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This review in sports medicine focuses on the critical role of exosomes in
managing chronic conditions and enhancing athletic performance. Exosomes,
small vesicles produced by various cells, are essential for cellular communication
and transporting molecules like proteins and nucleic acids. Originating from the
endoplasmic reticulum, they play a vital role in modulating inflammation and
tissue repair. Their significance in sports medicine is increasingly recognized,
particularly in healing athletic injuries, improving articular cartilage lesions, and
osteoarthritic conditions by modulating cellular behavior and aiding tissue
regeneration. Investigations also highlight their potential in boosting athletic
performance, especially through myocytes-derived exosomes that may enhance
adaptability to physical training. Emphasizing a multidisciplinary approach, this
review underlines the need to thoroughly understand exosome biology,
including their pathways and classifications, to fully exploit their therapeutic
potential. It outlines future directions in sports medicine, focusing on
personalized treatments, clinical evaluations, and embracing technological
advancements. This research represents a frontier in using exosomes to
improve athletes’ health and performance capabilities.

KEYWORDS
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1 Introduction

Exosomes represent a specialized subset of extracellular vesicles, with dimensions
typically ranging from 30 to 150 nanometers, that are elaborated and liberated by a broad
spectrum of cells via the endoplasmic reticulum vesicle system (1-4). These nanostructures
play a quintessential role in cellular communication, encapsulating and conveying an
assortment of biomolecules, including proteins, lipids, RNA, and DNA (5-9). Their
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interaction with recipient cells significantly modulates the
recipient’s cellular functions (9, 10). The ontogeny of exosomes
commences within the endoplasmic reticulum vesicle system, where
they originate as incipient endosomes in the cytoplasmic milieu.
Subsequently, they progress to mature into multivesicular bodies
(MVBs), which are repositories for myriad intraluminal vesicles
that ultimately coalesce with the plasma membrane, culminating in
the extracellular release of exosomes. This elaborate process is
under the stringent regulation of a network of proteins and lipids
(2, 4). Exosomes are taxonomically classified per their progenitor
cell lineage, inherent biological functions, and distinctive surface
markers, rendering them an intriguing focus of current biomedical
research. Depending on the source cell, exosomes can be sub-
classified into various types, such as those derived from immune
cells (e.g., exosomes produced by T cells, B cells, or dendritic cells),
tumor cells (exosomes from tumor cells, typically associated with
promoting tumor growth and metastasis), and stem cells (exosomes
from various stem cells like mesenchymal stem cells and embryonic
stem cells, noted for their robust tissue repair and regenerative
capabilities). Additionally, based on their biological function,
exosomes can be classified as pro-inflammatory or anti-
inflammatory, immunomodulatory, pro-tumorigenic, or anti-
tumorigenic, and more (11-14). The analysis of exosomal surface
markers, such as CD63, CD81, and CD9, which are commonly
regarded as universal markers, also aids in their categorization.
Understanding the diverse classifications of exosomes is pivotal in
comprehending their varying biological functions and potential
clinical applications. Delving into the study of different types of
exosomes opens new avenues and strategies for clinical treatments,
particularly in the realms of sports medicine and regenerative
medicine, where exosomal research holds broad application
prospects and profound scientific significance (15-17). In the field
of sports medicine, exosome research is emerging as a novel and
vibrant area of study. Investigating the role of exosomes in cellular
communication, as well as their potential in repairing sports injuries
and enhancing athletic performance, is expected to provide new
theoretical foundations and experimental evidence for the clinical
translation of sports medicine (7, 10, 18, 19).

Sports medicine is an interdisciplinary field of research
dedicated to exploring the dynamic interplay between physical
activity and human health (7, 20-26). This domain is committed
to the prevention and treatment of sports injuries and the
enhancement of athletic performance (7, 12, 23, 27-30). The
scope of sports medicine encompasses but is not limited to,
disciplines such as physiology, biomechanics, sports psychology,
and sports nutrition (13, 31-35). Professionals in sports medicine
frequently collaborate with physical therapists, sports psychologists,
nutritionists, and experts from related fields to provide
comprehensive services to athletes and the general populace. The
primary objectives of sports medicine include the prevention and
treatment of sports injuries, achieved through a profound
understanding of the mechanisms underlying these injuries. This
understanding fosters the development of novel preventive
strategies and therapeutic approaches aimed at reducing the
incidence of injuries and accelerating the recovery process (20, 22,
27). Additionally, sports medicine focuses on optimizing athletic
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performance through scientifically validated training methods,
appropriate nutritional supplementation, and psychological
adjustment strategies. This support empowers athletes and fitness
enthusiasts to achieve peak performance levels. Furthermore, sports
medicine advocates for a healthy lifestyle, utilizing education and
outreach to encourage public participation in regular physical
activity, thereby fostering physical and mental well-being and
preventing chronic diseases (25, 26, 29, 36). As technology
advances and society evolves, sports medicine will continue to
expand into new domains and technologies to meet the growing
demands for sports and health.

The intersection and significance of exosomes in the realm of
sports medicine primarily manifest in their potential contributions
to the recovery from sports injuries and the enhancement of athletic
performance. Exosomes, serving as critical vectors in intercellular
communication, are carriers of functional molecules such as
mRNA, microRNA, and specific proteins. These molecules are
instrumental in the early diagnosis and targeted treatment of
various diseases. Recent studies have illuminated the significant
role of exosomes in sports medicine, demonstrating that physical
exercise can influence the content of exosomes, thus revealing their
crucial role in this field (37).

Firstly, exosomes show remarkable potential in the realm of
sports injury recovery. Research has underscored the therapeutic
value of exosomes in the treatment of joint cartilage damage and
osteoarthritis (OA). Joint cartilage injury, a common clinical issue,
can lead to joint dysfunction, significant pain, and secondary
osteoarthritis. Exosomes, originating from the endoplasmic
reticulum and actively participating in cellular communication
under both physiological and pathological conditions, have gained
considerable attention across various domains. The significance of
exosomes in the progression of osteoarthritis and their therapeutic
value in cartilage repair and osteoarthritis treatment are
progressively being recognized. The functional differences
between various types and sources of exosomes are determined by
their specific contents, influencing their role in the onset and
progression of osteoarthritis and the treatment value and future
therapeutic design strategies related to cartilage injuries/
osteoarthritis (38). Secondly, the improvement of athletic
performance through exosomes is of notable significance.
Exosomes secreted by skeletal muscle cells can bind or fuse with
the plasma membranes of target cells or be endocytosed, thereby
transferring their effective payloads. This exosome-mediated
communication between cells and organs can be viewed as a
mode of transportation for myokines, potentially impacting
athletic performance and the body’s adaptability to exercise (39).
In summary, the intersection and importance of exosomes in sports
medicine are primarily evident in their potential contributions to
the recovery from sports injuries and the improvement of athletic
performance. As research on exosomes continues to deepen and the
field of sports medicine evolves, exosomes may emerge as a pivotal
therapeutic strategy for facilitating sports injury recovery and
enhancing athletic performance.

The purpose of this scholarly review is to meticulously
interrogate the role and significance of exosomes within the
domain of sports medicine, offering novel perspectives and
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foundational support for their clinical application. The specific
knowledge gaps that our review seeks to address are distinct from
previous studies, with a particular emphasis on translational
research and personalized treatment of exosomes in sports
medicine rather than merely discussing related mechanistic studies.

2 Biological basis of exosomes
2.1 Biogenesis and release of exosomes

The genesis and extracellular dispensation of exosomes are
governed by a sophisticated and nuanced cascade of cellular
events, necessitating the orchestrated participation of myriad
organelles and biomolecular constituents. Herein, we delineate the
sequential phases of this process:

The origin of exosome biogenesis is situated within the cellular
endosomal framework. The odyssey begins with the invagination of
the cell’s plasma membrane, leading to the genesis of late
endosomes, also termed multivesicular bodies (MVBs). Within
the confines of these MVBs, a secondary invagination transpires,
culminating in the creation of intraluminal vesicles (ILVs). These
nascent vesicles harbor an array of biomolecular entities, including
proteins, lipids, and RNA moieties, derived from both the cytosol
and the cell’s exterior membrane. Subsequently, MVBs are
trafficked to the periphery of the cell, coalescing with the plasma
membrane and facilitating the liberation of ILVs into the
extracellular milieu, at which juncture they assume the
designation of exosomes (40).

The incipient phase of exosomal biogenesis is catalyzed by the
cell’s endosomal recycling apparatus. This process commences with
the selective internalization of molecular constituents from the
plasma membrane into the incipient endosomes. These early
endosomes undergo a series of biochemical and biophysical
processes to transform into late endosomes and subsequently into
MVBs. The formation of ILVs within MVBs is accomplished
through the inward budding of the cell membrane. MVBs are
then transported to the cell membrane, where they fuse and
release exosomes into the extracellular space (40, 41).

The release mechanisms of exosomes may be regulated by the
Endosomal Sorting Complex Required for Transport (ESCRT)
machinery, although there is some contention regarding this.
During exosome biogenesis, several key proteins such as Alix,
flotillin, and TSG101 have been identified as participants in the
process. These proteins are likely intricately involved with the
fusion of the cell membrane and the release of exosomes (42).

Exosome biogenesis and release involve interactions among
multiple organelles and biomolecules, as well as a variety of
biochemical and biophysical processes. The cargo of exosomes,
including proteins and miRNAs, and their sorting and packaging,
are integral components of the exosome biogenesis process. With
those functions, exosomes can efficiently transport specific
biomolecules to target cells and act as a key role in intercellular
communication (43).
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2.2 Contents of exosomes

The molecular cargo of exosomes mirrors their progenitor
cellular milieu, encompassing a panoply of moleculcar
constituents such as lipids, proteins, and nucleic acid sequences.
The exosomal membrane is characterized by a lipid bilayer
architecture, enriched with cholesterol, sphingomyelin, ceramide,
and diglycerides (44). Exosomes are notably replete with an array of
transmembrane proteins, including tetraspanins, antigen-
presenting complexes, an assortment of glycoproteins, and
molecules facilitating cellular adhesion; alongside a cadre of
luminal proteins comprising heat shock proteins, elements of the
cytoskeleton, components of the endosomal sorting complexes
required for transport (ESCRT) machinery, membranous
transporters, fusogenic proteins, and an array of growth factors
and cytokines (44, 45). Beyond these proteins, exosomal cargo
encompasses nucleic acids, inclusive of DNA, messenger RNA,
and microRNA.

The repertoire of exosomal contents further extends to lipids,
metabolic intermediates, as well as proteins intrinsic to the
cytoplasm and cellular interface. These molecular entities are
capable of assimilation by recipient cells, exerting functional
modulation (41, 42). Despite the obscurity surrounding the
physiological raison of exosomes, burgeoning studies delineate
their quintessential role as conveyors in intercellular signaling,
orchestrating the communicative network among disparate cell
types (41, 43). Proteomic scrutiny of exosomes secreted across
various cellular origins has elucidated a conserved set of proteins,
thereby postulating exosomes as a bona fide secretory subcellular
organelle, while also identifying unique protein signatures
indicative of the discrete functional capacities engendered by
exosomes from divergent cellular provenances.

2.3 Biological activity and function
of exosomes

Exosomes are extracellular vesicles produced by all cells,
responsible for intercellular communication. Carrying genetic
information and proteins, they transport molecules from one cell to
another via vesicular transport, influencing biological processes such
as immune responses, cell proliferation, and neural signaling (46).
The bioactive cargo of exosomes may provide prognostic information
for a range of diseases, including chronic inflammation,
cardiovascular and renal diseases, neurodegenerative disorders,
lipid metabolism diseases, and tumors (42). They contain
components secreted by their parent cells (e.g., proteins, DNA, and
RNA) and can be taken up by distant cells, affecting cellular functions
and behavior (46).

Exosomes are recognized as a ubiquitous intracorporeal
conveyance mechanism, replete with multifunctionality, ferrying
an array of nucleic acids, proteins, lipids, and metabolic byproducts.
They fulfill a critical function as conduits for both proximal and
distal intercellular discourse in both physiological and pathological
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states (46). The myriad functions and biological activities of
exosomes are pivotal in the realms of cellular and pathobiological
sciences, especially in the domains of intercellular signaling,
inflammatory mediation, and the pathogenesis of disease.

Through the transport and transference of diverse bioactive
moieties such as growth factors, cytokines, and microRNAs,
exosomes exert regulatory control over the functional dynamics
and behavioral responses of target cells (12, 47). For example, they
can orchestrate immune responses by conveying molecules with
immunomodulatory efficacy, such as antigen-presenting complexes
and immunosuppressive agents, thereby modulating the functional
status of immune cells. In addition, exosomes can impinge upon
cellular proliferation, motility, and phenotypic differentiation by
transmitting growth factors and cytokines (48). Within the neural
milieu, exosomes demonstrate substantial bioactivity, influencing
neuronal viability and functionality through the delivery of
neurotrophic factors and neurotransmitter-related molecules (49).
Notably, exosomes are implicated in oncogenesis and tumorigenesis,
shaping the biological characteristics of neoplastic cells and the
architectonics of the tumor microenvironment by the translocation
of oncogenic and invasive factors (50).

Many types of exosomes are utilized as well in sports medicine,
such as bone marrow MSC exosomes, adipose stem cell exosomes,
embryonic MSC exosomes, umbilical cord MSC exosomes, dental
pulp stem cell exosomes, and so on. In this article, we will describe
the relevant studies that have been reported.

3 Exosomes in sports medicine-
related research

3.1 Role of exosomes in tissue repair
and regeneration

3.1.1 Muscle injury

The reparative role of exosomes in myotrauma has garnered
considerable scrutiny, with findings affirming their ability to instigate
muscular tissue regeneration through multifarious mechanisms.
Predominantly, exosomes expedite myotrauma remediation and
restoration by stimulating myogenic proliferation, catalyzing the
phenotypic maturation of tendinous cells, fostering neurite
outgrowth, and facilitating the proliferation of Schwannian cells
(51). Exosomes derived from platelet-enriched plasma and
mesenchymal stromal cells have been observed to significantly
expedite the recuperation of muscular functionality (51).

Exosomes exert their influence by attenuating cellular pyroptosis
and ameliorating ischemic myopathy. Empirical evidence suggests
that exosomes sourced from mesenchymal stromal cells (MSCs)
harbor the therapeutic potential for myopathic injuries, endorsing
myoblastic differentiation in patients with Duchenne Muscular
Dystrophy and in murine models of MDX (52). Furthermore,
exosomes emanating from C2C12 myoblasts have been implicated
in the promotion of myofibrillar regeneration, expediting lipogenesis
within injured myocytes, mitigating myofibrosis, and accelerating
reparative processes, which are attributed to the exosomal mediation
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of satellite cell proliferation and fibro-adipogenic progenitor cell
differentiation (53).

Exosomes isolated from human adipose-derived mesenchymal
stromal cells (AD-MSCs) have demonstrated promising therapeutic
implications for myogenic regeneration. These exosomes are
postulated as efficacious modalities for regenerative therapy,
potentially inaugurating novel avenues for myotrauma
remediation (54). Additionally, exosomes from bone marrow
stromal cells (BMSCs) have been documented to enhance
muscular healing by promoting M2 macrophagic polarization,
whereas pro-inflammatory C2C12-derived exosomes have been
associated with M1 macrophagic polarization and the suppression
of myogenic repair mechanisms (12, 27, 55).

3.1.2 Frozen shoulder

Adhesive Capsulitis (AC), commonly manifested as Shoulder
Stiffness (SS), is a pervasive affliction characterized by aggravated
pain and a diminished range of articular motion (56).
Pathologically, AC is classified as an inflammatory and fibrotic
disorder. Investigations have unveiled that exosomes from Bone
Marrow Stromal Cells (BMSCs) can suppress the expression of
TGFBRI1 through the mediation of let-7a-5p, consequently
impeding the progression of AC (14, 28). Exosomes have
emerged as a significant therapeutic entity in the management of
diverse fibrotic maladies, with exosomes from various sources and
their molecular cargoes—such as miRNAs, IncRNAs, and proteins
—being contemplated as targeted therapeutic interventions. These
entities can influence an array of cellular types and signal
transduction pathways implicated in fibrosis (57, 58).

3.1.3 Tendon injury

Exosomes hold significant potential in the treatment of tendon
injuries, encompassing Achilles and rotator cuff injuries. In the
realm of tendon injury therapy, exosomes function through
multiple mechanisms. These primarily include the suppression of
inflammatory responses, modulation of macrophage polarization,
regulation of gene expression, remodeling of the cellular
microenvironment, restructuring of the extracellular matrix, and
promotion of angiogenesis (59).

In the context of rotator cuff injury repair, exosomes exhibit
considerable therapeutic potential. Studies have found that
Mesenchymal Stem Cells (MSCs) can enhance healing post-
rotator cuff repair through the release of exosomes (60).
Additionally, purified exosome products are being explored to
improve the surgical outcomes of rotator cuff tendon-bone
healing and to reduce postoperative re-tear rates. This is achieved
by focusing on biological and biomechanical factors (61).

In the treatment of Achilles tendon injuries, exosomes have also
demonstrated the ability to promote the healing of injured tendons.
Specifically, exosomes from tendon stem cells have been found to
facilitate tendon injury healing through mechanisms that balance
the synthesis and degradation of the tendon extracellular matrix
(62). Concurrently, given that poor outcomes in many soft tissue
injuries (such as Achilles tendon ruptures, rotator cuff tears, and
flexor tendon injuries) are attributed to macrophage-induced
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inflammation, researchers are investigating exosome-based
therapies to suppress inflammation and thereby improve the
treatment outcomes of tendon injuries (10).

3.1.4 Tendon-bone healing

Exosomes have demonstrated significant therapeutic potential
in tendon-bone healing, particularly in the healing process
following Anterior Cruciate Ligament Reconstruction (ACLR).
Research indicates that exosomes derived from Bone Marrow
Stromal Cells (BMSCs) can facilitate tendon-bone healing by
modulating the polarization of M1/M2 type macrophages, a
mechanism that has been validated in rat models of ACLR (63).
Typically, ACLR may fail due to the inability to regenerate normal
tissue at the tendon-bone junction and the formation of fibrous scar
tissue at this interface (64). However, the combination of BMSC-
derived exosomes with cartilage fragments has been shown to
enhance healing at the tendon-bone interface, thereby increasing
the success rate of ACLR (65).

The role of exosomes in facilitating tendon-bone healing
primarily encompasses (1) inhibition of inflammatory responses
and regulation of macrophage polarization, (2) control of gene
expression, remodeling of the cellular microenvironment, and
restructuring of the extracellular matrix, and (3) promotion of
angiogenesis (59). Although studies have observed the effects of
BMSC-derived exosomes (BMSC-Exos) on tendon-bone healing
post-ACLR in rats, both in vivo and in vitro, elucidating the
possible mechanisms, it remains unclear whether BMSC-Exos can
facilitate tendon-bone healing in humans post-ACLR. Additionally,
some studies have explored the effects of exosomes on tendon-bone
healing and osteogenesis at the tendon-bone junction using rat ACLR
models. For instance, by locally injecting IONP-Exos, BMSC-Exos, or
PBS into the surgical knee joint, the retention of exosomes at the
surgical site was observed. It was found that exosomes can promote
bone formation at the tendon-bone junction (66).

3.1.5 Arthritis

Exosomes have demonstrated potential value in the treatment of
arthritis, primarily manifesting in alleviating cartilage damage,
inhibiting bone overgrowth, and modulating immune responses.
Certain types of exosomes show potential advantages in reducing
inflammation and regulating immune responses, which could be
significant for the treatment of disease models including Rheumatoid
Arthritis (RA). Exosomes can inhibit the proliferation of T
lymphocytes indicative of inflammation and induce other anti-
inflammatory effects (67, 68). Additionally, exosomes are involved
in numerous physiological and pathological processes, influencing
the development of various diseases, including Osteoarthritis (OA),
by regulating intercellular communication (69).

In the treatment of Rheumatoid Arthritis, exosomes can act as
therapeutic carriers. These extracellular vesicles from mice cells
affect biological mechanisms and signal transduction by
transporting genetic and proteomic components (67). Exosomes
also play a role in RA-related arthritis, where these specialized
function extracellular vesicles are responsible for transporting
autoantigens and mediators to distant cells (68).
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3.1.6 Cartilage injury

Firstly, exosomes can promote cartilage repair and regeneration
by regulating cell migration, proliferation, differentiation, and
extracellular matrix synthesis. For example, exosomes from
Mesenchymal Stem Cells (MSCs) can modulate immune
responses, reduce cell apoptosis, enhance cell proliferation, and
initiate the proliferation and migration of chondroprogenitor cells
(19, 38). Additionally, exosomes can alleviate cartilage injury,
reduce bone overgrowth, inhibit the production of Ml
macrophages, and promote the generation of M2 macrophages,
while also decreasing levels of pro-inflammatory cytokines such as
IL-1B, IL-6, and TNF-co, and increasing levels of the anti-
inflammatory cytokine IL-10 (70).

In the treatment of rheumatoid arthritis, exosomes can be used
as therapeutic carriers; they are extracellular vesicles in mice that
influence biological mechanisms and signaling and can play a role
by transporting genetic and protein components (67). Exosome also
plays a role in rheumatoid arthritis, these specialized functioning
extracellular vesicles are responsible for transporting self-antigens
and mediators to distant cells (68).

3.2 Potential of exosomes in enhancing
athletic performance

3.2.1 Metabolic regulation

Exosomes, small vesicles originating from the endoplasmic
reticulum, circulate through blood and other bodily fluids,
providing a unique platform for intercellular communication.
Recent research highlights the pivotal role of exosomes in
metabolic regulation during physical activity, especially in
endurance exercises (39, 71, 72). Here is an overview of the role
of exosomes in exercise-induced metabolic regulation.

Bioactive Molecules in Exosomes: During exercise, the bioactive
molecules within exosomes, such as peptides and nucleic acids
(collectively termed exerkines), undergo alterations. Studies
indicate that endurance exercise induces the release of exosomes,
particularly peptides and nucleic acids from skeletal muscle and
other tissues (73, 74). These bioactive molecules can exert
endocrine-like effects, impacting the pathophysiology of
conditions like obesity and Type 2 Diabetes (73-75).

Intercellular Communication Role of Exosomes: Functioning as
endocrine-like vesicles, exosomes can carry proteins, microRNAs,
and other nucleic acids, facilitating communication between cells and
tissues, and even among organs. This contributes to the formation of
a coordinated metabolic network within the body (72, 74, 76).

Future Therapeutic Potential of Exosomes: Researchers
hypothesize that future therapies for obesity and Type 2 Diabetes
might involve the use of modified exosomes enriched with
exerkines. These exosomes, through their contained bioactive
molecules, could positively regulate metabolic health, offering new
therapeutic possibilities for these metabolic diseases (73, 74, 76).

Release of Exosomes and Exercise Intensity: Interestingly, studies
have also discovered that with increasing exercise intensity, the
concentration of exosomes in circulation correspondingly rises.
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This further suggests a critical role of exosomes in metabolic
regulation during exercise (73, 77).

3.2.2 Anti-fatigue and antioxidant potential
of exosomes

Recent research has unveiled the significance of exosomes in
combating fatigue and oxidative stress (78-81). In the realm of anti-
fatigue, exosomes are believed to improve cellular energy
metabolism and enhance cells’ resistance to fatigue and damage.
The mechanistic repertoire of exosomes in cellular bioenergetics
encompasses the enhancement of mitochondrial efficacy, the
amplification of adenosine triphosphate (ATP) synthesis, and the
optimization of oxidative phosphorylation efficiency (78, 79).
Additionally, the exosomal content of select RNA species and
proteins may actuate specific metabolic cascades, thereby
underpinning recuperative processes subsequent to physical
exertion (78, 80, 81).

In the context of antioxidative activity, exosomes possess
proficiency in the sequestration and neutralization of reactive
oxygen species (80-82). This antioxidative mechanism is
predominantly ascribed to the presence of enzymatic constituents
within exosomes, such as catalases, sulfiredoxins, and an array of
redox-modulating molecules. These enzymes are adept at
obliterating surplus free radicals, thereby mitigating oxidative
stress and attenuating cellular damage. Moreover, exosomes exert
a modulatory effect on intracellular antioxidant pathways, including
the Nrf2 axis, thereby reinforcing the cellular defense against
oxidative insults (82). The exosomal complement of bioactive
RNA and proteins also fine-tunes the redox equilibrium, which
bolsters their antioxidative properties.

Empirical investigations have corroborated that exosomal
antioxidants, for instance, glutathione and superoxide dismutase,
are capable of neutralizing excessive reactive species, ameliorating
oxidative detriment (82, 83). This plays an instrumental role in
diminishing muscular fatigue post-exercise and decelerating cellular
senescence. Furthermore, exosomal antioxidants are pivotal in
sustaining intracellular redox homeostasis, thus endorsing
normative cellular operations (84, 85). Additionally, exosomes
harbor an ensemble of anti-fatigue molecular entities such as heat
shock proteins and antioxidative enzymes, orchestrating the cellular
stress response and fostering recuperation (82, 86). In response to
fatigue-inducing stimuli, cellular systems can escalate the release of
these anti-fatigue proteins via exosomes, thereby enhancing

endurance and resilience.

3.2.3 Enhancing athlete performance

Exosomes are implicated as pivotal entities in the mediation of
myocyte repair, a process of particular pertinence to athletes
undergoing rigorous training regimens (12, 52, 53, 87). In the
aftermath of high-intensity exercise, athletes frequently endure
microtraumas within muscular tissues, precipitating
inflammation and consequent discomfort. Investigations have
substantiated that exosomes possess the capability to
encapsulate and convey growth factors, microRNAs, and an
array of other bioactive compounds to myocytes experiencing
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trauma. This facilitates a cascade of cellular activities inclusive of
proliferation, motility, and morphological specialization, thereby
expediting the restoration and rejuvenation of compromised
tissues. In addition, exosomes have been observed to potentiate
athletic stamina. The myriad bioactive molecules harbored within
exosomes are known to initiate a spectrum of metabolic processes
that amplify the efficacy of mitochondrial oxidative
phosphorylation (39, 88, 89). This suggests that in the milieu of
sustained and intensive exertion, the myocytes of athletes are
equipped to uphold an elevated rate of adenosine triphosphate
(ATP) synthesis, thereby augmenting endurance.

In addition, exosomes can augment athletes’ antioxidative
capabilities. During exercise, increased oxygen consumption leads
to the production of reactive oxygen species (ROS), which can cause
cellular damage (8, 48, 82, 83). However, antioxidative enzymes and
other molecules within exosomes can effectively scavenge these free
radicals, protecting cells from damage and expediting the recovery
process. Lastly, exosomes can modulate immune responses, reducing
post-exercise inflammatory reactions. Specific proteins and RNA
molecules within exosomes can influence the activation and
secretion of immune cells, thereby inhibiting the production and
release of inflammatory cytokines and reducing post-exercise
inflammation (Figure 1) (50, 90, 91).

4 Perspectives and challenges

4.1 Technological innovation
and optimization

Future research endeavors will continually drive innovation and
optimization in exosome extraction, purification, and preparation
techniques. This includes developing more efficient extraction
methods, enhancing purification efficacy, and reducing
production costs. Technological advancements will contribute to
improving the quality and yield of exosome formulations, thereby
increasing their feasibility for clinical applications (3, 92-94).
Emerging technologies shaping exosome research include
advanced nanoengineering approaches for precision therapeutics.
Techniques like aptamer-guided targeting allow for the
development of exosomal delivery systems that are more specific
and effective. Additionally, microfluidic engineering and post-
isolation modifications of exosomes are enhancing their
application in nanomedicine. These innovations are crucial in
refining exosome-based therapies, making them more targeted
and efficient for use in sports medicine and beyond.

4.2 Multidisciplinary collaboration

Exosome research necessitates collaboration across multiple
disciplines, including cell biology, molecular biology, clinical
medicine, and engineering. Such collaboration will aid in a deeper
understanding of the biological properties, mechanisms, and
clinical applications of exosomes and help address various
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FIGURE 1
The role of exosomes on sports medicine-related issues.

challenges in exosome therapy. Cross-disciplinary teamwork will be
a significant trend in future exosome research (95, 96). For example,
bioengineering and nanoengineering techniques can be used to
develop targeted exosomal delivery systems. These systems can be
engineered with aptamers or chemical antibodies for precision
medicine, enhancing the specificity and efficacy of exosome-based
therapies (97-99).

4.3 Personalized therapy

The future development of exosome therapy will increasingly
focus on personalized treatment strategies. Tailoring exosome
formulations and treatment plans based on patient’s genetic,
molecular, and physiological characteristics can enhance
therapeutic outcomes and minimize unnecessary side effects (100-
102). The extent to which AI and machine learning can aid in the
progression of personalized therapy needs to be explored further.

4.4 Clinical trials and regulatory approval

More clinical trials are needed in the future to validate the safety
and efficacy of exosome therapy. Strict regulatory approval and
compliance are essential to ensure patient safety and treatment
reliability. Formulating clear clinical trial protocols and regulatory
policies will be a crucial task moving forward (103, 104).
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4.5 Long-term safety and
efficacy monitoring

Monitoring the long-term safety and efficacy of exosome therapy
poses one of the future challenges. As patients undergo prolonged
exosome therapy, effective monitoring methods need to be established
to assess long-term impacts and side effects. This will require large-
scale patient follow-up studies and data analysis (105, 106).

4.6 Standardization of production
and storage

To meet future clinical demands, standardized processes for the
production and storage of exosome formulations are necessary.
This includes ensuring consistency, stability, and purity of exosome
formulations to meet diverse patient needs. Standardized processes
will aid in enhancing the scalability and feasibility of exosome
therapy (71, 107, 108).

4.7 Limitation and clinic-lab gap

In the field of exosome research in sports medicine, the translation
of laboratory findings to clinical practice faces several challenges.
These include ensuring the stability and consistent quality of exosome
preparations, understanding the complex mechanisms of exosome-
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cell interactions, and addressing safety concerns such as immune
responses and potential long-term effects. Regulatory hurdles also play
a significant role, as there is a need for standardized protocols and
guidelines for exosome therapy. Moreover, ethical considerations,
particularly in the context of enhancing athletic performance, must
be thoroughly addressed. These challenges require multidisciplinary
collaboration and advancements in both research methodologies and
regulatory frameworks.

In summary, exosomes hold vast potential for clinical treatment in
sports medicine-related diseases. However, future development must
address challenges in technological innovation, multidisciplinary
collaboration, personalized therapy, clinical trials and regulatory
approval, long-term monitoring, and standardization of production.
By overcoming these challenges, exosome therapy has the potential to
offer more effective and safer treatment strategies for diseases in the
field of sports medicine, improving patients’ quality of life. This will
require close collaboration among the scientific community, medical
institutions, and governmental regulatory bodies to propel the future
development of exosome therapy.

5 Summary

Research advancements in the field of sports medicine reveal the
substantial potential of exosomes, which have already achieved some
encouraging results in clinical translation. Here’s a summary of the
research progress and clinical translation potential of exosomes in
sports medicine, emphasizing future research directions.

5.1 Research progress

Anti-inflammatory and Antioxidative Effects: Exosomes, rich in
various anti-inflammatory factors and antioxidants, emerge as
powerful tools for treating exercise-related diseases. Accompanying
sports injuries are inflammation and oxidative stress, where exosomes
can facilitate healing and recovery by inhibiting inflammatory
responses and reducing oxidative damage.

Tissue Repair: Growth factors and signaling molecules in
exosomes have the potential to promote tissue repair and
regeneration. This is particularly vital for the treatment of sports-
related muscle, skeletal injuries, and cartilage damage. Exosomes
can activate stem cells and aid in repairing damaged tissues.

Optimization of Athletic Performance: Some studies have also
explored the application of exosomes in enhancing athletic
performance. Growth factors and proteins within exosomes can
stimulate muscle growth and repair, improving muscle strength and
endurance, and thereby aiding in enhancing athletic performance.

5.2 Clinical translation potential

Treating Sports Injuries: Exosome therapy can be employed in
treating sports-related injuries such as muscle strains, fracture
healing, and cartilage repair. It can accelerate the healing process,
and reduce pain and inflammation, thereby shortening recovery time.
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Joint Health: For joint diseases like osteoarthritis, exosome
therapy shows potential in anti-inflammatory and joint-protective
actions. Injecting exosomes into damaged joints can alleviate pain
and improve joint functionality.

Cardiovascular Rehabilitation: Antioxidants and cardioprotective
factors in exosomes aid in cardiovascular rehabilitation. They can
reduce cardiac damage, improve cardiac function, and lower the risk
of cardiovascular diseases.

In summary, the research progress and clinical translational
potential of exosomes in sports medicine are exciting, but further
in-depth studies and clinical validation are still needed. Future
research directions should focus on an in-depth understanding of
the mechanism, individualized treatment, more clinical trials, and
the establishment of standardized preparation and quality control
processes to fully explore the application prospects of exosomes in
the field of sports medicine.
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