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Abstract
Severemuscle injury is still a challenging clinical problem. Exosomes derived from adipose stem cells (ASC-exos) may be a potential
therapeutic tool, but their mechanism is not completely clear. This review aims to elaborate the possible mechanism of ASC-exos in
muscle regeneration from the perspective of signal pathways and provide guidance for further study. Literature cited in this review
was acquired through PubMed using keywords or medical subject headings, including adipose stem cells, exosomes, muscle
regeneration, myogenic differentiation, myogenesis, wingless/integrated (Wnt), mitogen-activated protein kinases, phosphati-
dylinositol-4,5-bisphosphate 3-kinase/protein kinase B (PI3K/Akt), Janus kinase/signal transducers and activators of transcription,
and their combinations. We obtained the related signal pathways from proteomics analysis of ASC-exos in the literature, and
identified that ASC-exos make different contributions to multiple stages of skeletal muscle regeneration by those signal pathways.
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Introduction

Skeletal muscle accounts for approximately 30–40% of
the human body mass,[1] is vital for activity, posture
maintenance, and metabolism, and is essential for
sustaining life and maintaining life quality. Skeletal
muscle injury has a high incidence, which is usually due
to traumatic events such as excessive exercise, trauma,
traffic accidents, war, and tumor resection.[2] Muscular
dystrophy, peripheral neuropathy, peripheral arterial
disease, diabetes, uremia, and cirrhosis can also cause
progressive muscle loss.[3] Mild muscle injury can recover
endogenously with the help of physical therapy. However,
the limited regenerative potential of skeletal muscle is
insufficient to resolve severe injuries, such as complete
muscle tears, high-energy impact injuries, and volumetric
muscle loss, and often leads to fatty infiltration, fibrosis,
and muscular atrophy.[4] Plastic surgeons must use
autologous vascularized muscle tissue to repair muscle
defects and improve appearance and function. Neverthe-
less, this practice causes additional damage to the donor
site, and the recipient site may develop complications such
as tendon adhesion, scarring, hematoma, infection,
insufficient blood perfusion, and lack of innervation.[5]

For severe skeletal muscle injury, to restore its structure
and function is still a clinical challenge to be solved.
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Recent preclinical data and clinical trials showed that cell
therapy represented by mesenchymal stem cells (MSCs)
significantly improves the regenerative potential of injured
muscle.[6] According to the International Society for
Cellular Therapy, MSCs refer to plastic-adherent cells
under standard culture conditions, expressing cluster of
differentiation (CD) 73, CD90, and CD105, lacking
CD11b, CD14, CD19, CD34, CD45, CD79a, or human
leukocyte antigen DR (HLA-DR), andwithmulti-potential
to differentiate into adipocytes, chondroblasts, and osteo-
blasts in vitro.[7] MSCs can be isolated from bone marrow,
adipose tissue, umbilical cord blood, sub-patellar fat pads,
and dental tissue. The most commonly used are bone
marrow-derivedMSCs and adipose-derivedMSCs (ASCs).
ASCs,whichhave attracted attention recently, are plentiful,
easy to collect, fast-growing, and keep highly expressed
stem cell markers.[8] Secretion rather than differentiation
of ASCs is thought to play a major role in helping with
injured muscle regeneration.[9,10] As an essential part of
cell secretion, exosomes derived from ASCs (ASC-exos)
have advantages in production, storage, and delivery, and
avoid some obstacles in applying cell therapy to the clinic,
such as restricted cell survival, immunogenicity, and risk
of abnormal tissue proliferation, so they are expected to
replace cell therapy.[9,11] However, the unclear specific
mechanism limits their further application. We hope to
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obtain a deeper understanding of how ASC-exos promote
muscle regeneration. Thus, we write this review to
summarize relevant studies and analyze possible mecha-
nisms from the perspective of signaling pathways, andwish
to provide direction for future research.
ASCs and Their Exosomes

ASCs can proliferate to maintain stem cell storage and
differentiate into mesenchymal cell lines (e.g., fibroblasts,
adipocytes, osteocytes, and chondrocytes) and non-
mesenchymal cell lines (e.g., skeletal muscle cells, smooth
muscle cells, cardiomyocytes, hepatocytes, and neurons).
ASCs can secrete anti-inflammatory proteins (e.g., inter-
leukin [IL] 4, IL-10, and IL-1 receptor antagonist) and
growth factors (e.g., vascular endothelial growth factor
[VEGF] and hepatocyte growth factor [HGF]) to promote
immunomodulation, angiogenesis, and tissue regenera-
tion.[12] Many studies consider that transplanted ASCs
participate in muscle regeneration through differentiation
and secretion. However, some studies have shown that
implanted ASCs are not directly involved in forming new
muscle fibers, arguing that ASCs promote muscle
regeneration mainly by secreting extracellular vesicles
and soluble substances.[9,10]

Exosomes (exos), a subtype of extracellular vesicles, are
50–150 nm in diameter, carrying CD63, CD9, and CD81.
Late endosomes bud inward and become multivesicular
bodies. Multivesicular bodies either fuse with lysosomes
to degrade contents or fuse with the plasma membrane to
release intraluminal vesicles.[13] These small vesicles,
which are released from cells, are termed exosomes. They
can act on target cells through direct ligand binding on the
surface or delivering functional molecules by membrane
fusion or endocytosis, mediating short-distance or long-
distance cell communication and affecting target cells’
behavior.[14] The bilayer lipid membrane structure is
related to protecting bioactive goods and simplifying the
processes of uptake and storage. Therefore, exosomes
with the bilayer lipid membrane structure can also be used
as carriers of targeted drugs and genes in regenerative
medicine.

Exosomes are considered to be a miniature version of
parent cells. The complex composition of ASC-exos
allows them to participate in various cellular processes,[15]

showing the possibility of treating complicated clinical
diseases. In cardiovascular conditions, ASC-exos can
enhance angiogenesis through the VEGF pathway,[16]

downregulate the expression of miR-342-5p to protect
vascular endothelial cells and prevent atherosclerosis,[17]

and protect the myocardium from ischemia-reperfusion
injury through the wingless/integrated (Wnt)/b-catenin
pathway.[18] In neurological conditions, ASC-exos can
lessen the extent of cerebral infarct after stroke and
preserve neurological function.[19] ASC-exos can alleviate
b-amyloid protein accumulation, decrease neuronal cell
apoptosis in Alzheimer’s disease, promote the recovery of
damaged neurites,[20] and deliver neurotrophin-3 (NT-3)
mRNA as a carrier to promote sciatic nerve regeneration
and gastrocnemius function recovery.[21] In renal con-
ditions, ASC-exos can protect the kidney from acute
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ischemia-reperfusion injury,[22] and transfer miR-486 to
prevent podocytes injury through the small mothers
against decapentaplegic 1 (Smad1)/mechanistic target of
rapamycin (mTOR) pathway.[23] In addition, ASC-exos
can improve ovarian function in premature ovarian
failure,[24] accelerate the repair of bone defects,[25] and
inhibit the formation of keloids.[26]

Several studies have confirmed the function of ASC-exos
in promoting adult skeletal muscle regeneration. Zhang
and Wang et al[27-29] demonstrated that ASC-exos can
reduce muscle atrophy, degeneration, and fat infiltration,
enhance healing, and improve regeneration and bio-
mechanical characteristics in rotator cuff tears. El Baradie
et al[30] proved that ASC-exos can reverse hypoxia-
induced injury of muscle cells and promote skeletal muscle
regeneration in mice after cardiotoxin (CTX)-induced
acute injury. Ni et al[31] found that ASC-exos can improve
functional and histological recovery after stress urinary
incontinence by helping the growth of skeletal muscle and
Schwann cells. Bonafede et al[32] verified that ASC-exos
can protect muscles and slow down the clinical progress of
amyotrophic lateral sclerosis.
Regeneration of Adult Skeletal Muscle

The regeneration of adult skeletal muscle is mainly
mediated by muscle satellite cells. Satellite cells are located
around muscle fibers between the cell membrane and the
basement membrane, usually at rest in mature muscle
tissue. Pax7, the marker of dormant satellite cells, is
essential for satellite cells tomaintain their function.When
Pax7 mutates, the satellite cells will be gradually lost.[33]

Pax7 can promote proliferation and inhibit differentiation
as a pioneer transcription factor.[34] Myogenic regulatory
factors (MRFs), markers during the myogenic differentia-
tion, are a family of transcription factors containing
basic helix-loop-helix motifs and include myogenic factor
5 (Myf5), myogenic differentiation (MyoD), myogenin
(MyoG), and myogenic factor 6 (Myf6, also known as
MRF4). The myocyte enhancer factor 2 (MEF2) protein
family (MEF2A, MEF2B, MEF2C, and MEF2D) has no
potential to promote myogenesis by itself, but it can
upregulate MyoD, MyoG, and Myf6, and act synergisti-
cally to enhance myogenesis.[35] The multistep process of
skeletal muscle regeneration is regulated by the regulatory
network composed of Pax7, MRFs, and other common
transcription factors.

Once the signal of muscle injury is received, satellite cells
will be activated, re-enter the cell cycle, proliferate, and
undergo asymmetric division. The subset expressing Pax7
without Myf5 continues proliferation and self-renewal,
while the other subset expressing Pax7 and Myf5 starts
myogenic differentiation.[36] As the expression of Pax7
and Myf5 drops from the peak, MyoD, a marker of
myogenic commitment, gradually increases, and the cell
reaches the myoblast stage. Later, MyoG and Myf6 are
upregulated, and myoblasts enter terminal differentiation
and exit the cell cycle.[37] In mature muscle fibers, MyoD
and MyoG are downregulated, but Myf6 maintains a
high expression level and becomes the main MRF
[Figure 1].[38]
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Figure 1: The schematic diagram for the process of muscle regeneration and the ASC-exos. ASC-exo: Exosomes derived from adipose stem cells; CD: Cluster of differentiation; JAK/STAT:
Janus kinase/signal transducer and activator of transcription; MAPK: Mitogen-activated protein kinase; Myf: Myogenic factor; MyHC: Myosin heavy chain; MyoD: Myogenic differentiation;
MyoG: Myogenin; Pax: Paired box; PI3K/Akt: Phosphatidylinositol 3-kinase/protein kinase B; Wnt: Wingless/integrated.
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Signaling Pathways of ASC-exos Promoting Muscle
Regeneration

ASC-exos may promote muscle regeneration through the
wingless/integrated (Wnt) pathway

It has been proved that ASC-exos can activate the Wnt
pathway to encourage tissue regeneration and repair, such
as protecting the myocardium from ischemia-reperfusion
injury,[18] inducing osteogenesis,[39,40] and promoting
skin wound repair.[41-43] Presumably, ASC-exos may
encourage muscle regeneration through the Wnt pathway
[Figure 2]. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis demonstrated that
the proteins relevant to the Wnt pathway are enriched in
ASC-exos, such as b-catenin, low density lipoprotein
receptor-related protein (LRP)1, a-catenin, rat sarcoma
virus (ras)-related C3 botulinum toxin substrate (Rac)1,
ras homolog family member A (RhoA), Rho-associated
coiled-coil containing protein kinase (ROCK), phospholi-
pase C (PLC) delta1, cell division cycle 42 (CDC42),
and calmodulin-dependent protein kinase II (CaMKII)
delta,[31,44-46] some of which may play a role in muscle
regeneration promoted by ASC-exos.

The canonical Wnt pathway mediates the promoting
effect of ASC-exos on muscle regeneration mainly by
regulating the myogenic commitment of satellite cells.[47]

Canonical Wnt signaling depends on b-catenin, which is
concentrated in ASC-exos. When the Wnt ligand is
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missing, b-catenin is first phosphorylated by the destruc-
tion complex (including adenomatous polyposis coli
protein [APC], glycogen synthase kinase 3b [GSK3b],
creatine kinase 1a [CK1a], and scaffold protein Axin) and
then degraded by ubiquitination. When the Wnt ligand
binds to the frizzled class receptor (FZD) and LRP
coreceptor which is identified in ASC-exos, LRP is
phosphorylated and recruits dishevelled (Dvl) to the
plasma membrane to form a Dvl polymer which
inactivates the destruction complex.[48] Therefore, endog-
enous andASC-exos-derivedb-catenin can accumulate and
transfer into the nucleus. In primarymyoblasts,b-catenin is
essential for the timely activation of myogenic programs
through the inhibitory effect of miR-133b and miR-206 on
Pax7expressionandalleviating the inhibitoryeffect ofPax7
on MRFs.[49] Subsequently, Wnt/b-catenin signaling
increases the abundance and activity of MyoD and Barx2
in themyoblasts.With the help ofMEF2,MyoDcooperates
with Barx2 to control the expression of genes related to
myoblast differentiation.[50] Besides, the process of muscle
regeneration also involves that b-catenin cooperates with
a-catenin transferredbyASC-exos, to control localfilament
assembly.[51]

However, persistent b-catenin overexpression in myoblast
can cause premature differentiation, reduction in muscle
fiber size, and fibrosis.[47,52] That is to say, failure to timely
end Wnt/b-catenin signaling may also lead to poor adult
muscle regeneration. To suppress inappropriate canonical
Wnt signaling, b-catenin generates a negative feedback
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Figure 2: ASC-exos mediates the muscle regeneration by Wnt signaling pathway. (A) Canonical Wnt pathway. (B) Non-canonical Wnt pathway. APC: Adenomatous polyposis coli protein;
ASC-exo: Exosomes derived from adipose stem cells; CAMKII: Calcium/calmodulin dependent protein kinase II; CDC42: Cell division cycle 42; CK1a: Casein kinase 1a; DAAM1:
Dishevelled-associated activator of morphogenesis 1; DAG: Diacylglycerol; Dvl: Dishevelled; FZD: Frizzled class receptor; GRIP1: Glucocorticoid receptor interacting protein 1; GSK3b:
Glycogen synthase kinase 3b; HDAC1: Histone deacetylase 1; IP3: Inositol-1,4,5-trisphosphate; JNK: c-Jun NH2-terminal kinase; LRP: Low density lipoprotein receptor related protein;
mAKAP: Muscle-specific A-kinase anchoring protein; MEF2: Myocyte enhancer factor 2; miR: miRNA/microRNA; MyoD: Myogenic differentiation; Pax7: Paired box 7; PCP: Planar cell
polarity; PIP2: Phosphatidylinositol-4,5-bisphosphate; PKC: Protein kinase C; PLC: Phospholipase C; Rac1: Ras-related C3 botulinum toxin substrate 1; RhoA: Ras homolog gene family
member A; ROCK: Rho associated coiled-coil containing protein kinase; Ror: Receptor tyrosine kinase-like orphan receptor; Ras: Rat sarcoma virus; TCF/LEF: T-cell factor/lymphoid
enhance factor; Vangl: Van Gogh-like; Wnt: Wingless/integrated.
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effect mediated by Barx2 and Axin2 during myogenic
differentiation [Figure 2].[53] In the negative feedback,
Barx2 is recruited to the Axin2 gene via the T-cell factor/
lymphoid enhancer factor (TCF/LEF) binding site, recruits
b-catenin and the coactivator glucocorticoid receptor-
interacting protein 1 (GRIP1), and then induces local
histone H3 lysine acetylation to promote the expression of
Axin2 and form the destruction complex to suppress
inappropriate canonical Wnt signaling.[54,55] Pax7 may
retain histone deacetylase 1 (HDAC1) at the TCF/LEF site
to function antagonistically toward Barx2.[56]

The non-canonical Wnt pathway mediates the promoting
effect of ASC-exos on muscle regeneration by controlling
the self-renewal and migration of satellite cells and
impelling myogenic differentiation indirectly, and per-
forms a different but complementary role to the canonical
Wnt pathway [Figure 2]. The Wnt/Planar cell polarity
(PCP) pathway is activated by the binding of WNT7a,
FZD7, and receptor tyrosine kinase-like orphan receptor
2528
(Ror) in satellite cells. Then, Van Gogh-like (Vangl) is
activated, and Dvl is recruited.[57] ASC-exos deliver Rac1,
RhoA, and ROCK to satellite cells. Dvl can activate
the small GTPases Rac1 and RhoA, trigger ROCK, c-Jun
NH2-terminal kinase (JNK), and downstream cascade
reactions, and results in directional migration and symmet-
rical expansion of satellite cells.[58] In the Wnt/Ca2+

pathway, Wnt/FZD activates PLC/inositol-1,4,5-trisphos-
phate (IP3)/Ca

2+. PLC delta1 transported byASC-exosmay
facilitate this process. Intracellular calcium release activates
calcium-sensitive enzymes such as protein kinase C (PKC),
CaMKII, and calcineurin.[59] CDC42 downstream of PKC
is enriched in ASC-exos, and participates in directional
migration of satellite cells after muscle injury via the
cytoskeleton.[60] CaMKII delta is also enriched in ASC-
exos,andCaMKIIhelps theactivationof the transcriptional
activity of MEF2.[61] The scaffold protein, muscle-specific
A-kinase anchoring protein (mAKAP), organizes the
calcineurin/MEF2 complex to regulate target gene tran-
scription and promote myogenic differentiation.[62]
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ASC-exos may promote muscle regeneration through the
mitogen-activated protein kinase (MAPK) pathway

It has been proved that ASC-exos can activate the MAPK
pathway to encourage tissue regeneration and repair,
such as relieving neural injury caused by microglial
activation,[63,64] inducing extracellular matrix remodel-
ing, reducing scar formation, and promoting skin wound
repair.[65] Presumably, ASC-exos may encourage muscle
regeneration through the MAPK pathway [Figure 3]. The
KEGG pathway analysis demonstrated that the proteins
relevant to the MAPK pathway were enriched in ASC-
exos, such as Rac1, RhoA, CDC42, extracellular signal-
regulated kinase (ERK)1(also known as MAPK3), ERK2
(also known as MAPK1), MAPK/ERK kinase (MEK)1,
MEK2, pleiotrophin (PTN), MAPK activated protein
kinase 2 (MK2), integrin b1 (ITGb1), and Rous sarcoma
oncogene (Src),[31,44-46] some of which may play a role in
muscle regeneration promoted by ASC-exos.
Figure 3: ASC-exos mediates the muscle regeneration by MAPK pathway, PI3K/Akt pathway
ASC-exo: Exosomes derived from adipose stem cells; Akt: Protein kinase B; BAF60: Brahma-r
protein; CDC42: Cell division control protein 42; eIF: Eukaryotic translation initiation factor; ER
Interleukin 6 cytokine family signal transducer; GSK3b: Glycogen synthase kinase 3b; HDAC
kinase; JNK: c-Jun NH2-terminal kinase; Klf: Kruppel-like factor; KMT1A: Lysine methyltransfe
Leukemia inhibitory factor; LIFR: Leukemia inhibitory factor receptor; MAFbx: Muscle atrophy F
MEK: MAPK ERK kinase; MEKK: MEK kinase; MK2: MAPK activated protein kinase 2; MKK: MAP
Mechanistic target of rapamycin complex 1; MuRF1: Muscle-specific RING finger protein 1;
associated factor; PDK1: 3-phosphoinositide dependent protein kinase 1; PEDF: Pigment-epit
bisphosphate; PIP3: Phosphatidylinositol-3,4,5-trisphosphate; PRC2: Polycomb repressive com
botulinum toxin substrate; RAF: Rapidly accelerated fibrosarcoma; Ras: Rat sarcoma virus;
transducer and activator of transcription; Src: Rous sarcoma oncogene; TAK: Transforming g
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MAPKs contain four subfamilies: ERK1/2, JNK, p38, and
ERK5,whichcanphosphorylatespecificserineandthreonine
residues of target substrates.MAPK signaling is triggered by
environmental stress, growth factors, and inflammatory
cytokines and transmits the signal down through Ras, Rac,
CDC42, Rho, etc.[66] ASC-exos may deliver Rac1, RhoA,
and CDC42 to get involved in the process.

At the early stage ofmuscle regeneration, ERK1/2 signaling
prevents premature differentiation of myoblasts. MEK1,
MEK2, ERK1, and ERK2 in ASC-exos may accelerate this
process. Phosphorylated MEK1 interacts with the MyoD
transcription complex to inhibit transactivation and
promote proliferation.[67] ERK1/2 regulates cell cycle
progression, which is necessary for proliferation.[68] JNK
signaling also promotes myoblast proliferation and pre-
vents premature differentiation. Active c-Jun enters the
nucleus and forms the activating protein-1 (AP-1) complex
to inhibit MyoD transcription. At the later stage of
and JAK/STAT pathway. (A) MAPK pathway. (B) PI3K/Akt pathway. (C) JAK/STAT pathway.
elated gene 1 associated factor 60; CBP: cAMP-response element binding protein binding
K: Extracellular signal regulated kinase; FOXO: Forkhead box transcription factor; gp130:
2: Histone deacetylase 2; IGF: Insulin-like growth factor; ITGb1: Integrin b1; JAK: Janus
rase 1A; LAMTOR1: Late endosomal/lysosomal adaptor, MAPK and mTOR activator 1; LIF:
-box protein; MAPK: Mitogen-activated protein kinase; MEF2: Myocyte enhancer factor 2;
K kinase; MKP1: MAPK phosphatase 1; mTOR: Mechanistic target of rapamycin; mTORC1:
MyoD: Myogenic differentiation; MyoG: Myogenin; Pax7: Paired box 7; PCAF: p300/CBP-
helium derived factor; PI3K: Phosphatidylinositol 3-kinase; PIP2: Phosphatidylinositol-4,5-
plex 2; PTEN: Phosphatase and tensin homolog; PTN: Pleiotrophin; Rac: Ras-related C3
Rheb: Ras homologue enriched in brain; Rho: Ras homologous GTPase; STATs: Signal
rowth factor beta activated kinase; TSC: Tuberous sclerosis complex; YY1: Yin Yang 1.
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myogenesis, active p38a upregulates the JNK phosphatase
MAPK phosphatase 1 (MKP1) and inhibits JNK signaling,
leading to cell cycle exit and myogenic differentiation.[69]

PTN transferred by ASC-exos helps with p38 signaling
activation.[70] MK2 transferred by ASC-exos is directly
phosphorylated by p38 and regulates myoblast differentia-
tion in conjunction with p38.[71] Chromatin-wide and
transcriptome profiling integration shows that p38a binds
to a large set of active promoters to globally regulatemuscle
regeneration during the transition of myoblasts from
proliferation to differentiation stages.[72] For instance,
p38a promotes the interaction of polycomb repressive
complex 2 (PRC2) and Yin Yang 1(YY1) via threonine
372 phosphorylation of enhancer of zeste 2 (EZH2) at
threonine 372 to inhibit Pax7 expression, directing
myogenic commitment of satellite cells.[73] Then, during
the differentiation, p38a can directly phosphorylate
MEF2C and E47 to assist the transcriptional activity of
MyoD.[74]p38a canalsophosphorylate theSWItch/Sucrose
Nonfermentable (SWI/SNF) subunit BRG1 associated
factor 60 (BAF60). BAF60 facilitates MyoD binding to
target genes andmarks the chromatin for recruitment of the
SWI/SNF chromatin remodeling complex to improve
accessibility.[75] As for p38g, it helps assemble MyoD/
histone lysine methyltransferase 1A (KMT1A) inhibitory
transcription complex to prevent MyoG expression,
restricting myoblasts from prematurely entering further
differentiation and promoting proliferation relatively.[76]

Additionally, p38a plays an essential role in forming
multinucleated myotubes by upregulating CD53.[77] How-
ever, p38b MAPK phosphorylates p300 to stimulate
acetylation of CCAAT/enhancer binding protein b (C/
EBPb), which may cause cancer-induced muscle wasting.
Research found that nilotinib can selectively bind p38b to
avoid cancer-induced protein loss without suppressing
p38a-dependent myogenesis, and it was considered a
promising treatment.[78]

ERK5 plays a crucial role in muscle cell fusion. Inhibition
of the ERK5 pathway blocks the formation of multinu-
cleated myotubes. During myogenic differentiation,
the expression of Kruppel-like factor (Klf)2 and Klf4 is
upregulated in an ERK5-dependent manner. Nephro-
nectin, a target of Klf, is also significantly upregulated.
The interaction of nephronectin with ITGb1 enriched in
ASC-exos is thought to be essential for muscle cell
fusion.[15,79] Interestingly, increasing the activity of
ERK5 signaling alone cannot induce cell fusion. ERK5
promotes this process only in cooperation with myogenic
factors, such as MyoD and MEF2.[79] In addition, Yes-
associated protein (YAP)/Abelson murine leukemia viral
oncogene homolog 1 (Abl)/Src can activate the MEK
kinase 3 (MEKK3)/MEK5/ERK5 kinase cascade to
encourage myogenic differentiation, and Src is also
concentrated in ASC-exos.[80]

ASC-exos may promote muscle regeneration through the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
pathway

It has been proved that ASC-exos can activate the PI3K/
Akt pathway to encourage tissue regeneration and
repair, such as inhibiting inflammation,[81] reducing scar
2530
formation, promoting skin wound repair,[82] and inducing
angiogenesis.[83] Presumably, ASC-exos may encourage
muscle regeneration through the PI3K/Akt pathway
[Figure 3]. The KEGG pathway analysis demonstrated
that the proteins relevant to the PI3K/Akt pathway were
enriched in ASC-exos, such as insulin-like growth factor
(IGF)1, IGF2 receptor (IGF2R), laminin g1, laminin a4,
laminin b2, laminin b1, ITGb1, vitronectin, lamin A/C,
late endosomal/lysosomal adaptor, MAPK and mTOR
activator 1 (LAMTOR1), eukaryotic translation initiation
factor (eIF)2B3, eIF2B4, eIF4A1, and eIF4A3,[31,44-46]

some of which may play a role in muscle regeneration
promoted by ASC-exos.

ASC-exos participates in the upstream activation of PI3K/
Akt in myoblasts by sending IGF1, IGF2R, laminin,
ITGb1, and vitronectin. PI3K converts phosphatidylinosi-
tol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
trisphosphate (PIP3). Akt, activated by 3-phosphoinositide
dependent protein kinase 1 (PDK1), is the most critical
downstream effector of IGF1 and IGF2 in skeletal
muscle.[84] Laminin interacting with ITGb1 participates
in activating PI3K/Akt to regulate muscle regeneration.[85]

Vitronectin-mediated Akt activation may also be involved
in this process.[86]

The PI3K/Akt pathway mediates the promoting effect of
ASC-exos on muscle regeneration partly by accelerating
myogenic differentiation. PI3K/Akt stimulates upregula-
tion of stathmin, which is essential for MyoD expres-
sion.[87] Lamin A/C identified in ASC-exos combines with
HDAC2 to promote the interaction between p300/CBP-
associated factor (PCAF) and MyoD.[88] Akt1/2 directly
phosphorylates p300 to allow the binding of MyoD to
p300 and PCAF and promote transcription.[89] PI3K/Akt
can induce the phosphorylation and transcriptional
activity of MEF2 to assist MRFs.[90] The PI3K/Akt
pathway also affects the expression and transcriptional
activity of MyoG.[91]

Moreover, the PI3K/Akt pathway canmediate the promot-
ing effect of ASC-exos on muscle regeneration by inducing
protein synthesis and skeletal muscle hypertrophy.[92]

Akt can inhibit tuberous sclerosis complex (TSC)1/2 and
activate mechanistic target of rapamycin complex 1
(mTORC1).[93] LAMTOR1 transferred by ASC-exos is a
component of the Ragulator complex required for
mTORC1 activation.[94] ASC-exos also deliver eIF2B3,
eIF2B4,eIF4A1,andeIF4A3tomyoblasts.Aktmayactivate
these translation initiation factors via mTORC1 signaling
or phosphorylating GSK3b to promote protein synthe-
sis.[95,96] Besides, Akt phosphorylates and inhibits the
FOXO transcription factor family and reduces the expres-
sion of E3 ubiquitin ligases muscle atrophy F-box protein
(MAFbx) and muscle atrophy F-box protein (MuRF1),
substrates of which include MyoD, calcineurin, myosin
heavy chain (MyHC), myosin light chain kinase (MLCK)
and myosin binding protein C (MyBP-C). Therefore,
Akt/FOXO reduces protein degradation to inhibit muscle
atrophy.[97] However, the effect of PI3K/Akt on muscle
regenerationmay not be all favorable. Autophagy is crucial
formuscle regeneration,[98] but is likely inhibited byAkt via
mTOR and FOXO.[94,99]

http://www.cmj.org


Chinese Medical Journal 2022;135(21) www.cmj.org
ASC-exos may promote muscle regeneration through the
Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway

It has been proved that ASC-exos can activate the JAK/
STAT pathway to encourage tissue regeneration and
repair, such as inducing the anti-inflammatory M2
phenotype,[100] and reducing transforming growth factor
(TGF)-b1 induced liver fibrosis.[101] Presumably, ASC-
exos may encourage muscle regeneration through the
JAK/STAT pathway [Figure 3]. The KEGG pathway
analysis demonstrated that the proteins relevant to the
JAK/STAT pathway were enriched in ASC-exos, such as
JAK1, STAT1, STAT3, leukemia inhibitory factor (LIF)
receptor (LIFR), and pigment-epithelium derived factor
(PEDF),[31,44-46] some of which may play a role in ASC-
exos promoting muscle regeneration.

JAK1/STAT1/STAT3, which are all enriched in ASC-exos,
plays a crucial role in muscle regeneration by promoting
myoblast proliferation and preventing premature differen-
tiation.[102] At the early stage ofmuscle regeneration, active
STAT1 binds to MEF2 and inhibits its transcriptional
activity to prevent myoblasts from differentiating
prematurely.[103] As muscle regeneration progresses,
STAT1 activity decreases naturally.[104] ASC-exos increase
the number of LIFR in myoblasts. LIF/LIFR stimulates
proliferation and inhibits differentiation through phos-
phorylating STAT1/STAT3 and activating ERK.[105,106]

PEDF in ASC-exos also stimulates myoblast proliferation,
probably by inducing phosphorylation of STAT3.[107]

JAK2/STAT2/STAT3 mediates the promoting effect of
ASC-exos on muscle regeneration mainly by promoting
myogenic differentiation. ASC-exos deliver STAT3 to get
involved in this process. STAT3 activates and interactswith
MyoD-MEF2 to improve the transcription of myogenic-
specific genes.[108,109] JAK2/STAT2/STAT3 also regulates
the expression of HGF and IGF2, inhibits HGF/ERK at the
early stage, and enhances IGF2/PI3K/Akt at the late stage,
indirectly regulating myogenic differentiation.[110] Besides,
JAK3 inhibition promotes myogenic differentiation. When
JAK3 is inhibited, STAT1 is suppressed and STAT3 is
activated, which results in ERK downregulation and Akt
upregulation and plays an essential role in terminal
differentiation.[104]

Consequently, STAT3 concentrated in ASC-exosmay play
a positive role in myoblast proliferation and differentia-
tion, and the specified JAK type may determine the
direction of proliferation or differentiation.
Conclusions

ASC-exos have shown great potential in tissue regenera-
tion and the possibility of preventing and combating
various clinical diseases, and also attract attention in the
field of treating skeletal muscle injury. This review started
with the results of ASC-exos proteomics, and analyzed the
possible mechanism of ASC-exos in muscle regeneration.
ASC-exos encourage the canonical Wnt pathway to
dominate the myogenic commitment of satellite cells,
and exert functions in the non-canonical Wnt pathway to
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coordinate their self-renewal and migration. Activated by
ASC-exos, the ERK1/2 and JNK MAPK pathways
stimulate myoblast proliferation at the early stage, the
p38 MAPK pathway mainly promotes myogenic differen-
tiation, and the ERK5 MAPK pathway is crucial for
forming multinucleated myotubes. In addition to acting
on MRFs and MEF2 to upregulate myogenic differentia-
tion, ASC-exos also assist the PI3K/Akt pathway in
promoting protein synthesis and muscle fiber hypertro-
phy, but inhibit autophagy via mTOR and FOXO. With
the participation of ASC-exos, the JAK1/STAT1/STAT3
pathway prevents premature differentiation, and the
JAK2/STAT2/STAT3 and JAK3/STAT1/STAT3 pathways
push forward the process of myogenic differentiation.

Of course, the specific molecular mechanism of ASC-exos
regulating muscle regeneration remains to be confirmed by
experiments. In order to popularize the use of exosomes in
clinical practice, a more standardized production system
is required for quality control, and more clinical trials
are necessary to confirm the safety and effectiveness. Simple
cell-free therapy with exosomes to treat severe muscle
defects may be difficult to make quick profits, so further
integration with tissue engineering is needed. This review
may provide a theoretical basis for these research interests.
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