described as pro-fibrotic, matrix-producing
cells, more recent data pointed towards an extended regula-
tory role of these cells, which are notably able to regulate
ECM turnover by collagen endocytosis.77 They also have an
immune regulatory role, as they are able to secrete
pro-inflammatory cytokines as well as interacting with im-
mune cells.78 Fibrocyte differentiation is associated with
chronic inflammation, ECM remodelling,79 and metabolic
reprogramming towards increased oxidative phosphorylation
capacity,80 suggesting that intramuscular fibrocytes could
play both physiological and pathological roles in skeletal mus-
cle function. One study reports their presence and role in the
early phase of muscle regeneration after acute injury, mainly
through the secretion of pro-fibrotic and pro-inflammatory
factors, in the mdx murine model of Duchenne’s myopathy.79

Although themdxmodel does not involve muscle wasting per
se, our recent identification of fibrocytes in the quadriceps of
a murine model of COPD (unpublished data) suggests that
fibrocytes might play a role in skeletal muscle regeneration
and wasting.

Lymphocytes
Lymphocytes take part in skeletal muscle homoeostasis nota-
bly by removing necrotic cells and secreting growth factors
necessary for SC proliferation and differentiation, although
they are virtually absent from the muscle tissue at the steady
state.S12 Interestingly, a recent study has shown a positive
correlation between the number of CD8+ T cells in the muscle
rectus abdominis (as well as the total T lymphocyte number)
and muscle mass, as evaluated, respectively, by immunohis-
tochemistry and fibres cross-sectional area/computed
tomography.81 In microarray analysis, CD8+ T-cell genes were
also negatively associated with genes from catabolic path-
ways in this study (notably ubiquitin–proteasome and au-
tophagy pathways).

In muscle repair, lymphocytes mainly coordinate the im-
mune response in order to restore muscle homoeostasis. T
lymphocytes might also directly promote myogenesis, as they
support migration and proliferation of muscle SCs in vitro no-
tably via secretion of IL-1α, TNF-α, IFN-γ and IL-13.82 Specifi-
cally, CD8+ T-cell infiltration helps in repairing the damage
by promoting monocyte recruitment through the enhance-
ment of C–C motif chemokine ligand 2 (CCL2)/monocyte che-
moattractant protein-1 (MCP-1) production by resident
macrophages.82 CD4+ lymphocytes are notably represented
by regulators (Tregs) which account for around 50% of CD4+

T cells. Tregs accumulate in injured muscles and reach a peak
at approximately 4 days post-injury, where they promote the
polarization shift from M1 to M2 macrophages83 by secreting
IL-10 (cf supra). Upon IL-33 signalling, they are also able to ac-
tivate SCs through the growth factor amphiregulin and play a

critical role in skeletal muscle regeneration. Altogether, their
depletion prevents muscle repair.42,83 They also highly ex-
press C–C chemokine receptor type 2 (CCR2), the receptor
for the chemokine CCL2/MCP-1, which attracts monocytes
into damaged muscle. Thus, the same chemotactic axis could
also be of importance for Tregs recruitment.

Few data are available regarding the role of lymphocytes in
other muscular diseases. Historically, T lymphocytes are
rather associated with a deleterious effect on skeletal muscle,
such as dystrophic muscles as in the mdx mouse model84 or
idiopathic inflammatory myopathies.S13 However, given their
important role in regeneration of healthy muscle, it could be
that this negative effect would only occur in case of pro-
longed presence in the tissue85 as in the dystrophic models.
In an ageing model, a failure to recruit enough TRegs has
been observed, which partly accounts for defective repair
and was improved by IL-33 administration.42 Other types of
CD4+ T cells have been less investigated. However, condi-
tioned media from the Th2 and Th17 subsets was shown to
enhance angiogenesis in vitro and in vivo in a mouse model
of skeletal muscle ischaemia.S14

A current theory is that T cells are able to take part in a
‘muscle damage memory’ mechanism, by analogy with the
antimicrobial immune response. Supporting this theory is that
an identical T-cell receptor arrangement (indicating peptide
specificity) was repeatedly found among different animals in
separate experiments of repeated contraction-induced
damages.83 This phenomenon could at least partly be driven
by IL-15, as later demonstrated in a mouse model of autoim-
mune myositis.S15 Altogether, T lymphocytes represent a
growing research interest for the future, due to their recently
highlighted therapeutic potential.86

Other potential cells of interest, such as neutrophils,
telocytes, interstitial tenocytes and neural cells (terminal
Schwann cells, motor neurons, kranocytes), are discussed in
Data S1.

Cellular interplay in COPD muscle wasting: An
unmet need

COPD, a chronic respiratory disease mainly linked to cigarette
smoke exposure, is a global burden and is currently the third
cause of death worldwide.8 Its pathophysiology is still partly
unknown and combines genetic predisposition, epigenetic
modifications and environmental factors.87 Skeletal muscle
dysfunction in COPD affects 4–35% of the patients5 is respon-
sible of a significant alteration of the quality of life and is as-
sociated with higher mortality. Notably, a mid-thigh muscle
cross-sectional area of less than 70 cm2, a low fat-free mass
index and a reduced quadriceps strength are all independent
predictors of mortality, with odds ratio up to 13-fold.6,7,88

Muscular wasting could appear only after a few days of hos-
pitalization according to a recent study.89 However, no spe-
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cific and efficient pharmaceutical therapy is available to date,
whereas pulmonary rehabilitation remains the only validated
treatment.5

As for many other diseases, the respective role of each cell
in skeletal muscle wasting in COPD patients remains unclear.
To our knowledge, no data have been reported concerning
the role of immune cells, except for neutrophils, which have
been found elevated in the quadriceps of patients compared
with controls90 and hypoxaemic patients versus non-
hypoxaemic.91 Vascular cells drew more interest in this field.
In COPD patients, both convective and diffusive oxygen sup-
ply are impaired, contributing to the reduced V′O2max. We
and others have found reduced indices of muscle
capillarization, which was correlated to the patients V′
O2max.92,S16,S17 In addition, the training-induced muscle an-
giogenesis was blunted in COPD patients, when compared
with healthy age and sex-matched sedentary subjects.92

Thus, targeting capillary rarefaction and angiogenic impair-
ment in COPD patients could be an interesting strategy to re-
duce muscle fatigability and improve maximal exercise capac-
ity. We have also observed evidences of an impairment of the
capillary maturation, with disturbed pericyte/endothelial in-
teractions during exercise training.93 In contrast with healthy
sedentary subjects, the pericyte coverage of muscle capil-
laries in COPD patients during exercise training has been
found defective.94 This capillary maturation impairment oc-
curs early in the disease time course, as a consequence of
deleterious muscle micro-environment.94

Concerning progenitor cells, it has been shown that SCs ex-
hibit alterations of their own in COPD muscle, notably a se-
nescent phenotype and increased oxidative stress, although
their density seems unchanged.95,96 Furthermore, primary
SCs isolated from COPD patients displayed a delayed activa-
tion in culture, a decreased expression of myosin heavy chain
during myotube formation97 and a reduced myotube
diameter95 compared with controls, pointing towards im-
paired differentiation. In vitro proliferation capacity was un-
changed in these reports.95,97 Interestingly, a recent study
suggested that a deleterious micro-environment to SCs
brought by serums from COPD patients could contribute to
the atrophy of healthy human myotubes in culture.98 A study
also showed evidences of activated SCs as well as increased
apoptotic rates in the quadriceps of sarcopenic patients com-
pared with non-sarcopenic, as well as in COPD patients com-
pared with control subjects.99 These data pointed towards a
lower regenerative potential. Last, recent data point towards
impaired autophagy specifically in satellite cells from a mouse
model of emphysema exhibiting sarcopenic features.100 Of
note, the muscle hypertrophic response to exercise training
has been found impaired specifically in hypoxaemic patients
compared with non-hypoxaemic ones,101 pointing out altered
muscle adaptive response in this specific subset. Finally, as
some studies have found evidences of intra-muscular fat in-
crease in COPD patients, notably at the tissular level evalu-

ated by CT,S18 studying the role of FAPs could be of interest
in COPD muscle, considering their adipogenic potential.

Evidences for neuromuscular junction degeneration also
exist in the quadriceps of COPD patients, and mice exposed
to CS extract during 4 months exhibit early neuromuscular
junction degeneration preceding fibre-type shift and muscle
atrophy.102 Interestingly, the transcript muscle specific kinase
(MuSK), regulating neuromuscular transmission, has been
found to be more than twofold increase in COPD quadriceps
compared with healthy subjects.103 Moreover, neuromuscu-
lar junction degeneration following ageing has been shown
to be accompanied by increased cholinergic activity, and in-
creased cholinergic environment is a well-known key feature
of COPD. Reduction in acetylcholine level in mice showed
larger neuromuscular junction but also reduced expression
of the pro-atrophic FoxO1 transcription factor and increase
in satellite cell number.S19 Altogether, increased cholinergic
signalling should be investigated as a possible contributor
for muscle wasting in COPD.

Modelling COPD to study its complex pathophysiology is a
relevant challenge. Several animal models (mouse, rat,
guinea pig, hamster) with various modalities (exposure to cig-
arette smoke extract, elastase, lipopolysaccharide or trans-
genic animals) are reported in the literature.104 Most of these
models are primarily designed to investigate the pulmonary
condition105; however, some of these models are used to
study muscle wasting in COPD and are able to recapitulate
features of the human disease, whether phenotypic (de-
creased muscle mass and strength), histological (decrease in
myofibres cross-sectional area, fibre-type switch from type I
to II, decreased capillarity) or molecular (increased catabo-
lism, decreased mitochondrial metabolism).14 To our knowl-
edge, only one recent study investigated the role of resident
skeletal muscle cells in muscle wasting and found a reduced
proliferative capacity of SCs, linked to a deaccelerated
autophagy.100 Overall, no animal model perfectly recapitu-
lates all features of the disease, as results are often heteroge-
neous between studies, and within a same model, between
the different muscles. Moreover, none of the models accu-
rately reflect the complexity and the different phenotypes
of the human disease. Table 2 recapitulates the pros and cons
of animal versus human experimentation in addressing the
question of peripheral skeletal muscle wasting in COPD.
Finally and importantly, neither animal models nor human
studies currently address the specific question of the cellular
interplay in muscle wasting.

Discussion and perspectives

Skeletal muscle wasting is a prevalent condition, whose diag-
nosis is hampered by the heterogeneity of clinical entities as
well as under-diagnosis, and management suffers from lack
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of targeted therapeutics. In this review, we address the re-
spective roles of resident tissular cells graviting around
myocytes in skeletal muscle homoeostasis, regeneration and
sarcopenia, thanks to data obtained from various animal
models, such as COPD, cancer, acute muscle injury or ageing.
Progenitor cells such as satellite cells and fibro-adipogenic
progenitors are primarily implicated in maintaining the
myocyte pool, but vascular, immune and nervous cells all play
a role in progenitor cells proliferation and differentiation, in
addition to having a potential myogenic fate for vascular
cells. Overall, few mechanisms are common between
homoeostasis and regeneration, as most resident cells are
quiescent at the steady state but become activated upon dis-
ruption of homoeostatic condition, whether subtle (e.g. exer-
cise) or substantial (muscle injury or disease). Such activation
comes along with a metabolic switch from predominant oxi-
dative phosphorylation to glycolysis, as seen in FAPs41 or
SCs.19 This highlights the sensor role for nutrients and redox
state for these cells, as well as the requirement of rapid en-
ergy production upon proliferation, as described in other cell
types.106 Interestingly, fibrocytes switch their metabolism to-
wards predominant glycolysis upon differentiation.80 Further-
more, inhibiting mitochondrial respiration in cultured SCs
from control mice promoted the expression of stemness,
self-renewal and return-to-quiescence markers.19 In contrast,
stimulation of mitochondrial protein synthesis via the meta-
bolic modulator trimetazidine promoted myogenesis markers
expression in vivo in aged mice.107 This discrepancy might
come from the fact that metabolic modulators act indiffer-
ently on every skeletal muscle resident cell in vivo. Neverthe-
less, these data open new therapeutic avenues in the field of
metabolic reprogramming in order to enhance skeletal mus-

cle regeneration capacities. Such approach has already been
successfully tested in a mouse model of amyotrophic lateral
sclerosis.S20 Should this be translated to sarcopenia, studies
should aim at identifying regulators of the different meta-
bolic pathways involved in every resident muscle cell type,
in order to develop a targeted therapy, which should be
tested in vivo in order to examine the effect on the whole tis-
sue. Finally, promoting regeneration should be handled with
caution as it is possible that repeated events of micro-regen-
eration (e.g. due to hypoxia or toxicity of CS exposure, which
could be incriminated in COPD) lead to premature SCs ex-
haustion. Current treatments for muscle wasting depend on
the underlying condition. Efforts to safely increase both mus-
cle mass and force tend to be unsuccessful. The anabolic hor-
mone testosterone has shown to increase both muscle mass
and function,108; however, it is associated with important side
effects such as increased cardiovascular events in older
individuals.109 Although blocking the activin type II receptor
(ActRIIB) pathway has been shown to be very promising in
animal cancer cachexia models, in terms of not only muscle
mass gain but also lifespan,34 such treatment has not been
implemented successfully yet in clinical practice. Its use in pa-
tients with COPD in particular did not improve skeletal mus-
cle function.110 Moreover, blockade of ActRIIB in wild-type
mice led to severe fatigue, and even to decreased muscle
force via decreased capillarization and oxidative metabolism
in the mdx mouse model.111 Overall, there is currently no
FDA-approved drug to treat muscle wasting. However, prom-
ising leads are still emerging, such as the use of IL-4 in a
pre-clinical cancer model, allowing to rescue muscle function
and prolong lifespan.112 Overall, precising the role of tissular
resident cells can be useful in order to develop specific ther-

Table 2 Pros and cons of animal versus human experimentation in addressing the question of peripheral muscle wasting in COPD

Animal model (rodents) Human Ref.

Biological
concerns

Recapitulation of disease complexity/
diversity of COPD phenotypes

V V 105

Model relevance Mechanical concerns V (quadrupedal walking) V
Myofibre types V (I, IIa, IIb, IIx) V (I, IIa, IIx) S21
Fibre-type repartition V (less mixed muscles) V
Mitochondrial
respiration

V (only one different
respiration state)

V S22

Sex V/V (mostly males) V S23
Functional assessment V (difficult to control) V S24
Availability of samples V V
Acute muscle injury experiments V X 13
Time-course experiments V V
Access to several muscles V V
Primary cell culture V V
Genome-wide screening X V
Therapeutic interventions V (ethically possible, but difficulty to

translate results to human)
V (need to pass
pre-clinical studies)

34, 111

Ethical
concerns

Level of ethical committee
requirements

V/V (existing limitations) V

Practical
concerns

Duration of experiments V (some models require
several months of CS exposure)

V

Relative cost V V

CS, cigarette smoke; V, best; V, partly suitable; X, not suitable.
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apies for diseases associated with muscle wasting, for exam-
ple, by targeting cell recruitment or differentiation.

Pre-clinical models do not completely reflect the complexity
of human disease and are often quite heterogeneous in their
ability to reproduce every characteristic of disease-induced
muscle wasting, as illustrated in the field of COPD. Moreover,
current research tends to replace animal models with models
avoiding the use of living organisms, such as the use of
organoids, whether animal or human derived (also referred
to as ‘BAM’: bio-artificial muscles). Although the field of mus-
cle organoids is not as advanced as in other organs such as lung
organoids,113 it is clearly expanding and a very promising lead
to study the dynamics of cellular regeneration. Several models
have been published in the last decade, ranging from
mono-cellular to a complex functional multi-cellular organoid,
vascularized, innervated and able to contract.114–116 Such
models have been used successfully to model exercise train-
ing, showing an increase in IL-6 secretion and an AKT signalling
pathway activation.117 Of note, secretome of tumour
organoids can also exhibit characteristic features of cachexia,
as shown by a recent study performed in pancreatic tumour
organoids.118 However, to our knowledge, there is currently
no study investigating the molecular and cellular mechanisms
ofmuscle wasting using such constructs. Nevertheless, there is
no doubt that muscle organoids will be at the core of basic
research in the future years.

To conclude, skeletal muscle wasting is a crucial issue for
patients suffering from chronic diseases, but also ageing
healthy individuals. Better characterizing the role of each cell
population within skeletal muscle is of interest in order to de-
velop specific therapies for muscle regeneration and
growth.119

Acknowledgements

The authors of this manuscript certify that they comply with
the ethical guidelines for authorship and publishing in the
Journal of Cachexia, Sarcopenia and Muscle.

Conflict of interest

Pauline Henrot, Léo Blervaque, Isabelle Dupin, Maéva
Zysman, Pauline Esteves, Fares Gouzi, Maurice Hayot, Pascal
Pomiès and Patrick Berger declare that they have no conflict
of interest regarding this work.

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

References

1. Sakuma K, Yamaguchi A. Sarcopenia and
cachexia: The adaptations of negative
regulators of skeletal muscle mass. J Ca-
chexia Sarcopenia Muscle 2012;3:77–94.

2. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y,
Bruyère O, Cederholm T, et al. Sarcope-
nia: Revised European consensus on defi-
nition and diagnosis. Age Ageing 2019;48:
16–31.

3. Farkas J, von Haehling S, Kalantar-Zadeh
K, Morley JE, Anker SD, Lainscak M. Ca-
chexia as a major public health problem:
Frequent, costly, and deadly. J Cachexia
Sarcopenia Muscle 2013;4:173–178.

4. von Haehling S, Anker SD. Prevalence,
incidence and clinical impact of cachexia:
Facts and numbers-update 2014. J
Cachexia Sarcopenia Muscle 2014;5:
261–263.

5. Maltais F, Decramer M, Casaburi R,
Barreiro E, Burelle Y, Debigaré R, et al.
An official American Thoracic Society/Eu-
ropean Respiratory Society statement:
Update on limb muscle dysfunction in
chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 2014;189:
e15–e62.

6. Marquis K, Debigaré R, Lacasse Y, LeBlanc
P, Jobin J, Carrier G, et al. Midthigh

muscle cross-sectional area is a better
predictor of mortality than body mass in-
dex in patients with chronic obstructive
pulmonary disease. Am J Respir Crit Care
Med 2002;166:809–813.

7. Schols AMWJ, Broekhuizen R, Weling-
Scheepers CA,Wouters EF. Body composi-
tion and mortality in chronic obstructive
pulmonary disease. Am J Clin Nutr 2005;
82:53–59.

8. GBD 2015 Disease and Injury Incidence
and Prevalence Collaborators. Global, re-
gional, and national incidence, preva-
lence, and years lived with disability for
310 diseases and injuries, 1990–2015: A
systematic analysis for the global burden
of disease study 2015. Lancet 2016;388:
1545–1602.

9. Barreiro E, Gea J. Molecular and biological
pathways of skeletal muscle dysfunction
in chronic obstructive pulmonary disease.
Chron Respir Dis 2016;13:297–311.

10. Bowen TS, Schuler G, Adams V. Skeletal
muscle wasting in cachexia and sarcope-
nia: Molecular pathophysiology and
impact of exercise training. J Cachexia
Sarcopenia Muscle 2015;6:197–207.

11. Giordani L, He GJ, Negroni E, Sakai H, Law
JYC, Siu MM, et al. High-dimensional

single-cell cartography reveals novel
skeletal muscle-resident cell populations.
Mol Cell 2019;74:609–621.e6.

12. Cho DS, Schmitt RE, Dasgupta A,
Ducharme AM, Doles JD. Single-cell
deconstruction of post-sepsis skeletal
muscle and adipose tissue microenviron-
ments. J Cachexia Sarcopenia Muscle
2020;11:1351–1363.

13. Tidball JG. Regulation of muscle growth
and regeneration by the immune system.
Nat Rev Immunol 2017;17:165–178.

14. Holecek M. Muscle wasting in animal
models of severe illness. Int J Exp Pathol
2012;93:157–171.

15. Dupin I, Allard B, Ozier A, Maurat E,
Ousova O, Delbrel E, et al. Blood
fibrocytes are recruited during acute ex-
acerbations of chronic obstructive pulmo-
nary disease through a CXCR4-dependent
pathway. J Allergy Clin Immunol 2016;
137:1036–1042.e7.

16. Dupin I, Thumerel M, Maurat E, Coste F,
Eyraud E, Begueret H, et al. Fibrocyte
accumulation in the airway walls of
COPD patients. Eur Respir J 2019;
54:1802173.

17. Kitzmann M, Fernandez A. Crosstalk
between cell cycle regulators and the

754 P. Henrot et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 745–757
DOI: 10.1002/jcsm.13103



myogenic factor MyoD in skeletal myo-
blasts. Cell Mol Life Sci 2001;58:571–579.

18. Der Vartanian A, Quétin M, Michineau S,
Auradé F, Hayashi S, Dubois C, et al.
PAX3 confers functional heterogeneity in
skeletal muscle stem cell responses to
environmental stress. Cell Stem Cell
2019;24:958–973.e9.

19. Abreu P, Kowaltowski AJ. Satellite cell
self-renewal in endurance exercise is
mediated by inhibition of mitochondrial
oxygen consumption. J Cachexia Sarcope-
nia Muscle 2020;11:1661–1676.

20. Masschelein E, D’Hulst G, Zvick J, Hinte L,
Soro-Arnaiz I, Gorski T, et al. Exercise
promotes satellite cell contribution to
myofibers in a load-dependent manner.
Skeletal Muscle 2020;10:21.

21. Relaix F, Zammit PS. Satellite cells are es-
sential for skeletal muscle regeneration:
The cell on the edge returns centre stage.
Development 2012;139:2845–2856.

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

23. Christov C, Chretien F, Abou-Khalil R,
Bassez G, Vallet G, Bassaglia Y, et al. Mus-
cle satellite cells and endothelial cells:
Close neighbors and privileged partners.
Mol Biol Cell 2007;18:13–1409.

24. Chiche A, Le Roux I, von Joest M, Sakai H,
Aguín SB, Cazin C, et al. Injury-induced se-
nescence enables in vivo reprogramming
in skeletal muscle. Cell Stem Cell 2017;
20:407–414.e4.

25. Muñoz-Cánoves P, Neves J, Sousa-Victor
P. Understanding muscle regenerative de-
cline with aging: New approaches to bring
back youthfulness to aged stem cells.
FEBS J 2020;287:406–416.

26. Bigot A, Duddy WJ, Ouandaogo ZG,
Negroni E, Mariot V, Ghimbovschi S,
et al. Age-associated methylation sup-
presses SPRY1, leading to a failure of
re-quiescence and loss of the reserve
stem cell pool in elderly muscle. Cell Rep
2015;13:1172–1182.

27. Novak JS, Mázala DAG, Nearing M,
Hindupur R, Uapinyoying P, Habib NF,
et al. Human muscle stem cells are
refractory to aging. Aging Cell 2021;20:
e13411.

28. Wa H, Berardi E, Cardillo VM, Acharyya S,
Aulino P, Thomas-Ahner J, et al. NF-κB-
mediated Pax7 dysregulation in the
muscle microenvironment promotes
cancer cachexia. J Clin Invest 2013;123:
4821–4835.

29. Talbert EE, Guttridge DC. Impaired regen-
eration: A role for the muscle microenvi-
ronment in cancer cachexia. Semin Cell
Dev Biol 2016;54:82–91.

30. Sinha M, Jang YC, Oh J, Khong D, Wu EY,
Manohar R, et al. Restoring systemic
GDF11 levels reverses age-related
dysfunction in mouse skeletal muscle.
Science 2014;344:649–652.

31. Biressi S, Gopinath SD. The quasi-parallel
lives of satellite cells and atrophying mus-
cle. Front Aging Neurosci 2015;7.

32. Zhang L, Wang XH, Wang H, Du J, Mitch
WE. Satellite cell dysfunction and im-
paired IGF-1 signaling cause CKD-induced
muscle atrophy. J Am Soc Nephrol 2010;
21:419–427.

33. Ferreira R, Neuparth MJ, Ascensão A,
Magalhães J, Vitorino R, Duarte JA, et al.
Skeletal muscle atrophy increases cell
proliferation in mice gastrocnemius dur-
ing the first week of hindlimb suspension.
Eur J Appl Physiol 2006;97:340–346.

34. Zhou X, Wang JL, Lu J, Song Y, Kwak KS,
Jiao Q, et al. Reversal of cancer cachexia
and muscle wasting by ActRIIB antago-
nism leads to prolonged survival. Cell
2010;142:531–543.

35. Aw J, Yi L, Natarajan A, Le Grand F, So L,
Wang J, et al. Muscle injury activates res-
ident fibro/adipogenic progenitors that
facilitate myogenesis. Nat Cell Biol 2010;
12:153–163.

36. Mitchell PO, Pavlath GK. Skeletal muscle
atrophy leads to loss and dysfunction of
muscle precursor cells. Am J Physiol Cell
Physiol 2004;287:C1753–C1762.

37. Bigot A, Jacquemin V, Debacq-Chainiaux
F, Butler-Browne GS, Toussaint O, Furling
D, et al. Replicative aging
down-regulates the myogenic regulatory
factors in human myoblasts. Biol Cell
2008;100:189–199.

38. Biferali B, Proietti D, Mozzetta C, Madaro
L. Fibro–adipogenic progenitors cross-talk
in skeletal muscle: The social network.
Front Physiol 2019;10.

39. Wosczyna MN, Konishi CT, Perez Carbajal
EE,Wang TT,Walsh RA, Gan Q, et al. Mes-
enchymal stromal cells are required for
regeneration and homeostatic mainte-
nance of skeletal muscle. Cell Rep 2019;
27:2029–2035.e5.

40. Uezumi A, Ikemoto-Uezumi M, Zhou H,
Kurosawa T, Yoshimoto Y, Nakatani M,
et al. Mesenchymal Bmp3b expression
maintains skeletal muscle integrity and
decreases in age-related sarcopenia. J Clin
Invest 2021;131.

41. Farup J, Madaro L, Puri PL, Mikkelsen UR.
Interactions between muscle stem cells,
mesenchymal-derived cells and immune
cells in muscle homeostasis, regeneration
and disease. Cell Death Dis 2015;6:e1830.

42. Kuswanto W, Burzyn D, Panduro M,Wang
KK, Jang YC, Wagers AJ, et al. Poor repair
of skeletal muscle in aging mice reflects
a defect in local, interleukin-33-depen-
dent accumulation of regulatory T cells.
Immunity 2016;44:355–367.

43. Heredia JE, Mukundan L, Chen FM,
Mueller AA, Deo RC, Locksley RM, et al.
Type 2 innate signals stimulate fibro/
adipogenic progenitors to facilitate mus-
cle regeneration. Cell 2013;153:376–388.

44. Lemos DR, Babaeijandaghi F, Low M,
Chang C-K, Lee ST, Fiore D, et al. Nilotinib
reduces muscle fibrosis in chronic muscle
injury by promoting TNF-mediated apo-
ptosis of fibro/adipogenic progenitors.
Nat Med 2015;21:786–794.

45. Pagé M, Maheux C, Langlois A, Brassard J,
Bernatchez É, Martineau S, et al. CD34
regulates the skeletal muscle response

to hypoxia. J Muscle Res Cell Motil 2019;
40:309–318.

46. Xu M, Pirtskhalava T, Farr JN, Weigand
BM, Palmer AK, Weivoda MM, et al.
Senolytics improve physical function and
increase lifespan in old age. Nat Med
2018;24:1246–1256.

47. Montero D, Cathomen A, Jacobs RA, Flück
D, de Leur J, Keiser S, et al. Haematologi-
cal rather than skeletal muscle adapta-
tions contribute to the increase in peak
oxygen uptake induced by moderate en-
durance training: Central and peripheral
adaptations to training affecting V̇O2
peak. J Physiol 2015;593:4677–4688.

48. Kubota T, Kubota N, Kumagai H,
Yamaguchi S, Kozono H, Takahashi T,
et al. Impaired insulin signaling in
endothelial cells reduces insulin-induced
glucose uptake by skeletal muscle. Cell
Metab 2011;13:294–307.

49. Latroche C, Gitiaux C, Chrétien F,
Desguerre I, Mounier R, Chazaud B.
Skeletal muscle microvasculature: A
highly dynamic lifeline. Phys Ther 2015;
30:417–427.

50. Hoier B, Prats C, Qvortrup K, Pilegaard H,
Bangsbo J, Hellsten Y. Subcellular localiza-
tion and mechanism of secretion of vas-
cular endothelial growth factor in human
skeletal muscle. FASEB J 2013;27:
3496–3504.

51. Rowe GC, Raghuram S, Jang C, Nagy JA,
Patten IS, Goyal A, et al. PGC-1α induces
SPP1 to activate macrophages and or-
chestrate functional angiogenesis in skel-
etal muscle. Circ Res 2014;115:504–517.

52. Lemieux P, Birot O. Altitude, exercise, and
skeletal muscle angio-adaptive responses
to hypoxia: A complex story. Front Physiol
2021;12.

53. Latroche C, Weiss-Gayet M, Muller L,
Gitiaux C, Leblanc P, Liot S, et al. Cou-
pling between myogenesis and angio-
genesis during skeletal muscle regenera-
tion is stimulated by restorative
macrophages. Stem Cell Reports 2017;9:
2018–2033.

54. Shi M, Ishikawa M, Kamei N, Nakasa T,
Adachi N, Deie M, et al. Acceleration of
skeletal muscle regeneration in a rat skel-
etal muscle injury model by local injection
of human peripheral blood-derived
CD133-positive cells: CD133+ cells accel-
erate muscle regeneration. Stem Cells
2009;27:949–960.

55. Verdijk LB, Snijders T, Holloway TM, Van
Kranenburg J, Van Loon LJC. Resistance
training increases skeletal muscle
capillarization in healthy older men. Med
Sci Sports Exerc 2016;48:2157–2164.

56. Verma M, Asakura Y, Murakonda BSR,
Pengo T, Latroche C, Chazaud B, et al.
Muscle satellite cell cross-talk with a
vascular niche maintains quiescence via
VEGF and Notch signaling. Cell Stem Cell
2018;23:530–543.e9.

57. Murray IR, Baily JE, Chen WCW, Dar A,
Gonzalez ZN, Jensen AR, et al. Skeletal
and cardiac muscle pericytes: Functions
and therapeutic potential. Pharmacol
Ther 2017;171:65–74.

Cellular interplay in skeletal muscle tissue 755

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 745–757
DOI: 10.1002/jcsm.13103



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

59. Dellavalle A, Sampaolesi M, Tonlorenzi R,
Tagliafico E, Sacchetti B, Perani L, et al.
Pericytes of human skeletal muscle are
myogenic precursors distinct from satel-
lite cells. Nat Cell Biol 2007;9:255–267.

60. Birbrair A, Zhang T, Wang Z-M, Messi ML,
Enikolopov GN, Mintz A, et al. Skeletal
muscle neural progenitor cells exhibit
properties of NG2-glia. Exp Cell Res
2013;319:45–63.

61. Dvoretskiy S, Garg K, Munroe M, Pincu Y,
Mahmassani ZS, Coombs C, et al. The im-
pact of skeletal muscle contraction on
CD146 + Lin � pericytes. Am J Physiol Cell
Physiol 2019;317:C1011–C1024.

62. Teichert M, Milde L, Holm A, Stanicek L,
Gengenbacher N, Savant S, et al.
Pericyte-expressed Tie2 controls angio-
genesis and vessel maturation. Nat
Commun 2017;8.

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

64. Moyle LA, Tedesco FS, Benedetti S.
Pericytes in muscular dystrophies. Adv
Exp Med Biol 2019;1147:319–344.

65. Wang X, Sathe AA, Smith GR, Ruf-
Zamojski F, Nair V, Lavine KJ, et al. Het-
erogeneous origins and functions of
mouse skeletal muscle-resident macro-
phages. Proc Natl Acad Sci 2020;117:
20729–20740.

66. Arnold L, Henry A, Poron F, Baba-Amer Y,
van Rooijen N, Plonquet A, et al.
Inflammatory monocytes recruited after
skeletal muscle injury switch into
antiinflammatory macrophages to sup-
port myogenesis. J Exp Med 2007;204:
1057–1069.

67. Tonkin J, Temmerman L, Sampson RD,
Gallego-Colon E, Barberi L, Bilbao D,
et al. Monocyte/macrophage-derived
IGF-1 orchestrates murine skeletal muscle
regeneration and modulates autocrine
polarization. Mol Ther 2015;23:
1189–1200.

68. Tidball JG, Welc SS. Macrophage-derived
IGF-1 is a potent coordinator of
myogenesis and inflammation in
regenerating muscle. Mol Ther 2015;23:
1134–1135.

69. Huang SC, Wu JF, Saovieng S, Chien WH,
Hsu MF, Li XF, et al. Doxorubicin inhibits
muscle inflammation after eccentric exer-
cise. J Cachexia Sarcopenia Muscle 2017;
8:277–284.

70. Bencze M, Negroni E, Vallese D, Yacoub-
Youssef H, Chaouch S, Wolff A, et al.
Proinflammatory macrophages enhance
the regenerative capacity of human myo-
blasts by modifying their kinetics of prolif-
eration and differentiation. Mol Ther
2012;20:2168–2179.

71. Chazaud B, Brigitte M, Yacoub-Youssef H,
Arnold L, Gherardi R, Sonnet C, et al. Dual
and beneficial roles of macrophages dur-
ing skeletal muscle regeneration. Exerc
Sport Sci Rev 2009;37:18–22.

72. Moestrup SK, Møller HJ. CD163: A regu-
lated hemoglobin scavenger receptor
with a role in the anti-inflammatory re-
sponse. Ann Med 2004;36:347–354.

73. Weavers H, Evans IR, Martin P, Wood W.
Corpse engulfment generates a molecular
memory that primes the macrophage in-
flammatory response. Cell 2016;165:
1658–1671.

74. Reidy PT, McKenzie AI, Mahmassani ZS,
Petrocelli JJ, Nelson DB, Lindsay CC,
et al. Aging impairs mouse skeletal muscle
macrophage polarization and muscle-
specific abundance during recovery from
disuse. Am J Physiol Endocrinol Metab
2019;317:E85–E98.

75. Zhang C, Cheng N, Qiao B, Zhang F, Wu J,
Liu C, et al. Age-related decline of
interferon-gamma responses in macro-
phage impairs satellite cell proliferation
and regeneration. J Cachexia Sarcopenia
Muscle 2020;11:1291–1305.

76. Bucala R, Spiegel LA, Chesney J, Hogan M,
Cerami A. Circulating fibrocytes define a
new leukocyte subpopulation that
mediates tissue repair. Mol Med 1994;1:
71–81.

77. Bianchetti L, Barczyk M, Cardoso J,
Schmidt M, Bellini A, Mattoli S. Extracellu-
lar matrix remodelling properties of hu-
man fibrocytes. J Cell Mol Med 2012;16:
483–495.

78. Dupin I, Contin-Bordes C, Berger P.
Fibrocytes in asthma and chronic obstruc-
tive pulmonary disease: Variations on the
same theme. Am J Respir Cell Mol Biol
2018;58:288–298.

79. Wang X, Zhao W, Ransohoff RM, Zhou L.
Identification and function of fibrocytes
in skeletal muscle injury repair and mus-
cular dystrophy. J Immunol 2016;197:
4750–4761.

80. Ling C, Nishimoto K, Rolfs Z, Smith LM,
Frey BL, Welham NV. Differentiated
fibrocytes assume a functional mesenchy-
mal phenotype with regenerative poten-
tial. Sci Adv 2019;5:eaav7384.

81. Anoveros-Barrera A, Bhullar AS, Stretch C,
Dunichand-Hoedl AR, Martins KJB, Rieger
A, et al. Immunohistochemical phenotyp-
ing of T cells, granulocytes, and phago-
cytes in the muscle of cancer patients: As-
sociation with radiologically defined
muscle mass and gene expression. Skele-
tal Muscle 2019;9:24.

82. Deyhle MR, Hyldahl RD. The role of T lym-
phocytes in skeletal muscle repair from
traumatic and contraction-induced Injury.
Front Physiol 2018;9.

83. Burzyn D, Kuswanto W, Kolodin D,
Shadrach JL, Cerletti M, Jang Y, et al. A
special population of regulatory T cells
potentiates muscle repair. Cell 2013;155:
1282–1295.

84. Spencer MJ, Walsh CM, Dorshkind KA,
Rodriguez EM, Tidball JG. Myonuclear ap-
optosis in dystrophic mdx muscle occurs

by perforin-mediated cytotoxicity. J Clin
Invest 1997;99:2745–2751.

85. Kohno S, Ueji T, Abe T, Nakao R, Hirasaka
K, Oarada M, et al. Rantes secreted from
macrophages disturbs skeletal muscle re-
generation after cardiotoxin injection in
Cbl-b-deficient mice. Muscle Nerve 2011;
43:223–229.

86. Cho J, Kuswanto W, Benoist C, Mathis D. T
cell receptor specificity drives accumula-
tion of a reparative population of regula-
tory T cells within acutely injured skeletal
muscle. PNAS 2019;116:26727–26733.

87. Agustí A, Hogg JC. Update on the patho-
genesis of chronic obstructive pulmonary
disease. N Engl J Med 2019;381:
1248–1256.

88. Swallow EB, Reyes D, Hopkinson NS, Man
WD-C, Porcher R, Cetti EJ, et al. Quadri-
ceps strength predicts mortality in pa-
tients with moderate to severe chronic
obstructive pulmonary disease. Thorax
2007;62:115–120.

89. McAuley HJC, Harvey-Dunstan TC, Craner
M, Richardson M, Singh SJ, Steiner MC,
et al. Longitudinal changes to quadriceps
thickness demonstrate acute sarcopenia
following admission to hospital for an ex-
acerbation of chronic respiratory disease.
Thorax 2020;76:726–728.

90. Menon MK, Houchen L, Singh SJ, Morgan
MD, Bradding P, Steiner MC. Inflamma-
tory and satellite cells in the quadriceps
of patients with COPD and response to
resistance training. Chest 2012;142:
1134–1142.

91. Koechlin C, Maltais F, Saey D, Michaud A,
LeBlanc P, Hayot M, et al. Hypoxaemia en-
hances peripheral muscle oxidative stress
in chronic obstructive pulmonary disease.
Thorax 2005;60:834–841.

92. Gouzi F, Préfaut C, Abdellaoui A, Roudier
E, de Rigal P, Molinari N, et al. Blunted
muscle angiogenic training-response in
COPD patients versus sedentary controls.
Eur Respir J 2013;41:806–814.

93. Blervaque L, Passerieux E, Pomiès P,
Catteau M, Héraud N, Blaquière M, et al.
Impaired training-induced angiogenesis
process with loss of
pericyte-endothelium interactions is asso-
ciated with an abnormal capillary remod-
elling in the skeletal muscle of COPD pa-
tients. Respir Res 2019;20:278.

94. Blervaque L, Pomiès P, Rossi E, Catteau M,
Blandinières A, Passerieux E, et al. COPD
is deleterious for pericytes: Implications
during training-induced angiogenesis in
skeletal muscle. Am J Physiol Heart Circ
Physiol 2020;319:H1142–H1151.

95. Pomiès P, Rodriguez J, Blaquière M,
Sedraoui S, Gouzi F, Carnac G, et al. Re-
duced myotube diameter, atrophic signal-
ling and elevated oxidative stress in cul-
tured satellite cells from COPD patients.
J Cell Mol Med 2015;19:175–186.

96. Thériault M-E, Paré M-È, Maltais F,
Debigaré R. Satellite cells senescence in
limb muscle of severe patients with
COPD. PLoS ONE 2012;7:e39124.

97. Thériault M-E, Paré M-È, Lemire BB,
Maltais F, Debigaré R. Regenerative

756 P. Henrot et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 745–757
DOI: 10.1002/jcsm.13103



defect in vastus lateralis muscle of pa-
tients with chronic obstructive pulmonary
disease. Respir Res 2014;15:35.

98. Catteau M, Gouzi F, Blervaque L,
Passerieux E, Blaquière M, Ayoub B,
et al. Effects of a human microenviron-
ment on the differentiation of human
myoblasts. Biochem Biophys Res Commun
2020;525:968–973.

99. Sancho-Muñoz A, Guitart M, Rodríguez
DA, Gea J, Martínez-Llorens J, Barreiro E.
Deficient muscle regeneration potential in
sarcopenic COPD patients: Role of satellite
cells. J Cell Physiol 2021;236:3083–3098.

100. Balnis J, Drake LA, Singer DV, Vincent CE,
Korponay TC, D’Armiento J, et al.
Deaccelerated myogenesis and autophagy
in genetically induced pulmonary emphy-
sema. Am J Respir Cell Mol Biol 2022;66:
623–637.

101. Costes F, Gosker H, Feasson L, Desgeorges
M, Kelders M, Castells J, et al. Impaired
exercise training-induced muscle fiber hy-
pertrophy and Akt/mTOR pathway activa-
tion in hypoxemic patients with COPD. J
Appl Physiol 2015;118:1040–1049.

102. Kapchinsky S, Vuda M, Miguez K, Elkrief D,
de Souza AR, Baglole CJ, et al.
Smoke-induced neuromuscular junction
degeneration precedes the fibre type shift
and atrophy in chronic obstructive
pulmonary disease. J Physiol 2018;596:
2865–2881.

103. Willis-Owen SAG, Thompson A, Kemp PR,
Polkey MI, Cookson WOCM, Moffatt MF,
et al. COPD is accompanied by
co-ordinated transcriptional perturbation
in the quadriceps affecting the mitochon-
dria and extracellular matrix. Sci Rep
2018;8:12165.

104. Tanner L, Single AB. Animal models
reflecting chronic obstructive pulmonary
disease and related respiratory disorders:

Translating pre-clinical data into clinical
relevance. JIN 2020;12:203–225.

105. Campbell EJ. Animal models of emphy-
sema: The next generations. J Clin Invest
2000;106:1445–1446.

106. Wang T, Marquardt C, Foker J. Aerobic
glycolysis during lymphocyte prolifera-
tion. Nature 1976;261:702–705.

107. Belli R, Bonato A, De Angelis L, Mirabilii S,
Ricciardi MR, Tafuri A, et al. Metabolic
reprogramming promotes myogenesis
during ging. Front Physiol 2019;10:897.

108. Stout M, Tew GA, Doll H, Zwierska I,
Woodroofe N, Channer KS, et al. Testoster-
one therapy during exercise rehabilitation
in male patients with chronic heart failure
who have low testosterone status: A
double-blind randomized controlled feasi-
bility study. AmHeart J 2012;164:893–901.

109. Basaria S, Coviello AD, Travison TG, Storer
TW, Farwell WR, Jette AM, et al. Adverse
events associated with testosterone ad-
ministration. N Engl J Med 2010;363:
109–122.

110. Polkey MI, Praestgaard J, Berwick A,
Franssen FME, Singh D, Steiner MC,
et al. Activin type II receptor blockade
for treatment of muscle depletion in
chronic obstructive pulmonary disease. A
randomized trial. Am J Respir Crit Care
Med 2019;199:313–320.

111. Relizani K, Mouisel E, Giannesini B,
Hourdé C, Patel K, Morales Gonzalez S,
et al. Blockade of ActRIIB signaling
triggers muscle fatigability and metabolic
myopathy. Mol Ther 2014;22:1423–1433.

112. Costamagna D, Duelen R, Penna F,
Neumann D, Costelli P, Sampaolesi M.
Interleukin-4 administration improves
muscle function, adult myogenesis, and
lifespan of colon carcinoma-bearing mice.
J Cachexia Sarcopenia Muscle 2020;11:
783–801.

113. Jalal S, Dastidar S, Tedesco FS. Advanced
models of human skeletal muscle differ-
entiation, development and disease:
Three-dimensional cultures, organoids
and beyond. Curr Opin Cell Biol 2021;73:
92–104.

114. Maffioletti SM, Sarcar S, Henderson ABH,
Mannhardt I, Pinton L, Moyle LA, et al.
Three-dimensional human iPSC-derived
artificial skeletal muscles model muscular
dystrophies and enable multilineage tis-
sue engineering. Cell Rep 2018;23:
899–908.

115. Messina A, Bortolotto SK, Cassell OCS,
Kelly J, Abberton KM, Morrison WA. Gen-
eration of a vascularized organoid using
skeletal muscle as the inductive source.
FASEB J 2005;19:1570–1572.

116. Afshar Bakooshli M, Lippmann ES,
Mulcahy B, Iyer N, Nguyen CT, Tung K,
et al. A 3D culture model of innervated
human skeletal muscle enables studies
of the adult neuromuscular junction. Elife
2019;8:e44530.

117. Alave Reyes-Furrer A, De Andrade S,
Bachmann D, Jeker H, Steinmann M,
Accart N, et al. Matrigel 3D bioprinting
of contractile human skeletal muscle
models recapitulating exercise and phar-
macological responses. Commun Biol
2021;4:1–12.

118. Vaes RDW, van Dijk DPJ,Welbers TTJ, Blok
MJ, Aberle MR, Heij L, et al. Generation
and initial characterization of novel tu-
mour organoid models to study human
pancreatic cancer-induced cachexia. J Ca-
chexia Sarcopenia Muscle 2020;11:
1509–1524.

119. von Haehling S, Morley JE, Coats AJS,
Anker SD. Ethical guidelines for publishing
in the Journal of Cachexia, Sarcopenia and
Muscle: Update 2021. J Cachexia Sarcope-
nia Muscle 2021;12:2259–2261.

Cellular interplay in skeletal muscle tissue 757

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 745–757
DOI: 10.1002/jcsm.13103


	Cellular interplay in skeletal muscle regeneration and wasting: insights from animal models
	Introduction
	Progenitor cells
	Vascular cells
	Endothelial cells
	Pericytes

	Immune cells
	Macrophages
	Lymphocytes

	Cellular interplay in COPD muscle wasting: An unmet need

	Discussion and perspectives
	Conflict of interest
	References

