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A B S T R A C T   

Skeletal muscle diseases, a broad category encompassing a myriad of afflictions such as acute muscle injury and 
muscular dystrophies, pose a significant health burden globally. These conditions often lead to muscle weakness, 
compromised mobility, and a diminished quality of life. In light of this, innovative and effective therapeutic 
strategies are fervently sought after. Exosomes, naturally extracellular vesicles with a diameter of 30–150 nm, 
pervade biological fluids. These microscopic entities harbor a host of biological molecules, including proteins, 
nucleic acids, and lipids, bearing a significant resemblance to their parent cells. The roles they play in the 
biological theater are manifold, influencing crucial physiological and pathological processes within the organ
ism. In the context of skeletal muscle diseases, their potential extends beyond these roles, as they present a 
promising therapeutic target and a vehicle for targeted drug delivery. This potentially paves the way for sig
nificant clinical applications. This review aims to elucidate the mechanisms underpinning exosome action, their 
myriad biological functions, and the strides made in exosome research and application. A comprehensive 
exploration of the part played by exosomes in skeletal muscle repair and regeneration is undertaken. In addition, 
we delve into the use of exosomes in the therapeutic landscape of skeletal muscle diseases, providing a valuable 
reference for a deeper understanding of exosome applications in this realm. The concluding section encapsulates 
the prospective avenues for exosome research and the promising future they hold, underscoring the tremendous 
potential these diminutive vesicles possess in the field of skeletal muscle diseases. 

The Translational Potential of this Article. 
The comprehensive exploration of exosome’s diverse biological functions and translational potential in the 

context of skeletal muscle diseases presented in this review underscores their promising future as a therapeutic 
target with significant clinical applications, thus paving the way for innovative and effective therapeutic stra
tegies in this realm.   

1. Introduction 

The skeletal muscle is a substantial and adaptable tissue within the 
human body, constituting around 40 % of overall body weight and 
encompassing 50–75 % of the body’s protein stores. The main functions 
attributed to skeletal muscle include facilitating body mobility, serving 
as a reservoir for protein storage, generating heat through 

thermogenesis, contributing to metabolic processes, and providing 
protection to visceral organs [1–3]. Skeletal muscle diseases encompass 
a diverse array of muscular ailments, characterized by their heteroge
neity, such as injuries, atrophy, sarcopenia, and weakness, impacting 
individuals’ health and functional abilities [4]. Skeletal muscles are 
sensitive to injury because they are frequently subjected to high con
tractile forces that may damage the sarcolemmal, especially during 
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eccentric muscle contraction [5]. The intensity of persistent inflamma
tion following skeletal muscle injury is also one of the clinical concerns 
that need urgent attention. Generally, 50 % of acute injuries become 
chronic [6,7]. A multitude of causes can alter skeletal muscle homeo
stasis, resulting in skeletal muscular atrophy, such as diabetes, cancer 
and chronic obstructive pulmonary disease, weightlessness, denervation 
disuse state, fasting, and aging [8,9]. Aging is followed by a steady 
reduction in skeletal muscle mass and strength, which may lead to pri
mary sarcopenia [10]. Skeletal muscle atrophy weakens the body’s 
ability to cope with stress and chronic diseases, drastically diminishes 
people’s quality of life, increases morbidity and mortality, causes huge 
social and economic burden, and alters the prognosis of patients [11]. 
Further research and advancements in treatment modalities are needed 
to improve outcomes for individuals affected by skeletal muscle 
diseases. 

The treatment of skeletal muscle diseases involves various ap
proaches, including pharmacological interventions, physical therapies, 
and regenerative medicine techniques [12–15]. These modalities aim to 
alleviate symptoms, promote healing, improve abilities, and enhance 
the quality of life. Understanding these approaches is essential for 
effective management and rehabilitation. Pharmacological treatments 
play a crucial role, with nonsteroidal antiinflammatory drugs (NSAIDs) 
used for muscle injuries, muscle relaxants for spasms, and medications 
for neuromuscular disorders [13,16]. Physical therapies restore func
tion, strength, and mobility through exercises, manual therapy, stimu
lation, and modalities [17,18]. Regenerative medicine techniques, such 
as stem cell therapy, platelets-rich plasma (PRP) injections, and tissue 
engineering, hold promise for repairing and restoring muscle structure 
and function [19,20]. 

Exosomes, a specialized category of extracellular vesicles (EVs), have 
emerged as key players in redefining our comprehension of how cells 
communicate with each other. These diminutive, membrane-enclosed 
entities, which vary in size from 30 to 150 nm, are produced and 
released by a diversity of cell types. They are endowed with the 
extraordinary capability to carry and distribute a vast array of bioactive 
compounds. This includes an assortment of proteins, nucleic acids, 
lipids, and various metabolic byproducts, making them pivotal in 
cellular interactions and signaling [21–23]. The discovery and charac
terization of exosomes have provided valuable insights into their role in 
physiological and pathological processes. They are derived from a 
diverse range of cell types, including immune cells, stem cells, epithelial 
cells, and cancer cells [24]. The release of exosomes can be triggered by 
various stimuli such as cellular activation, stress, or injury. Exosomes 
have a diverse payload because they mirror the parent cells’ traits and 
functions. Proteins, mRNA, miRNA, lipids, and other substances may be 
in this cargo. Exosomes transport bioactive chemicals from donor cells 
to receiving cells, affecting their behavior and phenotype [25]. They are 
involved in immunological control, tissue healing, angiogenesis, and 
neural signaling. Cancer progression, inflammation, and infectious 
agent propagation are also caused by exosomes. Exosome cargo can 
regulate gene expression, signaling pathways, and cellular responses in 
recipient cells, affecting cellular physiology [21]. The significance of 
exosomes in biomedical research lies in their ability to transport diverse 
molecules and their involvement in a wide range of physiological and 
pathological processes. 

Skeletal muscle diseases present a significant obstacle in clinical 
treatment, prompting the exploration of exosome therapy as a potential 
avenue for novel approaches in regenerative medicine and targeted drug 
administration. This therapeutic modality holds considerable promise in 
its ability to influence muscle regeneration, facilitate tissue repair, and 
enhance the effectiveness of treatments. This review aims to investigate 
the involvement of exosomes in skeletal muscle illnesses and elucidate 
the possible therapeutic applications of exosomes in the management of 
such conditions. 

1.1. A comprehensive explanation of exosomes 

The exosome is a crucial subtype of EVs that originates from the 
multivesicular bodies that are produced from the endosomes. It was first 
described in 1983 by Pan and Johnstone, who subsequently attributed 
the term “exosome” to their work [26]. EVs can be categorized into three 
distinct groups according to their size and biological source: exosomes 
(30–150 nm), microvesicles (100–1000 nm), and apoptotic bodies 
(>1000 nm) [27,28]. The size and production mechanisms of EVs 
exhibit significant variation, resulting in specific characteristics for each 
vesicle. Exosomes are derived from endosomes, which are formed when 
the cell membrane undergoes invagination to produce early endosomes. 
The early endosomes undergo maturation to become late endosomes, 
which thereafter transform multivesicular bodies comprising intra
luminal vesicles that ultimately differentiate into exosomes [29]. In due 
course, the release of exosomes into the extracellular space occurs when 
the multivesicular bodies fuse with the cell membrane and undergo 
exocytosis [30]. The generation of exosomes involves a distinct mech
anism of creation. Despite the lack of a comprehensive understanding of 
the total molecular mechanism underlying exosome formation, existing 
research has revealed the involvement of various variables in the unique 
sorting of exosome contents. These components include the exosome 
sorting complex (ESCRT) for transportation, tetraspanin, ceramides, and 
lipids [31–34]. Upon secretion, exosomes can transport their contents to 
recipient cells via diverse pathways. The mechanisms involved in 
cellular uptake encompass fusion with the cell membrane, as well as 
other forms of endocytosis, including lipid raft-mediated, cla
thrin-mediated, caveolin-mediated, phagocytosis, and macropinocytosis 
(Fig. 1). Furthermore, exosomes possess the ability to establish direct 
communication with target cells via receptor–ligand interactions [35]. 
The degree to which various patterns of exosome internalization by 
recipient cells result in unique functional consequences remains 
unknown. 

Exosomes derived from various cellular origins exhibit variations in 
terms of their size, composition, and impact on the function of recipient 
cells, displaying a notable level of heterogeneity [29]. The small vesicles 
described in the text include several components that originate from 
their parent cells. These components include growth factors, cytokines, 
signaling lipids, mRNA, miRNA, and proteins [35,36]. Exosomes contain 
a diverse array of proteins, encompassing both non-specific and partic
ular protein components [24]. Proteins of a nonspecific nature are 
universally found in exosomes, irrespective of the cellular source of 
these exosomes. Examples of such proteins include ESCRT proteins, heat 
shock proteins, transport and fusion proteins (Rab proteins, Annexins, 
Flotillin), as well as cytoskeletal proteins (Actin, Cofilin). These proteins 
can serve as reliable indicators for the identification of exosomes. On the 
other hand, certain proteins that are linked to cells originating from 
exosomes, such as MHC class I and MHC class II proteins, as well as 
transferrin receptors, have the potential to indicate tissue and cell 
selectivity, and might potentially facilitate signaling processes. Exo
somes are composed of a diverse array of lipids, such as sphingolipids, 
cholesterol, and ceramides. These lipids have the dual purpose of 
ensuring chemical stability and contributing to the manufacture of 
exosomes [27,37]. Furthermore, exosomes contain a diverse array of 
nucleic acids in their extracellular compartment, encompassing both 
DNA (single-stranded and double-stranded) and RNA (containing 
lncRNA, miRNA, mRNA, rRNA, among others), with miRNA being the 
predominant constituent [27]. The composition of exosomes exhibits 
similarities to their parent cells, indicating the presence of specific 
sorting processes involved in the process of exosome formation (Fig. 1). 

Exosomes exhibit a diverse array of biological functions, and a more 
comprehensive comprehension of these functions would facilitate re
searchers in gaining deeper insights into the mechanisms underlying 
exosomal behavior in both physiological and pathological contexts. 
Firstly, signal transduction is a fundamental and critical biological 
process performed by exosomes. Exosomes function as mediators of 
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intercellular communication, enabling the delivery of their cargo to 
nearby or distant cells, thus exerting regulatory influence over a broad 
range of physiological and pathological [38]. Furthermore, exosomes 
play a significant role in the modulation of inflammation by their ability 
to either enhance or suppress the activation of inflammatory vesicles 
[39]. Numerous studies have demonstrated that exosomes released by 
cells under inflammatory contexts can stimulate the polarization of 
macrophages towards the M1 phenotype, while concurrently suppress
ing M2 polarization, thus facilitating the progression of inflammatory 
reactions [40–42]. Thirdly, exosomes derived from immune cells possess 
the potential to either enhance or suppress immune responses, largely 
contingent upon their composition and the specific cellular environment 
in which they are induced, thereby assuming significant roles in the 
modulation of immune reactions and immune tolerance. Additionally, 
exosomes can facilitate the process of tissue repair and regeneration. 
The utilization of exosomes produced from mesenchymal stem cells 
(MSCs) has been observed to exhibit beneficial properties in the context 
of wound healing, cartilage repair and tissue regeneration, displaying 
both protective and therapeutic benefits [43–45]. Finally, exosomes 
derived from various origins have the potential to elicit either stimula
tory or inhibitory impacts on the process of autophagy. Moreover, 
exosomes have the potential to function as biomarkers and therapeutic 
vehicles for a wide range of illnesses. The molecular makeup of exo
somes exhibits differences that are dependent on the specific cells from 
which they originate and is significantly impacted by the microenvi
ronment of these cells. The diverse content of functional molecules in 
exosomes enables a wide range of biological functions to be assigned to 
them [46]. 

1.2. The role of exosomes in skeletal muscle repair and regeneration 

The repair and regeneration processes of skeletal muscle are influ
enced by various elements, with exosomes assuming a significant part in 
these mechanisms. In the subsequent discourse, we will delve into the 
multifaceted role of exosomes in skeletal muscle biology. This explora
tion will encompass three primary areas: the involvement of exosomes in 
the proliferation, differentiation, and migration of skeletal muscle cells; 
their function in the immunoregulatory processes within skeletal mus
cles; and their significance in the induction of angiogenesis in skeletal 

muscle tissue. These dimensions collectively illuminate the critical 
importance of exosomes in the context of skeletal muscle repair and 
regeneration (Fig. 2). 

1.3. Role of exosomes on cell proliferation, differentiation, and migration 

During the process of skeletal muscle regeneration, satellite cells are 
stimulated and undergo activation, leading to their differentiation into 
myoblasts. These myoblasts then proceed to undergo terminal differ
entiation, ultimately resulting in the development of myotubes that 
possess multiple nuclei [47,48]. The study conducted by Luo et al. 
showed that exosomes produc ed from C2C12 myoblasts can enhance 
both myoblast proliferation and differentiation [41]. Cho et al. con
ducted a study wherein they extracted exosomes during the process of 
differentiating human skeletal myoblast cells (HSkMs) into myotubes. 
The researchers discovered that these exosomes exhibited a high con
centration of multiple myogenic factors, such as insulin-like growth 
factor, hepatocyte growth factor, fibroblast growth factor-2, and 
platelet-derived growth factor-AA. Following this, the researchers pro
ceeded to administer HSkM-Exos to the mouse model with a muscle tear, 
subsequently observing a notable improvement in muscle regeneration. 
This was accompanied by a substantial increase in the expression of 
myogenic proteins and genes, so demonstrating that exosomes had a key 
role in promoting both myogenic differentiation and regeneration [49]. 
The study conducted by Nakamura et al. revealed the presence of exo
some markers in the context of muscle regeneration. Additionally, the 
researchers observed a significant increase in muscle cross-sectional 
area and a corresponding decrease in fibrotic area following the 
administration of exosomes. Furthermore, an assessment was conducted 
to examine the association between miR-494 and myogenesis. This was 
accomplished by introducing miR-494 into C2C12 myoblasts through 
transfection. The results revealed that the fusion index of myoblasts 
transfected with miR-494 exhibited a notably higher value compared to 
myoblasts transfected with siNega. These findings provide compelling 
evidence supporting the significant involvement of exosomes in the 
process of C2C12 myogenesis [23]. Similarly, Forterre et al. discovered 
that muscle-associated exosomes can stimulate myogenesis by trans
porting miRNA between proliferating myoblasts and mature myotubes 
[50]. Simultaneously, exosomes have the dual capacity of facilitating 

Figure 1. Exosomes are composed of lipid bilayers that transport numerous biomolecules, such as proteins, DNA, RNA, lipids, etc.  

R. Wan et al.                                                                                                                                                                                                                                    



Journal of Orthopaedic Translation 45 (2024) 132–139

135

the growth of muscle fibers while impeding the programmed cell death 
of myoblasts, myocytes, and endothelial cells [51–53]. Numerous pieces 
of research have provided comprehensive confirmation of the advan
tageous impacts of exosomes in facilitating the development of satellite 
cells, suppressing cellular apoptosis, and enhancing the expression of 
myogenic genes inside skeletal muscle. Nevertheless, the precise 
mechanisms of the signaling pathways remain elusive and warrant more 
investigation in subsequent studies. 

1.4. Role of exosomes in skeletal muscle immune regulation 

Exosomes can modulate the process of skeletal muscle repair and 
regeneration through their ability to induce macrophage polarisation 
and suppress skeletal muscle inflammation comparably. Cavallari et al. 
originally reported on the action of EVs on inflammatory cells, discov
ering that serum EVs nearly entirely inhibited inflammatory cell infil
tration in ischemic gastrocnemius muscle, but they did not investigate 
the specific mechanism [54]. Typically, M1 macrophages exhibit 
pro-inflammatory properties and are involved in the clearance of 
cellular debris. Conversely, M2 macrophages assume an 
anti-inflammatory and myogenic function in the week subsequent to 
injury. The latter process stimulates myogenic precursor cells, resulting 
in their union and subsequent production of muscle fibers. These muscle 
fibers play a crucial role in the repair and regeneration of muscle tissue. 
The initial study conducted by Lo Sicco et al. provided the first 
description of the impact of MSC-EV on macrophage polarisation. The 
study demonstrated that MSC-EV treatment resulted in the conversion of 
bone marrow-derived macrophages from an M1 to an M2 phenotype in 
an in vitro setting. In the in vivo setting, it was shown that the expression 
levels of IL-6 and NOS2 were notably decreased, while the expression 
levels of Arg1 and Ym1 were dramatically increased in 
cardiotoxin-injured skeletal muscle that was treated with MSC-EV. 
These findings imply that EVs possess the capacity to modulate macro
phages towards an anti-inflammatory and reparative phenotype [55]. In 
the recent study conducted by Luo et al., it was found that both bone 
mesenchymal stem cells-Exos (BMSC-Exos) and C2C12-Exos exhibited a 
significant ability to decrease the expression levels of proinflammatory 
factors such as iNOS, TNF-a, IL-1b, and IL-6 [41,56]. Furthermore, Zhou 
et al. discovered that the application of M2-Exos to the damaged 
pubococcygeus muscle resulted in a notable enhancement of muscle 
regeneration. Conversely, the impact of M1-Exos on myoblast differen
tiation was shown to be minimal [57]. 

1.5. Role of exosomes in skeletal muscle angiogenesis 

Exosomes have demonstrated a significant capacity to transport 
miRNA, proteins, and other particles to cells exhibiting elevated 
angiogenic activity. This pivotal biological function positions exosomes 
as key players in the mechanism of circulation angiogenesis [58]. The 
study conducted by Nakamura et al. revealed that exosomes produced 
from MSCs exhibited a significant enhancement of angiogenesis both in 
vitro and in vivo. The researchers subjected human umbilical vein 
endothelial cells (HUVECs) to several treatments, including DMEM, 
MSC-conditioned medium, MSC-Exo suspension in DMEM, and 
exosome-free MSC-conditioned medium. Their findings demonstrated a 
considerable increase in the migratory capacity of HUVECs following 
treatment with either MSC or MSC-Exo. This phenomenon is accompa
nied by the creation of tubes of increased size. Following the intra
muscular administration of MSC-Exos, a notable enhancement in 
capillary density was seen in the MSC-Exo group during in vivo exper
imentation [23]. Simultaneously, Lo Sicco et al. conducted a study 
wherein they implanted matrix glue plugs containing MSC-EVHypo and 
MSC-EVNormo in a mouse model of cardiotoxin-induced skeletal muscle 
damage. Both experimental groups stimulated the development of 
tubular endothelial structures around embolization and increased the 
production of angiogenic factors, such as platelet and endothelial cell 
adhesion molecule (PECAM) and vascular endothelial growth factor A 
(VEGFA). In contrast, the MSC-Evhypo group, which consisted of MSCs 
exposed to hypoxic settings, exhibited elevated expression of 
pro-angiogenic factors and demonstrated a greater degree of angiogen
esis in the injured tibialis anterior muscle as compared to the 
MSC-Evnormo group, which was released under normoxic conditions 
[55]. In their study, Figliolini et al. employed genetic detection tech
niques to conduct a comprehensive investigation and examination of the 
constituents within adipose-derived stem cells-extracellular vesicles 
(ASC-EVs). Their findings revealed the presence of mRNA encoding 
angiogenin, VEGFA(vascular endothelial growth factor A), HGF (hepa
tocyte growth factor), IGF1 (insulin-like growth factor-1), and EGF 
(epidermal growth factor) within these extracellular vesicles [51]. 
Interestingly, the effects of administering EVs on angiogenesis have been 
found to vary in different studies. Contrary to the prevailing findings of 
numerous investigations, Wang et al. discovered that ASCs-Exos 
exhibited a partial reduction in angiogenesis [53]. Inconsistencies in 
the effects of exosomes on skeletal muscle angiogenesis may potentially 
arise from variations in exosome origins, vectors, and concen
trations/dosages. Furthermore, the facilitation of angiogenesis in the 
process of muscle regeneration may encompass several pathways, and 

Figure 2. The role of exosomes in skeletal muscle repair and regeneration.  
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forthcoming research endeavors should prioritize the exploration of 
distinct methods for generating variably secreted proteomes. 

1.6. Exosomes in the treatment of skeletal muscle injury 

Skeletal muscle injury is a prevalent condition characterized by the 
damage of skeletal muscle fibers resulting from mechanical strain 
incurred during physical exertion or genetic disorders leading to muscle 
fiber vulnerability. Luo et al. employed bone marrow stromal cell- 
derived exosomes to treat skeletal muscle contusion in mice and 
discovered that BMSC-Exos reduced muscle contusion and improved 
muscle recovery by modifying macrophage polarization and reducing 
inflammatory responses [56]. In a separate investigation, Luo et al. 
showcased the significance of intercellular communication between 
myoblasts and macrophages via exosomes containing miRNA molecules. 
This communication was found to play a crucial role in regulating 
macrophage polarization as well as myogenic differentiation and pro
liferation during the process of muscle injury repair. Furthermore, the 
researchers devised a novel approach involving the use of M2 
polarization-activated anti-inflammatory agents and miRNA-engineered 
exosomes [40]. This strategy holds promise as a potential therapeutic 
intervention for the treatment of muscle injury. Yan et al. discovered 
that the miR-421/FOXO3a axis is directly modulated by circHIPK3, with 
exosomes derived from umbilical cord mesenchymal stem cells 
(UC-MSCs) crucially downregulating miR-421 via circHIPK3 release. 
This mechanism not only elevates FOXO3a expression but also curtails 
pyroptosis and the release of IL-1β and IL-18, effectively mitigating 
ischemic skeletal muscle injury [59]. Simultaneously, a substantial body 
of research has demonstrated that exosome treatment of satellite cells or 
injured muscles leads to a notable upregulation of genes associated with 
muscle regeneration, such as MYOG, MYOD, myogenin, and Pax7. 
Furthermore, this intervention has been observed to enhance muscular 
function in vivo [60–63]. 

1.7. Exosomes in the treatment of skeletal muscle sarcopenia 

Sarcopenia, a prominent characteristic of the aging process, poses 
significant challenges for older individuals, manifesting in various daily 
life difficulties [64]. This condition elevates the susceptibility to falls 
and fractures, thereby exacerbating adverse clinical outcomes and so
cioeconomic ramifications [65]. Notably, diminished muscle strength 
stands out as the primary attribute associated with sarcopenia. The 
therapeutic potential of exosomes in the management of sarcopenia has 
been increasingly acknowledged. The process of myogenesis is intri
cately regulated by the human body, necessitating coordinated inter
cellular interactions, with exosomes playing a vital role. Exosomes 
released by skeletal muscles not only promote myoblast proliferation 
and muscle formation but also transmit crucial signaling molecules 
across muscle cells, underscoring their significance in the crosstalk be
tween myocytes and myoblasts. Research led by Aswad et al. has shown 
that feeding mice a high-fat diet triggers their skeletal muscles to secrete 
exosomes, which subsequently stimulate myoblast proliferation and 
alter gene expression related to muscle cell cycle and differentiation in 
vitro [66]. Exosomes from other cell types, such as those from MSCs, 
enhance the proliferation and differentiation of C2C12 cells, while 
adipocyte-derived exosomal miR-27a induces insulin resistance in 
skeletal muscle cells [67]. Research on the application of exosomes in 
muscle disease treatment is still evolving. Research on the application of 
exosomes in muscle disease treatment is still evolving. Skeletal muscle 
cells are rich in various miRNAs, including miR-31 and miR-23a, 
believed to regulate satellite cell activation, promote muscle regenera
tion, and reduce muscle atrophy. These miRNAs, secreted via exosomes, 
demonstrate their potential application in muscle disease treatment. 
Therapeutically, exosomes produced by human skeletal myoblasts and 
MSCs have been found to accelerate muscle regeneration [23,49]. For 
instance, MSC-derived exosomes, partially mediated by miR-494, 

enhance the proliferation and differentiation of skeletal muscle 
C2C12 cells [23]. Another study revealed that exosome therapy facili
tates human muscle cell development through the transfer of exosomal 
miR-29c, with placenta-derived MSCs releasing exosomes high in 
miR-29 expression [68]. These findings highlight the immense potential 
of exosomes as therapeutic agents in skeletal muscle sarcopenia. 

1.8. Exosomes in the treatment of skeletal muscle atrophy 

The intricate biochemical mechanism underlying skeletal muscle 
atrophy remains incompletely understood. The perpetual turnover of 
muscle proteins is attributed to the equilibrium between the processes of 
protein synthesis and breakdown inside the muscular tissue [69]. 
Various disorders are known to induce skeletal muscle atrophy, and this 
process is believed to be initiated by significant factors such as height
ened oxidative stress, inflammation, and impaired mitochondrial ac
tivity [70]. Wang et al. discovered that the introduction of an exosome 
vector carrying Lamp2b, a gene encoding an exosomal membrane pro
tein fused with a muscle-specific surface peptide for targeted delivery to 
muscle cells, into muscle satellite cells, followed by the transduction of 
these cells with an adenovirus expressing miR-26a, resulted in the 
generation of an exosomal vector. The production of exosomes con
taining miR-26a (Exo/miR-26a) has the potential to enhance the 
cross-sectional area of skeletal muscle in mice [71]. Exosomes origi
nating from differentiated human skeletal myoblasts have a notable 
enrichment of various myogenic factors, including TNF, IGF, and FGF2. 
The exosomes can stimulate the process of myogenic differentiation in 
human adipose-derived stem cells, resulting in a rise in both the fusion 
index and the expression of myogenic genes such as ACTA1, MYOD1, 
and DAG1, among others [49]. Li et al. discovered that human 
BMSCs-derived exosomes might prevent dexamethasone-induced mus
cle atrophy by increasing miR-486-5p expression and inhibiting FoxO1 
nuclear translocation [72]. In a separate investigation, the targeted in
hibition of miR-690, a tiny extracellular vesicle originating from atro
phic skeletal muscle fibers inside the muscular system, was found to 
enhance the process of satellite cell development and mitigate muscle 
atrophy in elderly mice [73]. Exosomes have also been demonstrated to 
prevent muscle atrophy, fatty degeneration, inflammation, and vascu
larization in cases of extensive or chronic rotator cuff tears [74,75]. In 
their research on a rat model with severe rotator cuff tears, Wang et al. 
observed that injecting ASC-derived exosomes into the supraspinatus 
muscle significantly mitigated muscle weight loss, fatty infiltration, 
inflammation, and vascularization while enhancing myofiber regener
ation and biomechanical strength compared to saline treatment over 8 
and 16 weeks [53]. In a chronic rabbit rotator cuff tear model, ASC-Exos, 
when locally injected into damaged supraspinatus muscles, were found 
to notably decrease fatty degeneration, enhance tendon-bone healing 
with increased fibrocartilage, collagen II, and tenascin-C, and yield a 
more uniform healing with less fibrosis, also improving biomechanical 
strength [76]. Exosomes derived from cells in distinct physiological 
conditions exhibit distinct compositions and fulfill distinct functions. 
Hence, the development of engineered cellular exosomes with the ability 
to transport signaling molecules enclosed in vesicles directly to muscle 
cells represents a potentially fruitful avenue. This innovative technique 
holds promise for addressing the challenge of muscle atrophy and could 
potentially emerge as a novel therapeutic strategy. The biological role of 
exosomes in skeletal muscle diseases is summarized in Table 1. 

1.9. Future direction and perspective 

Natural exosomes encounter certain challenges as molecular delivery 
systems for therapeutics [27]. The therapeutic potential of natural 
exosomes is constrained by the absence of pharmacological constituents. 
Experimental investigations on animals have elucidated the limited 
tissue and cellular targeting capabilities of natural exosomes, resulting 
in the non-selective transportation of cargo to recipient cells [77]. 
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However, the inherent modifiability of exosomes presents an auspicious 
opportunity to bolster their targeting precision, safety profile, and 
therapeutic efficacy, and enable loading of more potent functional 
molecules, aligning with the exigencies of clinical applications [78]. 

Currently, exosome engineering strategies can be classified into two 
distinct categories based on the temporal aspect of modification: “cell 
engineering” and “exosome engineering” [79]. The former entails ge
netic engineering of parent cells or co-incubation techniques to facilitate 
the transfection of nucleotides or protein importation into exosomes. 
Conversely, the latter focuses on direct post-secretion modification of 

exosomes and can be further subdivided into exosome membrane 
remodeling and content loading [80]. Outer membrane modification 
aims to augment exosome targeting precision, mitigate clearance rates, 
enhance concentration at the disease site, and maximize therapeutic 
efficacy while minimizing cytotoxicity and untoward reactions. Content 
loading facilitates the selective loading of specific nucleic acids, pro
teins, small molecule drugs, and other agents [81]. For instance, Zhang 
et al. employed extrusion and incubation methodologies to process 
neutrophil exosomes, culminating in the construction of engineered 
exosomes adorned with superparamagnetic iron oxide nanoparticles and 
adeptly loaded with chemotherapeutic drugs [82]. By capitalizing on 
the influence of an externally applied magnetic field, these engineered 
exosomes were adeptly guided and enriched at tumor sites, thereby 
exerting a dual effect on tumor treatment—effectively eradicating tumor 
growth, and significantly prolonging the survival of tumor-bearing mice. 
Furthermore, the development of biocompatible scaffolds, rife with 
exosome cargo, presents an appealing prospect for exosome carriers, 
facilitating targeted and batched delivery, sustained and regulated 
release, and augmenting therapeutic effects [82]. In an independent 
study, three distinctive loading methodologies—namely, incubation, 
sonication, and electroporation—were evaluated, with the findings 
attesting to the superior efficacy of sonication [83]. 

The engineering strategies employed for exosomes, together with the 
development of exosome carriers, by incorporating salient factors such 
as low immunogenicity, nanoparticles, targeted drug delivery, and drug 
delivery systems, serve to ameliorate exosome half-life and enable tar
geted enrichment. Such transformative advancements hold paramount 
importance for biomedical research and the clinical translation of 
exosome-based therapies. 

2. Conclusion 

Exosomes, small extracellular vesicles containing various bioactive 
molecules, have emerged as a promising avenue for the treatment of 
skeletal muscle-related disorders. Their remarkable potential lies in 
their ability to facilitate muscle repair and regeneration through the 
promotion of myofiber development, stimulation of satellite cell dif
ferentiation, and upregulation of key myogenesis genes. Moreover, 
exosomes have demonstrated their capacity to mitigate apoptosis in 
myoblasts, myocytes, and endothelial cells, thereby offering significant 
advancements in the regenerative process. 

Nevertheless, the transition of exosome-based therapies from labo
ratory research to practical clinical applications presents a landscape 
riddled with formidable obstacles, particularly in the realm of treating 
skeletal muscle diseases. A central hurdle is the absence of uniform, 
reproducible methods for the extraction, purification, and detailed 
analysis of exosomes. Establishing stringent, consistent protocols and 
maintaining strict quality control are imperative to harness the full 
therapeutic capabilities of exosomes. Moreover, the complex cellular 
mechanisms through which exosomes contribute to muscle tissue repair 
are yet to be fully elucidated. There is a pressing need for comprehensive 
research to untangle the sophisticated network of interactions and 
signaling processes that are central to the regenerative efficacy of exo
somes. Such investigative efforts are crucial to address the concerns 
regarding the effectiveness and safety of these therapies, ultimately 
paving the way for the development of dependable and potent strategies 
for exosome-based treatments. 

The potential of exosomes in the treatment of skeletal muscle dis
eases is noteworthy, and their practical application in clinical settings 
warrants explicit discussion. Exosomes are emerging as significant 
agents in regenerative medicine, primarily due to their ability to effi
ciently transport an array of therapeutic molecules like miRNAs, growth 
factors, and cytokines directly to the targeted cells. In a clinical context, 
this could translate to more precise and effective treatments for muscle- 
related diseases, as exosomes can be engineered to carry specific ther
apeutic agents to the affected muscle tissues. Their minimal immune 

Table 1 
The role of exosomes in skeletal muscle diseases.  

Skeletal muscle 
diseases 

Origin of 
exosomes 

Roles References 

Skeletal muscle 
contusion 

Bone 
mesenchymal 
stem cells 
(BMSCs) 

Promoted muscle 
recovery in mice by 
altering macrophage 
polarization and 
reducing inflammatory 
responses 

[56] 

Ischemic skeletal 
muscle injury 

Umbilical cord 
mesenchymal 
stem cells (UC- 
MSCs) 

Releasing circHIPK3 
significantly 
downregulates miR-421, 
increases FOXO3a 
expression, reduces 
pyroptosis, and 
decreases the release of 
IL-1β and IL-1 

[59] 

Skeletal muscle 
injury 

PRP and 
mesenchymal 
stem cells (MSCs) 

Enhance the 
recuperation process 
following a muscle 
strain injury in a small- 
animal experimental 
model 

[60] 

Skeletal muscle 
defect 

Mesenchymal 
stem cells (MSCs) 

Promote skeletal muscle 
regeneration 

[61] 

Skeletal muscle 
injury 

Mesenchymal 
stem cells (MSCs) 

Enhances muscle 
regeneration by 
boosting myogenesis 
and angiogenesis, partly 
mediated by miRNAs 
like miR-494 

[23] 

Duchenne 
muscular 
dystrophy 
(DMD) 

Mesenchymal 
stem cells (MSCs) 

Cell therapy for DMD 
achieved through the 
targeted delivery of 
exosomal miR-29c 

[68] 

Skeletal muscle 
injury 

Human skeletal 
myoblasts(HSkM) 

Significant 
improvement in skeletal 
muscle regeneration 

[49] 

Muscle Atrophy Bone 
mesenchymal 
stem cells(BMSCs) 

Prevent dexamethasone- 
induced muscle atrophy 
by increasing miR-486- 
5p expression and 
inhibiting FoxO1 
nuclear translocation 

[72] 

Muscle Atrophy Atrophic muscle 
fibre 

Atrophic muscle fiber- 
derived sEV miR-690 
inhibits satellite cell 
differentiation by 
targeting myocyte 
enhancer factor 2 

[73] 

Muscle 
Degeneration 
Associated With 
Torn Rotator 
Cuffs 

Adipose-derived 
stem cells (ASCs) 

Decrease atrophy and 
degeneration, and 
improve muscle 
regeneration and 
biomechanical 
properties in torn 
rotator cuff muscles. 

[53] 

Muscle 
Degeneration 
Associated With 
Torn Rotator 
Cuffs 

Adipose-derived 
stem cells (ASCs) 

Promote the progress of 
fatty infiltration, 
enhance tendon-bone 
healing, and improve 
biomechanical 
properties. 

[76]  

R. Wan et al.                                                                                                                                                                                                                                    



Journal of Orthopaedic Translation 45 (2024) 132–139

138

response and ability to bypass biological barriers further enhance their 
suitability for clinical applications. For instance, these properties facil
itate the systemic administration of exosomes, potentially enabling them 
to reach and repair damaged muscle tissues more effectively. Therefore, 
these unique characteristics of exosomes not only underscore their 
importance in advancing regenerative medicine but also highlight their 
practicality in developing innovative and targeted therapies for skeletal 
muscle regeneration in real-world clinical scenarios. 

To conclude, exosomes present an alluring avenue for addressing 
skeletal muscle-related disorders and offer significant promise in the 
realm of regenerative medicine research. Future investigations should 
focus on optimizing exosome production and characterization method
ologies, as well as unraveling the complex mechanisms underlying their 
regenerative effects. With continued progress, exosome-based therapies 
have the potential to revolutionize the field and instill renewed hope in 
individuals suffering from skeletal muscle disorders. 
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