
INTERNATIONAL JOURNAL OF MOlecular medicine  58:  257,  2026

Abstract. Exercise has profound beneficial effects on bone 
health, yet the molecular mechanisms that mediate mechanical 
force transduction remain incompletely understood. Exosomal 
noncoding RNAs (ncRNAs) have emerged as critical inter‑
cellular messengers that translate mechanical stimuli into 
coordinated signaling cascades within the bone microenviron‑
ment. The present review systematically synthesizes evidence 
demonstrating that exercise dynamically modulates exosomal 
ncRNA expression in a modality‑dependent and temporally 
regulated manner. These exercise‑induced exosomal ncRNAs 
orchestrate bone remodeling by activating osteogenic pathways 
such as the Wnt/β‑catenin pathway, suppressing osteoclasto‑
genesis via receptor activator of nuclear factor κB (RANK) 
ligand (RANKL)/RANK/osteoprotegerin axis modulation, 
and coordinating multicellular interactions. Translational 
applications for sports‑related bone injuries are critically evalu‑
ated, including noninvasive biomarkers, personalized exercise 
prescriptions, and engineered exosome‑based therapeutics, 
alongside current limitations. Collectively, these findings 

support exercise‑induced exosomal ncRNAs as a central 
paradigm linking physical activity to skeletal adaptation.
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1. Introduction

Sports‑related bone injuries represent a major public health 
concern across athletic populations and include acute trau‑
matic fractures, stress fractures, and overuse injuries that 
frequently compromise athletic performance and quality of 
life. Epidemiological evidence indicates that lower extremity 
stress fractures are highly prevalent in adolescent and young 
adult athletes, with distal femoral stress fractures demon‑
strating particularly elevated surgical intervention rates (1). 
Similarly, pelvic avulsion fractures in pediatric athletes 
require specialized management approaches across trauma 
centers  (2). The clinical management of these injuries is 
associated with substantial challenges, as delayed union and 
nonunion remain persistent complications that prolong reha‑
bilitation and limit return to sport. A recent meta‑analysis 
revealed that patients with lisfranc injuries treated with 
different surgical approaches achieved comparable outcomes 
in terms of return to sport, highlighting the need for optimized 
treatment strategies  (3). Furthermore, the burden of these 
injuries extends beyond acute management, as long‑term 
functional outcomes and complication rates following surgical 
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intervention demonstrate considerable variability (4). These 
persistent clinical challenges underscore the urgent need for 
novel therapeutic approaches that can accelerate bone healing 
and improve functional recovery in athletic populations.

Physical activity exerts profound beneficial effects on the 
skeletal system through mechanical loading that stimulates 
bone formation and remodeling. The mechanostat concept, 
originally proposed by Frost, describes how bone tissue adapts 
to mechanical demands by modulating osteoblast and osteoclast 
activity (5). Exercise‑induced mechanical loading promotes 
osteogenesis through activation of canonical Wnt/β‑catenin 
signaling and other anabolic pathways, thereby maintaining 
skeletal integrity (6). Despite the well‑established epidemio‑
logical evidence linking exercise to improved bone health, the 
fundamental molecular mechanisms by which mechanical 
forces are transduced into cellular responses remain incom‑
pletely understood. Recent investigations have demonstrated 
that mechanical loading not only directly affects bone cells 
but also orchestrates complex intercellular communication 
networks involving multiple tissue types (7). The muscle‑bone 
axis represents a particularly intriguing paradigm, as skeletal 
muscle contraction during exercise generates signals that influ‑
ence bone metabolism (8). However, the identity of the key 
molecular mediators that convey exercise‑induced signals from 
muscle to bone and the precise signaling cascades activated 
in recipient bone cells have remained elusive, representing a 
critical knowledge gap in skeletal physiology.

Exosomes, nano‑sized extracellular vesicles ranging from 
30 to 150  nm in diameter, have emerged as fundamental 
mediators of intercellular communication in the musculoskel‑
etal system. These vesicles transport diverse bioactive cargoes, 
including proteins, lipids, and noncoding RNAs (ncRNAs), that 
reflect the physiological state of parent cells and modulate the 
function of recipient cells (9). Within the bone microenviron‑
ment, exosomes facilitate critical crosstalk among osteoblasts, 
osteoclasts, osteocytes, and mesenchymal stem cells, thereby 
coordinating the tightly regulated processes of bone resorption 
and formation (10). ncRNAs encapsulated within exosomes, 
particularly microRNAs (miRNAs or miRs), long noncoding 
RNAs (lncRNAs), and circular RNAs (circRNAs), have 
garnered substantial research interest due to their capacity to 
simultaneously target multiple signaling pathways (8). Recent 
studies have demonstrated that exosomal miRNAs such as 
miR‑21‑5p, miR‑23b‑3p, and miR‑29a‑3p regulate osteoblast 
differentiation and bone formation through modulation of 
key transcription factors and signaling cascades  (11‑13). 
Specifically, miR‑21‑5p was shown to promote osteogenesis by 
targeting sprouty homolog 1 to enhance bone morphogenetic 
protein (BMP)/Smad signaling (12), miR‑23b‑3p suppressed 
osteoblast differentiation by inhibiting runt‑related tran‑
scription factor 2 (Runx2) expression (13), and miR‑29a‑3p 
facilitated bone formation by targeting Dickkopf‑related 
protein (DKK)1 and sclerostin to activate the Wnt/β‑catenin 
pathway (11). The exponential growth of studies in this field 
reflects the recognition that exosomal ncRNAs represent 
a previously unappreciated layer of regulatory complexity 
in bone biology, with implications for understanding both 
physiological adaptation and pathological conditions.

Although several recent reviews have addressed 
exosomal ncRNAs in bone metabolism or exercise‑induced 

extracellular vesicles separately, a systematic synthesis 
integrating these two rapidly evolving fields remains 
conspicuously absent. Previous reviews have primarily 
focused on mesenchymal stem cell‑derived exosomes for 
bone regeneration  (14,15), while others have examined 
the muscle‑bone axis without specifically addressing 
the exosomal ncRNA intermediary  (8). Furthermore, 
existing literature has largely concentrated on pathological 
states such as osteoporosis and osteoarthritis rather than 
sports‑related bone injuries in athletic populations (16,17). 
A recent review by Zhang et al (8) comprehensively summa‑
rized exosomal miRNAs in muscle‑bone crosstalk with 
implications for sarcopenia and osteoporosis; however, the 
study primarily focused on age‑related musculoskeletal 
disorders rather than exercise‑induced bone adaptation in 
the context of sports‑related injuries. Critically, the mecha‑
nistic link between exercise as a physiological stimulus and 
exosomal ncRNA‑mediated bone adaptation has not been 
systematically reviewed. Notably, Zhang et al  (8) did not 
comprehensively address how different exercise modali‑
ties modulate exosomal cargo beyond miRNAs, nor did 
they focus on the sequential phases of fracture healing or 
translational applications for sports‑related bone injuries. 
The present review fills this critical gap by providing the first 
systematic synthesis of exercise‑induced exosomal ncRNAs 
as key mediators of bone remodeling, with specific emphasis 
on translational applications for sports‑related bone injuries.

2. Fundamental biological basis: Exercise, exosomal 
ncRNAs, and bone remodeling

Bone remodeling is a dynamic process of resorption and 
formation that maintains skeletal integrity and adapts to 
mechanical demands. Exercise, a potent physiological stim‑
ulus, not only influences bone cell activity but also modulates 
the release of exosomes‑extracellular vesicles that carry bioac‑
tive ncRNAs between cells. These exercise‑induced exosomal 
ncRNAs, including miRNAs, lncRNAs, and circRNAs, have 
emerged as critical mediators that translate mechanical forces 
into molecular signals regulating osteoblast and osteoclast 
function. A conceptual overview of these core components is 
presented (Fig. 1).

Bone remodeling and fracture healing dynamics. Bone 
remodeling is a continuous process executed by the 
coordinated actions of osteoclasts, which resorb bone, 
and osteoblasts, which synthesize new bone matrix. This 
osteoblast‑osteoclast coupling is essential for skeletal 
homeostasis and is profoundly influenced by mechanical 
loading (18). The process of fracture healing recapitulates 
embryonic skeletal development, involving an inflammatory 
phase, soft and hard callus formation, and remodeling (19). 
During this cascade, various signaling pathways, including 
Wnt/β‑catenin and BMP/Smad, are sequentially activated 
to ensure proper repair  (20). Recent evidence has high‑
lighted the critical role of skeletal stem cells and their niche 
interactions in coordinating regenerative responses  (21). 
Pathological conditions, such as stress fractures common 
in athletes, arise when this delicate balance is disrupted, 
leading to an imbalance between bone resorption and 



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  257,  2026 3

formation  (22). Moreover, immune cells and vascular 
endothelial cells contribute significantly to the regen‑
erative microenvironment, influencing the recruitment and 
differentiation of skeletal progenitor cells (23).

Exosomes: Biogenesis and intercellular communication 
in the musculoskeletal system. Exosomes are nano‑sized 
extracellular vesicles (30‑150  nm in diameter) that 
mediate paracrine and endocrine signaling by transfer‑
ring bioactive molecules, including proteins, lipids, and 
ncRNAs, between cells  (24). Their biogenesis involves 
the endosomal pathway, beginning with the formation of 
intraluminal vesicles within multivesicular bodies, which 
subsequently fuse with the plasma membrane to release 
exosomes into the extracellular space (25). In the muscu‑
loskeletal system, exosomes facilitate critical crosstalk 
between various cell types, such as between skeletal 
muscle and bone, a concept central to the muscle‑bone 
axis (26). For instance, exosomes derived from myoblasts 
can inf luence the activity of osteoclasts, highlighting 
their role in systemic skeletal regulation (27). The specific 
cargo of these vesicles, particularly ncRNAs, dictates 
their functional impact on recipient cells. Notably, the 
molecular composition of exosomes ref lects the physi‑
ological or pathological state of the parent cell, making 
them attractive targets for biomarker discovery (28).

Classification and functional roles of exosomal ncRNAs in 
bone metabolism. ncRNAs encapsulated within exosomes are 
pivotal regulators of gene expression in bone cells. Among 
these, miRNAs are the most extensively studied, functioning 
by binding to complementary sequences in target mRNAs 
to inhibit translation or promote degradation  (24). In the 
context of bone, exosomal miRNAs have been shown to both 
promote and inhibit osteogenesis. For example, exosomal 
miR‑26a derived from stem cells enhanced bone regeneration 
by targeting specific inhibitory factors (29), whereas other 
miRNAs suppressed osteoblast differentiation by modulating 
key transcription factors (30). LncRNAs and circRNAs add 

another layer of complexity, acting as competing endogenous 
RNAs that sponge miRNAs to modulate their activity. For 
instance, lncRNAs can sequester osteogenic suppressor 
miRNAs, thereby derepressing osteogenic gene expres‑
sion (31). This complex regulatory network is now recognized 
as a fundamental mechanism governing the fate of bone 
marrow mesenchymal stem cells (BMSCs) and other skel‑
etal progenitors  (32). Furthermore, exosomal ncRNAs can 
simultaneously target multiple signaling nodes, providing a 
coordinated regulatory mechanism that single soluble factors 
cannot achieve (8).

Exercise‑induced modulation of exosome secretion and 
ncRNA cargo. Physical activity acts as a potent systemic cue 
that profoundly influences the exosomal landscape. Exercise, 
particularly resistance and high‑intensity interval training, 
alters the number of circulating extracellular vesicles and 
modifies their molecular cargo (33). Garner et al (34) demon‑
strated that acute exercise rapidly increases the expression 
of genes involved in the multivesicular body and exosome 
pathways in skeletal muscle. Mechanical strain on skeletal 
muscle is a potent driver of exosome secretion, with these 
muscle‑derived vesicles carrying specific myomiRs and 
other factors that can target distant organs, including 
bone  (35). Recent research has shown that mechanically 
stimulated osteocytes also release exosomes enriched with 
osteogenic miRNAs that promote osteoblast differentia‑
tion (36). Furthermore, the metabolic and mechanical stress 
associated with exercise can be sensed by various tissues, 
such as adipose tissue and the vascular endothelium, leading 
to the secretion of tissue‑specific exosomes (37). This exer‑
cise‑induced ‘exosomal signature’ is dynamic, with distinct 
differences observed between acute bouts of exercise and 
long‑term training, as well as being influenced by factors 
such as age and sex (38). Notably, the dose‑effect relationship 
between exercise parameters, including intensity, duration, 
and frequency, and the resulting exosomal ncRNA profile 
remains incompletely characterized, representing a critical 
knowledge gap (39).

3. Exercise modulation of exosomal ncRNAs: Expression 
characteristics, regulatory patterns, and tissue sources

Physical activity dynamically reshapes the landscape of 
circulating exosomal ncRNAs, with exercise modalities, 
tissue sources, and individual factors collectively deter‑
mining the specific molecular signatures that mediate 
systemic adaptation. The regulatory patterns are further 
influenced by the dominant tissue origins, particularly 
skeletal muscle‑derived exosomes as the primary exer‑
cise‑responsive carriers, alongside contributions from bone, 
adipose tissue, and the vascular endothelium. Individual 
factors such as age, sex, and fitness level introduce substan‑
tial heterogeneity in exosomal responses, while the temporal 
dynamics distinguish acute exercise effects from chronic 
training adaptations (Fig. 2). A comprehensive overview of 
these regulatory patterns, summarizing key studies on exer‑
cise modalities, tissue sources, dose‑effect relationships, 
individual factors, and temporal dynamics, is presented 
in Table I.

Figure 1. Schematic overview of the core triad: Exercise, exosomal ncRNAs, 
and bone remodeling. Core framework linking exercise, exosomal ncRNAs, 
and bone remodeling. Exercise stimulates the release of exosomes containing 
miRNAs, lncRNAs, and circRNAs, which regulate osteoblast‑mediated 
osteogenesis and osteoclast‑mediated resorption to maintain skeletal homeo‑
stasis. ncRNAs, noncoding RNAs; miRNAs, microRNAs; lncRNAs, long 
noncoding RNAs; circRNAs, circular RNAs.
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Differential modulation by exercise modalities. Different 
exercise modalities elicit distinct exosomal ncRNA expres‑
sion profiles, reflecting the unique physiological demands 
of each training type. As summarized in Table I, resistance 
exercise has been shown to alter the surface profile and 
miRNA cargo of circulating extracellular vesicles, with 
Just et al (33) demonstrating that blood flow‑restricted resis‑
tance exercise modifies the miRNA landscape in a manner 
distinct from traditional resistance training. Similarly, 
Garner et al (34) reported that a single bout of acute exercise 
comprising 45 min of cycling followed by resistance exercise 
rapidly upregulates genes involved in multivesicular body 
and exosome pathways in skeletal muscle, establishing a 
mechanistic link between mechanical stress and exosome 
biogenesis. By contrast, aerobic exercise training regulates 
serum extracellular vesicle miRNAs linked to metabolic 
health, as shown by de Mendonça et al (40), who observed 
that aerobic training modulates miRNA profiles associ‑
ated with obesity‑related pathways. High‑intensity interval 
training (HIIT) was shown to induce muscle‑derived 
exosomal miRNAs that improve insulin sensitivity through 
hepatic forkhead box protein O1 (FoxO1) downregulation, 
as demonstrated by Castaño  et al  (41). Maggio  et al  (42) 
further characterized that different exercise regimens, 
including moderate continuous training and HIIT, produce 
distinct modulatory effects on circulating extracellular 
vesicle cargo and their inflammatory properties. Collectively, 
these findings indicate that exercise modality serves as a 
critical determinant of exosomal ncRNA composition, with 
implications for targeted therapeutic applications.

Dominant tissue sources. Skeletal muscle represents the 
predominant tissue source of exercise‑induced exosomal 
ncRNAs, functioning as a central mediator of the muscle‑bone 
axis. Vechetti  et  al  (43) demonstrated that mechanical 
overload‑induced muscle‑derived extracellular vesicles carry 
specific miRNAs that promote adipose tissue lipolysis, 
highlighting the endocrine capacity of myogenic exosomes. 
The release of muscle‑derived exosomes into the circula‑
tion following exercise has been well characterized, with 
Guescini  et  al  (44) providing foundational evidence that 
skeletal muscle releases α‑sarcoglycan‑positive extracellular 
vesicles carrying miRNAs into the bloodstream. Beyond 
skeletal muscle, adipose tissue contributes significantly to the 
exercise‑responsive exosomal pool. Burke et al (37) showed 
that extracellular vesicle transfer of miR‑1 to adipose tissue 
modifies lipolytic pathways following resistance exercise, estab‑
lishing a muscle‑adipose crosstalk mechanism. Additionally, 
Zhao  et al  (45) identified that small extracellular vesicles 
from brown adipose tissue mediate exercise‑induced cardio‑
protection, expanding the understanding of adipose‑derived 
exosomal signaling. Vascular endothelial cells and bone tissue 
also contribute to the exosomal response, with Lou et al (46) 
demonstrating that liver‑derived extracellular vesicles carrying 
miR‑122‑5p promote exercise‑induced angiogenesis. The 
multiplicity of tissue sources underscores the complexity of 
exercise‑induced exosomal signaling networks.

Dose‑effect relationships. The relationship between exercise 
parameters, including intensity, duration, frequency, and 
training cycle, and exosomal ncRNA expression follows 

Figure 2. Exercise modulation of exosomal ncRNAs: Regulatory patterns and tissue sources. Exercise modality, tissue origin, dose parameters, individual 
factors, and temporal dynamics collectively shape exosomal ncRNA profiles. ncRNAs, noncoding RNAs; miRNA, microRNA; lncRNA, long noncoding 
RNA; circRNA, circular RNA.
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dose‑dependent patterns, although systematic characterization 
remains incomplete. Sapp et al (47) reported that moderate and 
high‑intensity exercise differentially affect circulating markers 
of endothelial integrity, with intensity‑dependent effects on 
vesicle release. The duration of exercise bouts also influ‑
ences exosomal cargo, as demonstrated by Lovett et al (39), 
who analyzed plasma‑derived small extracellular vesicle 
characteristics following exercise‑induced skeletal muscle 
damage and observed time‑dependent alterations in miRNA 
cargo. Regarding training frequency and cycle length, 
Warnier et al (48) examined the effects of a 6‑week sprint 
interval training protocol at different altitudes on circulating 
extracellular vesicles, revealing that sustained training 
regimens produce cumulative effects on exosomal profiles. 
Doncheva et al (49) further demonstrated that extracellular 
vesicles and miRNAs are altered in response to exercise in 
conjunction with insulin sensitivity and overweight status, 
suggesting that the dose‑response relationship is modulated 
by underlying metabolic conditions. The emerging evidence 
supports a non‑linear, context‑dependent relationship between 
exercise dose and exosomal ncRNA expression.

Modulatory effects of individual factors. As detailed in 
Table  I, individual characteristics substantially modify 
the exosomal ncRNA response to exercise. Age‑related 
differences have been systematically characterized, with 
Xhuti et al (38) demonstrating that circulating exosome‑like 
vesicle and skeletal muscle miRNAs are altered with age and 
resistance training, indicating that older adults exhibit distinct 
exosomal responses compared with younger individuals. 
Specifically, aging is associated with changes in exosome 
concentration and altered miRNA cargo, including increased 
levels of senescence‑associated miRNAs such as miR‑34a and 
miR‑126‑3p, which may contribute to age‑related declines 
in muscle‑bone crosstalk. Similarly, Estébanez  et  al  (50) 
reported that resistance training diminishes the expression 
of exosome CD63 protein in the elderly without modifying 
plasma miR‑146a‑5p levels, highlighting age‑dependent 
differences in exosome biogenesis and cargo. Sex differences 
represent another critical modifying factor, as Kargl et al (51) 
recently demonstrated that circulating extracellular vesicle 
characteristics differ between men and women following 12 
weeks of concurrent exercise training. This includes baseline 
differences in EV concentration, size distribution, and protein 
cargo between sexes, as well as sex‑specific responses to 
exercise training. Moreover, Kargl et al (52) further elucidated 
the varying influence of menstrual cycle phase and hormonal 
contraceptive use on resistance exercise‑induced circulating 
extracellular vesicle signaling, emphasizing the complexity 
of sex hormone interactions with exosomal responses. 
Physical fitness level also modulates exosomal profiles, with 
Fernandez‑Sanjurjo et al (53) showing that next‑generation 
sequencing reveals distinct plasma extracellular vesicle 
miRNA cargo differentiating sedentary young males from 
athletes. Athletes exhibited significantly different levels of 
miR‑16‑5p, miR‑19a‑3p, miR‑451a, and miR‑25‑3p compared 
with sedentary controls, suggesting that long‑term training 
status induces lasting changes in exosomal miRNA signa‑
tures. Injury status further influences exosomal responses, 
as demonstrated by Lovett et al (39), who analyzed exosomal 

characteristics following exercise‑induced skeletal muscle 
damage.

Dynamic expression patterns: Acute vs. chronic training. 
The temporal dynamics of exosomal ncRNA expression 
distinguish acute exercise responses from chronic training 
adaptations, with distinct molecular signatures character‑
izing each physiological state. Acute exercise induces rapid 
but transient changes in exosomal cargo, as demonstrated by 
Garner et al (34), who observed that acute exercise rapidly 
increases the expression of genes involved in multivesicular 
body and exosome pathways in skeletal muscle. Similarly, 
D'Souza et al (54) reported that circulatory exosomal miRNA 
following intense exercise is unrelated to muscle and plasma 
miRNA abundances, suggesting that acute exercise mobilizes 
pre‑existing exosomal pools rather than reflecting ongoing 
transcriptional activity. Silver et al (55) corroborated these 
findings, demonstrating that extracellular vesicular miRNA 
expression is not a proxy for skeletal muscle miRNA expres‑
sion following acute moderate‑intensity exercise, indicating 
compartmentalized regulation. By contrast, chronic training 
has been shown to induce sustained alterations in exosomal 
ncRNA profiles. Hou et al (56) demonstrated that long‑term 
exercise‑derived exosomal miR‑342‑5p functions as a novel 
exerkine for cardioprotection, establishing that sustained 
training produces durable exosomal signatures. Di et al (57) 
further reported that long‑term exercise‑secreted extracel‑
lular vesicles promote browning of white adipocytes by 
suppressing miR‑191a‑5p, confirming that chronic exercise 
induces persistent changes in exosomal cargo. Beyond these 
specific miRNAs, profiling studies have identified numerous 
other exosomal miRNAs altered by chronic exercise training, 
including miR‑16‑5p, miR‑19a‑3p, miR‑451a, and miR‑25‑3p, 
which differentiate athletes from sedentary individuals (53). 
The temporal resolution of exosomal responses, ranging 
from minutes following acute exercise to weeks of training 
adaptation, reveals a dynamic continuum of molecular 
regulation.

4. Molecular signaling cascades of exercise‑induced 
exosomal ncRNAs in bone remodeling

Upon release, exercise‑induced exosomal ncRNAs exert their 
effects on recipient bone cells by activating or suppressing 
specific intracellular signaling cascades. These molecular 
mechanisms translate mechanical stimuli into coordinated 
anabolic and anti‑catabolic effects. The signaling networks 
primarily involve canonical pathways that govern osteoblast 
differentiation, osteoclast formation, and multicellular inter‑
actions within the bone microenvironment. A systematic 
overview of these molecular cascades is presented (Fig. 3).

Osteogenic signaling pathways: Wnt/β‑catenin, BMP/Smad, 
and mitogen‑activated protein kinase (MAPK)/extracellular 
signal‑regulated kinase (ERK). Exercise‑induced exosomal 
ncRNAs promote osteoblast differentiation and bone formation 
primarily through activation of the Wnt/β‑catenin, BMP/Smad, 
and MAPK/ERK signaling cascades  (58). Mechanical 
strain‑stimulated osteocyte‑derived exosomes have been shown 
to enhance osteogenic differentiation via miRNA‑mediated 
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pathway activation. Lv et al (59) demonstrated that mechani‑
cally induced osteocyte‑derived exosomes promote periodontal 
ligament stem cell proliferation and osteogenic differentiation 
through the miR‑181b‑5p/phosphatase and tensin homolog 
(PTEN)/protein kinase B (AKT) signaling axis. This finding 
establishes a direct mechanotransduction link where exosomal 
miRNAs modulate PTEN expression to relieve AKT pathway 
inhibition. Similarly, Zhu et al (36) reported that mechanically 
strained osteocyte‑derived exosomes promote osteoblastic 
differentiation, further supporting the concept that mechanical 
loading generates osteogenic exosomal signals.

The Wnt/β‑catenin pathway represents a central conver‑
gence point for exosomal ncRNA‑mediated osteogenesis. 
Ibrahim et al (60) demonstrated that augmenting canonical 
Wnt signaling in therapeutically inert cells converts them 
into potent exosome factories, highlighting the capacity of 
the pathway to enhance exosomal therapeutic efficacy. In the 
context of muscle‑bone crosstalk, skeletal muscle‑derived 
exosomes have been identified as key mediators of osteogen‑
esis. Chen et al (27) showed that histone deacetylase inhibition 
enhances extracellular vesicles from muscle to promote osteo‑
genesis via miR‑873‑3p, indicating that muscle‑derived 
exosomes can directly activate osteogenic programs in 
bone cells. Xu et al (61) provided complementary evidence 
that exosomes from C2C12 myoblasts enhance osteogenic 
differentiation of MC3T3‑E1 pre‑osteoblasts by delivering 
miR‑27a‑3p. Across these studies, a common regulatory 

pattern emerges: Exosomal ncRNAs from both osteocytes and 
myocytes converge on the Wnt/β‑catenin pathway as a central 
effector. Specifically, these ncRNAs function by relieving 
endogenous inhibitors of the pathway (such as PTEN and 
DKK2) or by directly targeting transcriptional repressors of 
osteogenic genes. This pattern suggests that diverse exercise 
stimuli may converge on a shared exosomal ncRNA‑mediated 
mechanism to activate Wnt/β‑catenin signaling, representing a 
potential therapeutic node for bone regeneration.

Collectively, these studies demonstrate that exosomal 
miRNAs from both osteocytes and myocytes converge 
on osteogenic signaling pathways, with the Wnt/β‑catenin 
cascade serving as a primary effector mechanism. It should 
be noted, however, that the majority of these studies are 
correlative in nature, reporting associations between exosomal 
ncRNA levels and osteogenic outcomes. Direct causal 
evidence through loss‑of‑function (such as exosomal ncRNA 
knockdown) or gain‑of‑function (such as ncRNA overexpres‑
sion or mimic delivery) approaches remains limited, leaving 
the necessity and sufficiency of specific exosomal ncRNAs for 
exercise‑induced bone formation incompletely validated.

Anti‑resorptive mechanisms: Receptor activator of nuclear 
factor κB (RANK) ligand (RANKL)/RANK/osteoprotegerin 
(OPG) axis and nuclear factor‑κB (NF‑κB) signaling. The 
inhibitory effects of exercise‑induced exosomal ncRNAs on 
osteoclastogenesis involve targeting the RANKL/RANK/OPG 

Figure 3. Molecular signaling cascades of exercise‑induced exosomal ncRNAs in bone remodeling. Mechanical strain during exercise stimulates release 
of exosomes from skeletal muscle and osteocytes. These exosomes carry ncRNAs (miRNAs, lncRNAs, circRNAs) that activate osteogenic pathways 
(Wnt/β‑catenin, BMP/Smad, MAPK/ERK) in osteoblasts, suppress osteoclastogenesis via RANKL/RANK/OPG and NF‑κB/NFATc1 signaling, and coordi‑
nate multi‑cellular effects (BMSC lineage commitment, angiogenesis, immune modulation). ncRNAs, noncoding RNAs; miRNAs, microRNAs; lncRNAs, 
long noncoding RNAs; circRNAs, circular RNAs; BMP, bone morphogenetic protein; MAPK, mitogen‑activated protein kinase; ERK, extracellular 
signal‑regulated kinase; RANK, receptor activator of nuclear factor‑κB; RANKL, receptor activator of nuclear factor‑κB ligand; OPG, osteoprotegerin; 
NF‑κB, nuclear factor‑κB; NFATc1, nuclear factor of activated T‑cells 1; BMSC, bone marrow mesenchymal stem cell.
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axis and suppressing NF‑κB and nuclear factor of activated 
T‑cells 1 (NFATc1) signaling. Nie  et al  (62) demonstrated 
that skeletal muscle‑derived exosomes regulate endothelial 
cell functions via reactive oxygen species‑activated NF‑κB 
signaling, establishing a mechanistic link between 
exercise‑induced oxidative stress and downstream transcrip‑
tional regulation. This pathway also modulates osteoclast 
precursor sensitivity to RANKL stimulation. Wang et al (63) 
reported that circ_0008542 in osteoblast exosomes promotes 
osteoclast‑induced bone resorption through m6A meth‑
ylation, revealing that exosomal circRNAs can influence the 
osteoblast‑osteoclast coupling balance. The opposing effects 
of different exosomal ncRNA species on osteoclastogenesis 
underscore the complexity of exercise‑mediated skeletal 
regulation.

Muscle‑derived exosomes also contribute to anti‑resorptive 
effects through delivery of miRNAs that target osteoclast 
differentiation factors. Fulzele et al (64) demonstrated that 
muscle‑derived miR‑34a increases with age in circulating 
extracellular vesicles and induces senescence of bone marrow 
stem cells, suggesting that age‑related changes in exosomal 
cargo may compromise bone homeostasis. Conversely, 
Qu  et  al  (65) showed that mechanically stimulated peri‑
odontal ligament cell‑derived exosomes promote osteoblast 
differentiation via the miR‑181d‑5p/tumor necrosis factor 
(TNF) signaling pathway, indicating that mechanical loading 
generates exosomal signals that suppress inflammatory 
osteoclastogenesis.

Synthesizing these findings, a recurrent mechanistic 
theme is that exosomal ncRNAs modulate osteoclasto‑
genesis by targeting three distinct nodes: i) The RANKL/ 
RANK/OPG ratio, ii) NF‑κB transcriptional activity, and 
iii) NFATc1‑mediated downstream gene expression. Notably, 
different exosomal ncRNA species can exert opposing effects 
on the same pathway depending on cellular context, suggesting 
that the net anti‑resorptive outcome of exercise is determined 
by the balance of pro‑osteogenic and anti‑osteoclastogenic 
exosomal signals. This balance, rather than the absolute level 
of any single ncRNA, likely dictates the overall effect on bone 
mass.

Multicellular regulatory effects in the bone microenvironment. 
Exercise‑induced exosomal ncRNAs exert pleiotropic effects on 
the bone microenvironment by coordinating mesenchymal stem 
cell lineage commitment, angiogenesis, and immune homeo‑
stasis. Ma et al (26) demonstrated that skeletal muscle‑derived 
extracellular vesicles transport glycolytic enzymes to mediate 
muscle‑to‑bone crosstalk, revealing a metabolic dimension to 
exosomal communication beyond ncRNA cargo. This finding 
expands the understanding of how exercise generates inte‑
grated signals that support bone formation. For angiogenesis 
coupling, Hayashi et al (66) reported that exosomal miR‑206 
secreted from growing muscle promotes angiogenic response 
in endothelial cells, establishing a direct mechanism by which 
muscle‑derived exosomes support the vascular niche required 
for bone remodeling. Similarly, Lou et al (46) demonstrated 
that exercise promotes angiogenesis by enhancing endothelial 
cell fatty acid utilization via liver‑derived extracellular vesicle 
miR‑122‑5p, highlighting the multi‑organ contribution to 
exercise‑induced vascular adaptation.

Mesenchymal stem cell lineage commitment is criti‑
cally regulated by exosomal ncRNAs from various sources. 
Xing et al (67) showed that skeletal muscle‑derived exosomes 
prevent osteoporosis by promoting osteogenesis, providing 
direct evidence for the therapeutic potential of muscle‑derived 
exosomes in bone disorders. By contrast, Peruzzi et al (68) 
demonstrated that circulating extracellular vesicles from 
adolescents with obesity impair mesenchymal stromal cell 
differentiation, favoring adipogenic rather than osteogenic 
differentiation, indicating that pathological states alter 
exosomal cargo to disrupt bone homeostasis. Immune modula‑
tion represents another key mechanism, as Qiu et al (69) reported 
that exosomes derived from BMSCs of exercise‑trained 
mice improve wound healing by inhibiting macrophage M1 
polarization, suggesting that exercise‑conditioned exosomes 
promote a regenerative immune environment.

Mechanobiological coupling mechanisms. The transduction 
of mechanical forces into biochemical signals via exosomal 
ncRNAs constitutes a fundamental mechanobiological 
coupling mechanism in bone adaptation. Osteocytes serve 
as primary mechanosensors in bone, and their exosomal 
response to mechanical loading mediates downstream effects 
on osteoblasts and osteoclasts. Shen et al (70) demonstrated 
that mechanically activated mesenchymal‑derived bone cells 
drive vessel formation via an extracellular vesicle‑mediated 
mechanism, establishing that mechanical stimulation gener‑
ates pro‑angiogenic exosomal signals that coordinate bone 
formation with vascular support. Shang  et  al  (71) further 
elucidated that extracellular vesicles allow epigenetic 
mechanotransduction between chondrocytes and osteoblasts, 
revealing that mechanical signals can be propagated across 
cell types through exosomal delivery of regulatory ncRNAs.

The molecular machinery underlying exosomal mechano‑
transduction involves specific miRNA species that respond 
to mechanical strain. Zheng et al (72) reported the biological 
characteristics of miRNAs secreted by exosomes of periodontal 
ligament stem cells due to mechanical force, demonstrating 
that mechanical loading induces distinct exosomal miRNA 
profiles. Qu et al (65) confirmed that cyclic stretch‑induced 
exosomes from periodontal ligament cells promote osteoblast 
differentiation via the miR‑181d‑5p/TNF signaling pathway, 
providing mechanistic insight into how cyclical mechanical 
forces are converted into anabolic signals. Collectively, these 
studies establish that exosomal ncRNAs function as mechano‑
transducers, converting physical stimuli into molecular signals 
that orchestrate adaptive bone remodeling.

Synergistic crosstalk in the muscle‑bone axis. The muscle‑bone 
axis represents a paradigm of inter‑organ communication 
mediated by exercise‑induced exosomal ncRNAs, where 
synergistic and antagonistic signaling interactions coordinate 
skeletal adaptation. Multiple recent reviews have synthesized 
this emerging field. Zhang et al (8) comprehensively summa‑
rized exosomal miRNAs in muscle‑bone crosstalk, detailing 
mechanistic links and exercise modulation relevant to sarco‑
penia and osteoporosis. Li et al (73) provided a systematic 
overview of molecular communication from bone to skeletal 
muscle, establishing that exosomal signaling is bidirectional 
between these tissues. Kirk et al (74) further contextualized 
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bone and muscle crosstalk in ageing and disease, highlighting 
the clinical relevance of exosome‑mediated inter‑organ 
communication.

Specific molecular mechanisms underlying muscle‑bone 
crosstalk have been elucidated. Qin et al (75) demonstrated 
that myostatin inhibits osteoblastic differentiation by 
suppressing osteocyte‑derived exosomal miR‑218, revealing 
a novel mechanism by which muscle‑derived factors regulate 
bone formation through exosomal pathways. Li  et  al  (76) 
showed that myoblast‑derived exosomal paired related 
homeobox 2 attenuates osteoporosis via transcriptional regu‑
lation of lncRNA‑MIR22HG to activate the Hippo pathway, 
establishing a non‑canonical signaling axis in muscle‑bone 
communication. Conversely, Wang et al (77) reported that slow‑
poke homolog 1 (Slo1)‑deficient myoblast exosome‑derived 
miR‑222‑3p inhibits osteogenic differentiation via targeting 
signal transducer and activator of transcription 3 (STAT3), 
demonstrating that pathological alterations in muscle exosomal 
cargo can negatively impact bone. The emerging evidence 
supports that exercise optimizes muscle‑bone crosstalk by 
enriching exosomal ncRNA cargo with pro‑osteogenic and 
anti‑osteoclastogenic signals, while antagonistic signals from 
pathological muscle states can disrupt skeletal homeostasis.

5. Roles of exercise‑induced exosomal ncRNAs in 
sports‑related bone injuries

Exercise‑induced exosomal ncRNAs participate in the patho‑
physiological processes of sports‑related bone injuries by 
modulating inflammation, angiogenesis, and tissue regenera‑
tion across different injury types. These molecular mediators 
exert context‑dependent effects that vary according to injury 
mechanism, healing stage, and the specific tissue microen‑
vironment. Understanding their regulatory roles provides 
mechanistic insights into how exercise conditioning influences 
bone injury outcomes and identifies potential therapeutic 
targets. A systematic overview of these injury‑specific roles is 
presented (Table II).

Traumatic bone fractures in sports. The regulatory roles of 
exercise‑induced exosomal ncRNAs in traumatic fracture 
healing span the sequential phases of inflammation, soft 
callus formation, hard callus mineralization, and remodeling. 
During the inflammatory phase, exosomal miRNAs modulate 
macrophage polarization and cytokine secretion, creating 
a pro‑regenerative environment. Recent evidence from 
Lu et al (78) demonstrated that an osteoblast/osteoclast and 
immune cocktail therapy using exosome/drug delivery multi‑
functional hydrogel accelerates fracture repair, highlighting 
the potential of exosome‑based strategies to coordinate 
multicellular responses during bone healing. The transition to 
soft callus formation involves exosomal transfer of osteogenic 
signals between mesenchymal stem cells and osteoprogeni‑
tors. Liu et al (79) showed that hypoxic mesenchymal stem 
cell‑derived exosomes promote bone fracture healing by 
transferring miR‑126, which enhances angiogenesis and 
osteogenesis simultaneously.

During hard callus mineralization, exosomal ncRNAs 
regulate osteoblast differentiation and matrix deposition. 
Jiang et al (80) reported that BMSC‑derived exosomal miR‑25 

regulates the ubiquitination and degradation of Runx2 by 
SMAD specific E3 ubiquitin protein ligase 1 (SMURF1) 
to promote fracture healing in mice. More recent work 
by Yang  et  al  (81) demonstrated that mesenchymal stem 
cell‑derived extracellular vesicles ameliorate temporoman‑
dibular joint osteoarthritis by suppressing osteoclast activity 
via the let‑7a‑5p/integrin β3 axis, establishing that exosomal 
mechanisms are relevant across different joint contexts. 
In the remodeling phase, exosomal signals coordinate 
osteoclast‑mediated resorption with new bone formation. The 
stage‑dependent effects of exosomal ncRNAs suggest that 
therapeutic strategies targeting specific healing phases may 
optimize fracture repair outcomes.

Stress fractures and overuse bone injuries. Stress fractures 
and overuse bone injuries in athletes represent a distinct 
pathological entity characterized by repetitive mechanical 
loading‑induced bone fatigue damage, where exercise‑induced 
exosomal ncRNAs may serve as early warning signals and 
repair mediators. The identification of circulating exosomal 
miRNA signatures associated with bone fatigue damage offers 
potential for early detection before radiographic changes 
appear. Xu et al (82) demonstrated that exosomal miR‑128‑3p 
from mesenchymal stem cells of aged rats regulates osteo‑
genesis and bone fracture healing by targeting Smad5. The 
mechanosensitive nature of exosomal release positions these 
vesicles as ideal candidates for monitoring cumulative bone 
fatigue. Shang (83) comprehensively reviewed mechanosensi‑
tive miRNAs in cartilage and subchondral bone remodeling, 
identifying them as emerging targets for osteoarthritis therapy, 
with direct relevance to overuse injuries.

Furthermore, Yang  et  al  (84) confirmed that cyclic 
stretch‑induced exosomes from periodontal ligament cells 
promote osteoblast differentiation via the miR‑181d‑5p/TNF 
signaling pathway, indicating that mechanically stimulated 
exosomes actively participate in the repair of fatigue‑damaged 
bone. Recent work by Tian et al (85) demonstrated that miR‑877, 
an exosomal miRNA from mechanical stretch‑induced adipose 
derived stromal cells, enhances fracture healing in nonunion 
rats with type 2 diabetes mellitus, providing evidence that 
mechanically conditioned exosomes can overcome healing 
impairments. The dual role of exercise‑induced exosomes, 
both as sensors of mechanical overload and as mediators of 
adaptive repair, positions them as critical regulators of the 
bone fatigue response.

Sports‑related osteochondral injury and osteoarthritis. 
Osteochondral injuries and post‑traumatic osteoarthritis 
represent common sequelae of sports‑related joint trauma, 
with exercise‑induced exosomal ncRNAs modulating carti‑
lage‑subchondral bone crosstalk and disease progression. The 
bidirectional communication between cartilage and bone via 
exosomal ncRNAs influences both acute injury responses and 
chronic degenerative changes. Shang et al (71) elucidated that 
extracellular vesicles allow epigenetic mechanotransduction 
between chondrocytes and osteoblasts, revealing that mechan‑
ical signals can be propagated across joint tissues through 
exosomal delivery of regulatory ncRNAs. This mechanism 
is particularly relevant to sports injuries where aberrant 
joint loading disrupts normal cartilage‑bone homeostasis. 
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Wu et al (86) reported that osteoarthritic subchondral bone 
releases exosomes that promote cartilage degeneration, 
establishing a pathological feedback loop that accelerates 
osteoarthritis progression. Recent advances by Lin et al (87) 
demonstrated that osteocyte‑derived extracellular vesicles 
mediate the bone‑to‑cartilage crosstalk and promote osteo‑
arthritis progression, providing mechanistic insight into how 
bone pathology drives cartilage degeneration.

Conversely, protective exosomal signals from healthy tissues 
can mitigate injury‑induced degeneration. Wang et al  (88) 
demonstrated that mesenchymal stem cell‑derived extracellular 
vesicles inhibit osteoporosis via miR‑27a‑induced inhibition 
of the DKK2‑mediated Wnt/β‑catenin pathway. More recent 
work by Gu et al (16) showed that bone remodeling stimulated 
by Wnt‑mediated mitophagy‑regulated extracellular vesicles 
in subchondral bone contributes to osteoarthritis development, 
highlighting the interconnected nature of bone and carti‑
lage pathology. The identification of osteoarthritis‑specific 
exosomal miRNA signatures provides potential biomarkers 
for early detection of post‑traumatic osteoarthritis following 
sports injuries. Qiu et al (89) comprehensively reviewed the 
therapeutic potential of exosomal ncRNAs in bone metabolic 
diseases, focusing on osteoarthritis and rheumatoid arthritis.

Disuse osteopenia after sports injury. Immobilization and 
disuse following sports injury create a catabolic environment 
characterized by rapid bone loss, where exercise‑induced 
exosomal ncRNAs may exert protective effects against 
disuse osteopenia. The absence of mechanical loading 
during immobilization reduces endogenous exosomal 
signals that normally maintain bone mass, creating an 
opportunity for exogenous or exercise‑mimetic exosome 
therapies. Van Pelt  et  al  (90) demonstrated that serum 
extracellular vesicle miR‑203a‑3p content is associated with 
skeletal muscle mass and protein turnover during disuse 
atrophy and regrowth, establishing a link between exosomal 
cargo and disuse‑induced tissue loss. This finding suggests 
that monitoring exosomal miRNAs could guide rehabilita‑
tion strategies following immobilization. Yang  et al  (91) 
reported that human umbilical cord mesenchymal stem 
cell‑derived exosomes act via the miR‑1263/Mps one 
binder 1 (Mob1)/Hippo signaling pathway to prevent apop‑
tosis in disuse osteoporosis. Recent work by Shao et al (92) 
demonstrated that atrophic skeletal muscle‑derived extracel‑
lular vesicles transfer miR‑125a‑5p to inhibit bone formation 
in osteoporosis during aging, revealing that pathological 
changes in muscle during disuse can actively promote bone 
loss. This finding underscores the importance of maintaining 
muscle activity during immobilization. Bao and He  (93) 
showed that skeletal muscle‑derived exosomes prevent 
osteoporosis by promoting osteogenesis, indicating that 
delivering muscle‑derived exosomes could counteract 
disuse osteopenia. More recently, Wang et al (77) reported 
that Slo1‑deficient myoblast exosomes‑derived miR‑222‑3p 
inhibits osteogenic differentiation via targeting STAT3, 
demonstrating that the quality of muscle‑derived exosomes 
critically determines their effects on bone. The concept 
of using exercise‑conditioned exosomes as a replacement 
therapy during immobilization represents a promising 
translational strategy for athletes recovering from injury.
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6. Translational applications of exercise‑induced exosomal 
ncRNAs in sports‑related bone injuries

The translational potential of exercise‑induced exosomal 
noncoding RNAs spans diagnostic, therapeutic, and reha‑
bilitative applications in sports‑related bone injuries. These 
endogenous nanovesicles offer advantages as non‑invasive 
biomarkers for injury assessment and as naturally derived 
therapeutic agents that recapitulate the beneficial effects of 
exercise. Their clinical translation requires standardization of 
isolation protocols, validation of response characteristics for 
personalized prescription, and integration with existing treat‑
ment modalities. A systematic overview of these translational 
strategies is presented (Table III).

Non‑invasive biomarkers. Circulating exosomal ncRNAs 
have emerged as promising non‑invasive biomarkers for 
early diagnosis, risk stratification, and prognosis evalua‑
tion of sports‑related bone injuries. Their stability in body 
fluids and tissue‑specific origin make them attractive candi‑
dates for liquid biopsy approaches. Shi et al (94) identified 
miRNAs in serum exosomes as circulating biomarkers for 
postmenopausal osteoporosis, demonstrating the feasibility 
of exosomal miRNA‑based diagnostics for bone disorders. 
Similarly, Shao et al (95) established serum exosomal miRNA 
expression profiling in menopausal females with osteoporosis 
using high‑throughput sequencing, providing a reference 
for biomarker discovery. The prognostic value of exosomal 
ncRNAs has been demonstrated in fracture healing complica‑
tions. Hou et al (96) reported a prospective analysis showing 
that elevated exosomal miR‑21 levels are associated with 
nonunion in clavicular fractures post‑open reduction and 
internal fixation (ORIF), providing direct clinical evidence 
linking exosomal cargo to fracture healing outcomes. For osteo‑
arthritis, Zhao and Xu (97) identified synovial fluid‑derived 
exosomal lncRNA PCGEM1 as a biomarker for different 
stages of osteoarthritis, highlighting the potential for staging 
sports‑related joint injuries. More recently, Sun  et al  (98) 
identified and evaluated circulating exosomal miRNAs for the 
diagnosis of postmenopausal osteoporosis, further validating 
the biomarker potential of exosomal ncRNAs. The specificity 
of exosomal signatures for distinct injury types and healing 
stages suggests that multi‑panel approaches may achieve 
higher diagnostic accuracy than single biomarkers.

Therapeutic strategies based on native exercise‑derived 
exosomes. Native exosomes derived from exercise‑conditioned 
tissues offer naturally optimized therapeutic vehicles for bone 
injury repair. These vesicles inherently carry the molecular 
cargo that mediates the beneficial effects of exercise, poten‑
tially circumventing safety concerns associated with synthetic 
delivery systems. Deininger et al (99) demonstrated that anatom‑
ical implant region critically determines the osteogenic potency 
of small extracellular vesicles, highlighting the importance of 
delivery site optimization. The extraction and standardiza‑
tion of exercise‑modulated exosomes face challenges related 
to donor variability, exercise protocol standardization, and 
scalable production. Deluca et al (100) showed a synergistic 
effect of umbilical cord extracellular vesicles and recombinant 
human bone morphogenetic protein‑2 (rhBMP‑2) to enhance 

regeneration of metaphyseal femoral defects in osteoporotic 
rats, suggesting that exosomes can be combined with estab‑
lished growth factors for enhanced efficacy. Wu et al (101) 
demonstrated that regulatory T cell‑derived exosomes medi‑
ated macrophage polarization for osteogenic differentiation in 
fracture repair, revealing that immune cell‑derived exosomes 
may complement exercise‑derived vesicles in promoting bone 
healing. The clinical application potential of exercise‑derived 
exosomes requires rigorous quality control and standardiza‑
tion comparable to pharmaceutical products.

Engineered exosomes and ncRNA‑targeted therapy. 
Engineered exosomes designed to deliver specific ncRNA cargo 
represent a next‑generation therapeutic strategy for refractory 
bone injuries. These approaches leverage the natural targeting 
capabilities of exosomes while incorporating synthetic modi‑
fications to enhance therapeutic efficacy. Strategies include 
direct engineering of parent cells to overexpress therapeutic 
ncRNAs, which are then naturally packaged into secreted 
exosomes, as well as post‑isolation modification of exosomes 
with targeting ligands or therapeutic cargo. Li  et al  (102) 
demonstrated the use of engineered stem cells to produce 
exosomes with enhanced bone regeneration effects, presenting 
an alternative strategy for gene therapy that avoids direct stem 
cell transplantation. The delivery of ncRNA therapeutics 
through engineered exosomes offers advantages including 
protection from degradation, targeted delivery, and sustained 
release. For example, exosomes can be surface‑modified with 
targeting peptides to achieve bone‑specific delivery, or loaded 
with therapeutic ncRNAs via electroporation or chemical 
transfection to enhance their osteogenic or anti‑resorptive 
potency. Huang et al (103) developed engineered exosomes 
as targeted lncRNA MEG3 delivery vehicles for osteosar‑
coma therapy, demonstrating the versatility of exosome 
engineering for musculoskeletal applications. Xu et al (104) 
developed osteoclast‑targeted delivery of anti‑miRNA 
oligonucleotides by red blood cell extracellular vesicles, 
showing that cell‑specific targeting can be achieved through 
engineering approaches. For osteoarthritis, Wang et al (105) 
described extracellular vesicle‑mediated miR‑150‑3p delivery 
in joint homeostasis as a potential treatment, illustrating the 
therapeutic potential of miRNA‑based exosome therapies. 
More recently, Yan et al (106) engineered delta‑like ligand 4 
(Dll4)‑overexpressing osteocyte‑derived exosomes to enhance 
bone regeneration by regulating osteogenesis and angiogenesis, 
providing a blueprint for tissue‑specific exosome engineering.

Beyond these established approaches, recent advances 
have focused on optimizing the stoichiometry and spatio‑
temporal control of ncRNA loading to enhance therapeutic 
efficacy. Comparative studies have shown that electroporation 
achieves the highest loading efficiency for small ncRNAs 
(miRNAs and siRNAs) into exosomes, whereas chemical 
transfection methods (such as Lipofectamine) yield lower 
encapsulation rates and may introduce residual carrier toxicity 
that confounds functional outcomes (15). For bone‑targeted 
delivery, surface modification of exosomes with bone‑homing 
peptides, such as the (DSS)6 bone‑homing peptide (a six‑repeat 
aspartate‑serine‑serine sequence) that binds hydroxyapatite, 
has been successfully employed to concentrate therapeutic 
ncRNAs at fracture sites while minimizing systemic off‑target 
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TIAN et al:  EXERCISE-INDUCED EXOSOMAL NON-CODING RNAs14

Ta
bl

e 
II

I. 
Tr

an
sl

at
io

na
l a

pp
lic

at
io

ns
 o

f e
xe

rc
is

e‑
in

du
ce

d 
ex

os
om

al
 n

cR
N

A
s i

n 
sp

or
ts

‑r
el

at
ed

 b
on

e 
in

ju
rie

s.

A
ut

ho
rs

, y
ea

r	
St

ud
y 

ty
pe

	
nc

R
N

A
 c

ar
go

	
A

pp
lic

at
io

n 
do

m
ai

n	
K

ey
 fi

nd
in

g	
Tr

an
sl

at
io

na
l i

m
pl

ic
at

io
n	

(R
ef

s.)

Sh
i e

t a
l,	

H
um

an
	

m
iR

N
A

s	
N

on
‑in

va
si

ve
	

Id
en

tifi
ed

 m
iR

N
A

s i
n 

se
ru

m
 e

xo
so

m
es

	
D

em
on

st
ra

te
s f

ea
si

bi
lit

y 
of

	
(9

4)
20

22
	

co
ho

rt		


bi
om

ar
ke

rs
	

as
 c

irc
ul

at
in

g 
bi

om
ar

ke
rs

 fo
r	

ex
os

om
al

 m
iR

N
A

‑b
as

ed
 d

ia
gn

os
tic

s
				





po

st
m

en
op

au
sa

l o
st

eo
po

ro
si

s	
fo

r b
on

e 
di

so
rd

er
s

Sh
ao

 e
t a

l,	
H

um
an

	
m

iR
N

A
s	

N
on

‑in
va

si
ve

	
H

ig
h‑

th
ro

ug
hp

ut
 se

qu
en

ci
ng

	
Pr

ov
id

es
 re

fe
re

nc
e 

fo
r b

io
m

ar
ke

r	
(9

5)
20

20
	

co
ho

rt		


bi
om

ar
ke

rs
	

id
en

tifi
ed

 se
ru

m
 e

xo
so

m
al

 m
iR

N
A

	
di

sc
ov

er
y 

in
 b

on
e 

m
et

ab
ol

ic
				





ex

pr
es

si
on

 p
ro

fil
es

 in
 o

st
eo

po
ro

tic
	

co
nd

iti
on

s
				





fe

m
al

es
H

ou
 e

t a
l,	

H
um

an
	

m
iR

‑2
1	

N
on

‑in
va

si
ve

	
El

ev
at

ed
 e

xo
so

m
al

 m
iR

‑2
1 

le
ve

ls
	

Su
pp

or
ts

 e
xo

so
m

al
 m

iR
N

A
s t

o	
(9

6)
20

24
	

co
ho

rt		


bi
om

ar
ke

rs
	

as
so

ci
at

ed
 w

ith
 n

on
un

io
n 

in
 c

la
vi

cu
la

r	
pr

ed
ic

t d
el

ay
ed

 h
ea

lin
g 

or
 n

on
un

io
n

				





fr
ac

tu
re

s p
os

t‑O
R

IF
	

fo
llo

w
in

g 
sp

or
ts

‑r
el

at
ed

 fr
ac

tu
re

s
Zh

ao
 a

nd
	

H
um

an
	

ln
cR

N
A

	
N

on
‑in

va
si

ve
	

Sy
no

vi
al

 fl
ui

d‑
de

riv
ed

 e
xo

so
m

al
	

En
ab

le
s s

ta
gi

ng
 o

f s
po

rts
‑r

el
at

ed
	

(9
7)

X
u,

 2
01

8	
co

ho
rt	

PC
G

EM
1	

bi
om

ar
ke

rs
	

ln
cR

N
A

 P
C

G
EM

1 
di

ffe
re

nt
ia

te
s	

jo
in

t i
nj

ur
ie

s
				





os

te
oa

rth
rit

is
 st

ag
es

Su
n 

et
 a

l,	
H

um
an

	
m

iR
N

A
s	

N
on

‑in
va

si
ve

	
C

irc
ul

at
in

g 
ex

os
om

al
 m

iR
N

A
s	

Va
lid

at
es

 m
ul

ti‑
pa

ne
l e

xo
so

m
al

	
(9

8)
20

23
	

co
ho

rt		


bi
om

ar
ke

rs
	

id
en

tifi
ed

 fo
r p

os
tm

en
op

au
sa

l	
m

iR
N

A
 a

pp
ro

ac
he

s f
or

 d
ia

gn
os

tic
				





os

te
op

or
os

is
 d

ia
gn

os
is

	
ac

cu
ra

cy
D

ei
ni

ng
er

	
Pr

ec
lin

ic
al

	
sE

V
s	

Th
er

ap
eu

tic
	

A
na

to
m

ic
al

 im
pl

an
t r

eg
io

n 
cr

iti
ca

lly
	

H
ig

hl
ig

ht
s i

m
po

rta
nc

e 
of

 d
el

iv
er

y	
(9

9)
et

 a
l, 

20
25

			



st

ra
te

gy
	

de
te

rm
in

es
 o

st
eo

ge
ni

c 
po

te
nc

y 
of

 sE
V

s	
si

te
 o

pt
im

iz
at

io
n 

fo
r e

xo
so

m
e‑

					






ba

se
d 

th
er

ap
y

D
el

uc
a	

Pr
ec

lin
ic

al
	

sE
V

s	
C

om
bi

na
tio

n	
U

m
bi

lic
al

 c
or

d 
sE

V
s s

yn
er

gi
ze

 w
ith

	
Su

pp
or

ts
 c

om
bi

ni
ng

 e
xo

so
m

es
	

(1
00

)
et

 a
l, 

20
24

			



th

er
ap

y	
rh

B
M

P‑
2 

to
 e

nh
an

ce
 fe

m
or

al
 d

ef
ec

t	
w

ith
 g

ro
w

th
 fa

ct
or

s f
or

 e
nh

an
ce

d
				





re

ge
ne

ra
tio

n	
ef

fic
ac

y
W

u 
et

 a
l,	

Pr
ec

lin
ic

al
	

Ex
os

om
es

	
Th

er
ap

eu
tic

	
R

eg
ul

at
or

y 
T 

ce
ll‑

de
riv

ed
 e

xo
so

m
es

	
R

ev
ea

ls
 im

m
un

e 
ce

ll‑
de

riv
ed

	
(1

01
)

20
24

			



st

ra
te

gy
	

m
ed

ia
te

 m
ac

ro
ph

ag
e 

po
la

riz
at

io
n 

fo
r	

ex
os

om
es

 c
om

pl
em

en
t e

xe
rc

is
e‑

				





os
te

og
en

ic
 d

iff
er

en
tia

tio
n	

de
riv

ed
 v

es
ic

le
s

Li
 e

t a
l,	

Pr
ec

lin
ic

al
	

Ex
os

om
es

	
En

gi
ne

er
ed

	
En

gi
ne

er
ed

 st
em

 c
el

ls
 p

ro
du

ce
	

O
ffe

rs
 a

lte
rn

at
iv

e 
ge

ne
 th

er
ap

y	
(1

02
)

20
22

			



th

er
ap

y	
ex

os
om

es
 w

ith
 e

nh
an

ce
d 

bo
ne

	
st

ra
te

gy
 a

vo
id

in
g 

di
re

ct
 st

em
				





re

ge
ne

ra
tio

n 
ef

fe
ct

s	
ce

ll 
tra

ns
pl

an
ta

tio
n

H
ua

ng
	

Pr
ec

lin
ic

al
	

ln
cR

N
A

	
En

gi
ne

er
ed

	
En

gi
ne

er
ed

 e
xo

so
m

es
 se

rv
e 

as
	

D
em

on
st

ra
te

s v
er

sa
til

ity
 o

f	
(1

03
)

et
 a

l, 
20

22
		


M

EG
3	

th
er

ap
y	

ta
rg

et
ed

 ln
cR

N
A

 M
EG

3 
de

liv
er

y	
ex

os
om

e 
en

gi
ne

er
in

g 
fo

r
				





ve

hi
cl

es
 fo

r o
st

eo
sa

rc
om

a	
m

us
cu

lo
sk

el
et

al
 a

pp
lic

at
io

ns
X

u 
et

 a
l,	

Pr
ec

lin
ic

al
	

A
nt

i‑m
iR

N
A

	
En

gi
ne

er
ed

	
O

st
eo

cl
as

t‑t
ar

ge
te

d 
de

liv
er

y 
ac

hi
ev

ed
	

Sh
ow

s c
el

l‑s
pe

ci
fic

 ta
rg

et
in

g	
(1

04
)

20
23

		


ol
ig

on
uc

le
ot

id
es

	
th

er
ap

y	
vi

a 
re

d 
bl

oo
d 

ce
ll 

EV
 e

ng
in

ee
rin

g	
th

ro
ug

h 
en

gi
ne

er
in

g 
ap

pr
oa

ch
es



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  257,  2026 15

Ta
bl

e 
II

I. 
C

on
tin

ue
d.

A
ut

ho
rs

, y
ea

r	
St

ud
y 

ty
pe

	
nc

R
N

A
 c

ar
go

	
A

pp
lic

at
io

n 
do

m
ai

n	
K

ey
 fi

nd
in

g	
Tr

an
sl

at
io

na
l i

m
pl

ic
at

io
n	

(R
ef

s.)

W
an

g 
et

 a
l,	

Pr
ec

lin
ic

al
	

m
iR

‑1
50

‑3
p	

En
gi

ne
er

ed
 th

er
ap

y	
EV

‑m
ed

ia
te

d 
m

iR
‑1

50
‑3

p 
de

liv
er

y 
in

	
Ill

us
tra

te
s t

he
ra

pe
ut

ic
 p

ot
en

tia
l o

f	
(1

05
)

20
22

				





jo
in

t h
om

eo
st

as
is

 a
s p

ot
en

tia
l o

st
eo

‑	
m

iR
N

A
‑b

as
ed

 e
xo

so
m

e 
th

er
ap

ie
s

				





ar
th

rit
is

 tr
ea

tm
en

t
Ya

ng
 e

t a
l,	

Pr
ec

lin
ic

al
	

B
M

SC
‑d

er
iv

ed
	

C
om

bi
na

tio
n	

C
om

bi
na

tio
n 

th
er

ap
y 

w
ith

 B
M

SC
‑	

Sh
ow

s e
xo

so
m

es
 e

nh
an

ce
 o

st
eo

‑	
(1

07
)

20
23

		


ex
os

om
es

	
th

er
ap

y	
ex

os
om

es
 a

nd
 p

or
ou

s t
an

ta
lu

m
	

in
te

gr
at

io
n 

of
 m

et
al

lic
 im

pl
an

ts
				





en

ha
nc

es
 fe

m
or

al
 d

ef
ec

t r
ep

ai
r

Zh
en

g 
et

 a
l,	

Pr
ec

lin
ic

al
	

sE
V

s	
C

om
bi

na
tio

n	
In

co
rp

or
at

io
n 

of
 sE

V
s i

n 
PE

G
/H

A
‑B

io
‑	

Ill
us

tra
te

s s
yn

er
gy

 b
et

w
ee

n	
(1

08
)

20
24

			



th

er
ap

y	
O

ss
 h

yd
ro

ge
l c

om
po

si
te

 sc
af

fo
ld

 fo
r	

ex
os

om
es

 a
nd

 b
io

m
at

er
ia

l s
ca

ffo
ld

s
				





bo

ne
 re

ge
ne

ra
tio

n
Yu

 e
t a

l,	
Pr

ec
lin

ic
al

	
Sh

ed
‑d

er
iv

ed
	

C
om

bi
na

tio
n	

Sy
ne

rg
is

tic
 e

ffe
ct

s w
ith

 C
u²

+  a
nd

	
Sh

ow
ca

se
s m

ul
ti‑

co
m

po
ne

nt
	

(1
09

)
20

24
		


ex

os
om

es
	

th
er

ap
y	

in
je

ct
ab

le
 h

ya
lu

ro
ni

c 
ac

id
 h

yd
ro

ge
l	

co
m

bi
na

tio
n 

ap
pr

oa
ch

es
				





fo

r p
er

io
do

nt
al

 b
on

e 
re

ge
ne

ra
tio

n
Zh

an
g 

et
 a

l,	
Pr

ec
lin

ic
al

	
Ex

os
om

e‑
	

C
om

bi
na

tio
n	

Ex
os

om
e‑

lo
ad

ed
 h

ya
lu

ro
ni

c 
ac

id
	

C
om

bi
ne

s a
dv

an
ce

d 
m

an
uf

ac
tu

rin
g	

(1
10

)
20

24
		


lo

ad
ed

 h
yd

ro
ge

l	
th

er
ap

y	
hy

dr
og

el
 w

ith
 o

xy
ge

n‑
pr

od
uc

in
g	

w
ith

 e
xo

so
m

e 
de

liv
er

y 
fo

r b
on

e
				





3D

 p
rin

te
d 

PL
A

 sc
af

fo
ld

s	
re

pa
ir

Fr
an

k 
et

 a
l,	

H
um

an
	

m
iR

N
A

s	
N

on
‑in

va
si

ve
	

C
irc

ul
at

in
g 

m
iR

N
A

s a
ss

oc
ia

te
d 

w
ith

	
Pr

ov
id

es
 fr

am
ew

or
k 

fo
r u

si
ng

	
(1

11
)

20
25

	
co

ho
rt		


bi

om
ar

ke
rs

	
su

cc
es

sf
ul

 b
on

e 
re

ge
ne

ra
tio

n	
ex

os
om

al
 n

cR
N

A
s a

s p
ro

gn
os

tic
					







m
ar

ke
rs

G
ao

 e
t a

l,	
H

um
an

	
m

iR
N

A
	

N
on

‑in
va

si
ve

	
Pl

as
m

a‑
de

riv
ed

 e
xo

so
m

al
 m

iR
N

A
	

D
em

on
st

ra
te

s f
ea

si
bi

lit
y 

of
	

(1
13

)
20

24
	

co
ho

rt	
si

gn
at

ur
e	

bi
om

ar
ke

rs
	

si
gn

at
ur

e 
es

ta
bl

is
he

d 
fo

r e
ar

ly
	

ex
os

om
al

 m
iR

N
A

‑b
as

ed
 d

ia
gn

os
tic

s
				





de

te
ct

io
n 

of
 p

os
tm

en
op

au
sa

l
				





os

te
op

or
os

is

nc
R

N
A

, n
on

co
di

ng
 R

N
A

; 
m

iR
N

A
 o

r 
m

iR
, m

ic
ro

R
N

A
; 

O
R

IF
, o

pe
n 

re
du

ct
io

n 
an

d 
in

te
rn

al
 fi

xa
tio

n;
 s

EV
, s

m
al

l 
ex

tra
ce

llu
la

r 
ve

si
cl

e;
 r

hB
M

P‑
2,

 r
ec

om
bi

na
nt

 h
um

an
 b

on
e 

m
or

ph
og

en
et

ic
 p

ro
te

in
‑2

; 
EV

, e
xt

ra
ce

llu
la

r v
es

ic
le

; B
M

SC
, b

on
e 

m
ar

ro
w

 m
es

en
ch

ym
al

 st
em

 c
el

l; 
ln

cR
N

A
, l

on
g 

no
nc

od
in

g 
R

N
A

; P
EG

/H
A

, p
ol

ye
th

yl
en

e 
gl

yc
ol

/h
ya

lu
ro

ni
c 

ac
id

; P
LA

, p
ol

yl
ac

tic
 a

ci
d.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5928


TIAN et al:  EXERCISE-INDUCED EXOSOMAL NON-CODING RNAs16

effects (17,21). Furthermore, emerging evidence supports the 
use of sequential loading strategies, where pro‑angiogenic 
ncRNAs (such as miR‑126) and osteogenic ncRNAs (such 
as miR‑26a) are packaged into distinct exosome batches 
and administered according to the temporal phases of bone 
healing, first promoting vascularization during soft callus 
formation, followed by enhancing mineralization during hard 
callus remodeling (23,79). This phased approach mimics the 
natural time‑course of fracture repair and has shown superior 
outcomes compared with single‑cargo or bolus administration 
in preclinical models (23). However, the clinical translation of 
such multi‑cargo, temporally programmed exosome therapeu‑
tics requires rigorous validation of batch‑to‑batch consistency, 
long‑term storage stability, and scalable manufacturing under 
Good Manufacturing Practice conditions, barriers that remain 
incompletely addressed (15,21).

Combination intervention strategies. The integration of 
exercise‑induced exosomal ncRNAs with existing treatment 
modalities offers synergistic opportunities for enhanced thera‑
peutic outcomes. Combination strategies encompass stem cell 
therapy, biomaterials, physical therapy, and pharmacotherapy. 
Yang  et  al  (107) demonstrated combination therapy with 
BMSC‑derived exosomes and porous tantalum for the repair 
of femur supracondylar defects, showing that exosomes can 
enhance the osteointegration of metallic implants. Similarly, 
Zheng et al  (108) incorporated small extracellular vesicles 
in polyethylene glycol (PEG)/hyaluronic acid (HA)‑Bio‑Oss 
hydrogel composite scaffold for bone regeneration, illustrating 
the synergy between exosomes and biomaterial scaffolds. 
Yu et al (109) demonstrated synergistic effects of Shed‑derived 
exosomes, Cu²+, and an injectable hyaluronic acid hydrogel on 
antibacterial, anti‑inflammatory, and osteogenic activity for 
periodontal bone regeneration, showcasing multi‑component 
combination approaches. Zhang  et  al  (110) developed 
exosome‑loaded hyaluronic acid hydrogel composite with 
oxygen‑producing 3D printed polylactic acid scaffolds, 
combining advanced manufacturing with exosome delivery for 
bone tissue repair. For fracture repair, Wu et al (101) showed 
that regulatory T cell‑derived exosomes mediated macrophage 
polarization for osteogenic differentiation, suggesting that 
immune modulation combined with osteogenic stimulation 
may optimize healing. The comparative analysis of these 
combination strategies reveals that scaffold‑based delivery 
provides sustained local release, while systemic administration 
may benefit multifocal injuries. Future studies should system‑
atically evaluate the relative efficacy of different combination 
approaches to establish evidence‑based guidelines for clinical 
translation.

Clinical evidence: Human cohort studies. Clinical evidence 
linking exercise‑induced exosomal ncRNAs to the occur‑
rence, severity, and prognosis of sports‑related bone injuries is 
emerging through human cohort studies. Circulating exosomal 
ncRNAs have been investigated as non‑invasive biomarkers for 
fracture healing outcomes and complication risk. Shi et al (94) 
identified miRNAs in serum exosomes as circulating 
biomarkers for postmenopausal osteoporosis, establishing 
a foundation for similar approaches in sports‑related bone 
injuries. The association between exosomal miRNA profiles 

and fracture healing complications has been demonstrated 
in clinical populations. Hou et al (96) reported a prospective 
analysis showing that elevated exosomal miR‑21 levels are 
associated with nonunion in clavicular fractures post‑ORIF, 
providing direct clinical evidence linking exosomal cargo 
to fracture healing outcomes. This finding supports the 
potential of exosomal miRNAs to predict delayed healing or 
nonunion following sports‑related fractures. Recent advances 
by Frank et al (111) demonstrated that circulating miRNAs 
are associated with successful bone regeneration, providing a 
framework for using exosomal ncRNAs as prognostic markers. 
The prognostic value of exosomal signatures extends to bone 
metabolic status following injury. Mihanfar et al (112) demon‑
strated that extracellular vesicles and miRNAs are altered in 
response to exercise, insulin sensitivity and overweight status, 
indicating that metabolic factors influence exosomal profiles 
and may confound biomarker interpretation. Gao et al (113) 
recently established a plasma‑derived exosomal miRNA 
signature by small RNA sequencing for early detection of 
postmenopausal osteoporosis, demonstrating the feasibility 
of exosomal miRNA‑based diagnostics. Zhang  et  al  (8) 
comprehensively reviewed exosomal miRNAs in muscle‑bone 
crosstalk, detailing mechanistic links and exercise modula‑
tion with direct implications for sarcopenia, osteoporosis, 
and osteosarcopenia. Longitudinal studies tracking exosomal 
ncRNA changes during rehabilitation are needed to establish 
causality and clinical utility. The integration of exosomal 
biomarkers into clinical practice for sports‑related bone 
injuries requires standardization of isolation protocols and 
validation across diverse athlete populations.

7. Current limitations, controversies, and unresolved 
scientific issues

Despite the rapid advancement in understanding exer‑
cise‑induced exosomal ncRNAs as key mediators of bone 
remodeling, the field faces substantial limitations, ongoing 
controversies, and unresolved scientific issues that critically 
hinder clinical translation. These challenges span method‑
ological inconsistencies in exosome isolation, insufficient 
causal evidence linking exosomal ncRNAs to specific 
skeletal outcomes, significant gaps in clinical study design, 
and formidable barriers to therapeutic implementation. 
A systematic overview of these limitations and controversies 
is presented.

Clinical study limitations. Current clinical evidence on 
exercise‑induced exosomal ncRNAs in bone metabolism is 
predominantly derived from studies with inherent method‑
ological constraints that limit generalizability. The majority of 
investigations feature small sample sizes and lack multi‑center 
validation, compromising statistical power and external 
validity. For instance, studies examining circulating exosomal 
miRNA signatures in fracture healing typically enroll fewer 
than 100 participants, precluding robust subgroup anal‑
yses (114,115). Population heterogeneity represents another 
critical concern, as individual characteristics such as age, 
sex, fitness level, and hormonal status profoundly influence 
exosomal responses, yet stratification is frequently inad‑
equate (116,117). Furthermore, exercise intervention protocols 



INTERNATIONAL JOURNAL OF MOlecular medicine  58:  257,  2026 17

vary considerably across studies, with inconsistent parameters 
regarding intensity, duration, and training modality, impeding 
direct comparisons and meta‑analytic synthesis (118,119). The 
absence of standardized pre‑analytical procedures, including 
sample collection timing relative to exercise bouts and anti‑
coagulant selection, introduces additional variability (120). 
Collectively, these limitations underscore the urgent need 
for prospective, multi‑center large‑cohort studies employing 
harmonized protocols to establish clinically actionable 
exosomal biomarkers.

Mechanistic controversies and gaps. Fundamental mecha‑
nistic questions persist regarding whether exercise‑induced 
exosomal ncRNAs exert direct causal effects on bone 
remodeling or merely represent correlative biomarkers of 
systemic adaptation. A substantial proportion of published 
studies relies on descriptive profiling without functional 
validation, leaving causal inference inadequately supported. 
Specifically, numerous studies cited in this review (such as 
those reporting acute exercise‑induced changes in circu‑
lating exosomal miRNA levels) demonstrate correlation 
rather than causation. While these findings are valuable 
for hypothesis generation, they do not constitute molecular 
mechanism demonstration. Although in vitro and animal 
models have demonstrated that exosomal miRNAs such as 
miR‑181b‑5p and miR‑27a‑3p directly modulate osteogenic 
pathways (121,122), the translational relevance of these find‑
ings to human physiology remains uncertain due to species 
differences in ncRNA sequences, target repertoires, and 
exosome biogenesis machinery (123).

A more fundamental issue is that even in animal studies, 
few have employed rigorous causal validation frameworks. 
The minimum requirements for establishing causality in 
this field should include: i)  Selective knockout or knock‑
down of specific exosomal ncRNAs in relevant parent cells 
(such as skeletal muscle or osteocytes) followed by exercise 
intervention; ii)  rescue experiments using ncRNA mimics 
or engineered exosomes; and iii) tissue‑specific ablation of 
exosome biogenesis machinery (such as Rab27a or nSMase2 
knockout) to determine whether exosomal ncRNAs are neces‑
sary for exercise‑mediated bone protection. To date, no study 
has comprehensively met these criteria, representing a critical 
gap in the literature.

Cell and tissue specificity of exosomal ncRNA actions 
constitutes another unresolved controversy. Current evidence 
suggests that exosomes from distinct sources, including 
skeletal muscle, osteocytes, and adipose tissue, may exert over‑
lapping yet distinct effects on bone cells (124,125); however, 
the molecular determinants governing recipient cell speci‑
ficity remain poorly characterized. Additionally, the potential 
off‑target effects of exosomal ncRNAs on non‑skeletal tissues 
raise safety concerns that have not been systematically 
evaluated. Moreover, most current studies have examined 
the effect of a given exosomal ncRNA on only one cell type 
in isolation, without systematically comparing its functional 
consequences across osteoblasts, osteoclasts, and BMSCs; 
direct extrapolation of these reductionistic in vitro findings 
to in vivo bone adaptation lacks scientific validity. The field 
therefore requires a paradigm shift from descriptive correla‑
tive studies to hypothesis‑driven mechanistic investigations 

using loss‑of‑function and gain‑of‑function approaches with 
cell‑type‑specific targeting.

Methodological challenges. The absence of standardized 
protocols for exosome isolation and characterization represents 
a fundamental barrier to data reproducibility and cross‑study 
comparability. Ultracentrifugation, the most widely employed 
isolation method, exhibits variable efficiency and co‑pellets 
non‑vesicular contaminants, including protein aggregates 
and lipoproteins (126,127). Size‑exclusion chromatography 
offers improved purity but suffers from lower yield and 
longer processing times, while polymer‑based precipitation 
methods frequently co‑precipitate non‑exosomal materials 
that confound downstream analyses (120,128). The distinction 
between exosomes and other extracellular vesicle subtypes, as 
well as lipoprotein particles of similar size, remains techni‑
cally challenging, with conventional characterization methods 
lacking sufficient resolution (129). For ncRNA detection, the 
choice of isolation method profoundly influences miRNA 
profiles, yet consensus guidelines for method selection are 
lacking. Functional validation methodologies also exhibit 
heterogeneity, with limited standardization in exosome 
labeling, tracking, and uptake assays (128). The development 
of reference materials and validation protocols, as recently 
advocated (130), represents a critical priority for advancing the 
field toward clinical implementation.

Barriers to clinical translation. Translating exercise‑induced 
exosomal ncRNAs into clinical applications for sports‑related 
bone injuries confronts formidable obstacles spanning 
manufacturing, safety, and regulatory domains. Scalable 
production of therapeutic exosomes with consistent quality 
attributes remains technically demanding, as current culture 
conditions for exercise‑mimetic exosome generation lack 
standardization (131). Good Manufacturing Practice compli‑
ance necessitates rigorous quality control measures, including 
characterization of size distribution, cargo composition, 
and batch‑to‑batch consistency, which are not routinely 
implemented in research settings  (132). The optimal route 
of administration for exosome‑based therapies in bone 
injuries remains undefined, with limited comparative data 
on local vs. systemic delivery, dosing frequency, and tissue 
biodistribution (133). Long‑term safety evaluations, including 
immunogenicity, potential for off‑target effects, and carci‑
nogenicity, have not been systematically conducted  (134). 
Furthermore, regulatory frameworks for exosome‑based 
therapeutics are still evolving, creating uncertainty regarding 
approval pathways and quality requirements (132,135). These 
translational barriers necessitate coordinated efforts between 
academic researchers, regulatory agencies, and industry 
partners to establish clear guidelines and accelerate clinical 
development.

8. Conclusions and future perspectives

The preceding sections have established exercise‑induced 
exosomal ncRNAs as central mediators of bone remodeling, 
yet the field stands at a critical juncture where fundamental 
discoveries must be translated into clinical applications. 
Building upon the limitations and unresolved questions 
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outlined above, several strategic directions warrant priori‑
tization to advance both mechanistic understanding and 
therapeutic implementation. Rather than reiterating existing 
consensus, this section identifies specific unresolved scientific 
issues that require investigation. Notably, four priority issues 
emerge from the current literature: i) Elucidating the molec‑
ular mechanisms that govern selective ncRNA packaging 
into exosomes in response to distinct exercise modalities; 
ii) determining whether exercise‑induced exosomal ncRNAs 
directly cause bone adaptation, or merely serve as correlative 
biomarkers; iii) overcoming inter‑individual variability in 
exosomal responses for personalized exercise prescription; 
and iv) addressing the safety barriers that must be addressed 
before exercise‑mimetic exosome therapies can enter clinical 
trials for sports‑related bone injuries.

For basic research, the integration of multi‑omics 
approaches with systems biology represents a transformative 
opportunity to decipher the complex regulatory networks 
governing exercise‑induced exosomal ncRNA function. 
Recent advances enable simultaneous profiling of transcrip‑
tomic, proteomic, and lipidomic signatures from limited 
sample volumes, which could elucidate how mechanical 
stimuli are translated into specific exosomal cargo selection 
mechanisms (136,137). Single‑cell and spatial transcriptomic 
technologies offer unprecedented resolution to map exosomal 
ncRNA dynamics within the bone microenvironment, iden‑
tifying rare cell populations that serve as primary exosomal 
targets and revealing how exosomal signaling gradients 
establish regional specialization during fracture healing (138). 
A  fundamental unresolved issue concerns causality. To 
address whether exosomal ncRNAs are necessary and 
sufficient for exercise‑mediated bone protection, future 
investigations should employ conditional knockout models 
targeting exosome biogenesis machinery in tissue‑specific 
manners, combined with in vivo tracking technologies and 
CRISPR‑Cas9 functional interrogation (139‑141).

The translation of exosomal ncRNA biology into clinical 
applications for sports‑related bone injuries requires substan‑
tial investment in large‑scale, multi‑center cohort studies. 
Current clinical evidence is constrained by small sample sizes, 
heterogeneous populations, and inconsistent methodological 
standards (142). A key clinical question is whether exosomal 
ncRNA signatures can predict fracture healing complica‑
tions with sufficient sensitivity and specificity to guide 
decision‑making. Future studies should adopt harmonized 
protocols for sample collection, processing, and data reporting 
to enable cross‑study comparability and meta‑analyses. The 
development of standardized reference materials for exosome 
isolation and characterization, as recently advocated by inter‑
national consortia, represents a critical prerequisite for clinical 
implementation (137). Such standardization efforts must extend 
to pre‑analytical variables including anticoagulant selection, 
storage conditions, and timing of sample collection relative 
to exercise bouts, factors that profoundly influence exosomal 
cargo composition yet remain inconsistently reported (143).

Personalized exercise prescription guided by exosomal 
ncRNA response profiles represents an emerging frontier in 
sports medicine. The substantial inter‑individual variability 
in exosomal responses to standardized exercise protocols 
suggests that molecular phenotyping could optimize exercise 

interventions for bone health (8). Future studies should char‑
acterize how age, sex, genetic background, and baseline fitness 
level modulate exosomal ncRNA responses, thereby estab‑
lishing normative reference ranges against which individual 
responses can be benchmarked. Machine learning approaches 
integrating multi‑dimensional molecular data with clinical 
parameters hold promise for developing predictive algorithms 
that recommend optimal exercise modalities, intensities, and 
durations for individuals at risk of bone injury (136,141). This 
precision exercise paradigm represents a shift from popula‑
tion‑based recommendations to individualized molecularly 
guided interventions.

Therapeutic strategies based on engineered exosomes 
offer unprecedented opportunities for treating refractory bone 
injuries. Recent proof‑of‑concept studies have demonstrated 
that exosomes can be engineered to display targeting ligands, 
encapsulate therapeutic ncRNA cargo, and achieve controlled 
release profiles  (144,145). However, safety issues remain 
unanswered, including whether exercise‑mimetic exosomes 
are immunogenic; and what the potential off‑target effects 
on non‑skeletal tissues are. Future translational efforts should 
prioritize the development of exercise‑mimetic exosomes that 
recapitulate the multi‑targeted effects of physical activity 
without requiring patient participation, as this represents a 
particularly valuable approach for injured athletes undergoing 
immobilization. Scalable manufacturing processes compliant 
with Good Manufacturing Practice standards are essential 
for clinical translation, requiring rigorous quality control 
measures encompassing size distribution, cargo composi‑
tion, and batch‑to‑batch consistency (139,146). Furthermore, 
combination strategies integrating exosome therapeutics with 
biomaterial scaffolds or pharmacological agents may achieve 
synergistic effects that surpass either approach alone. In 
summary, addressing the four priority issues outlined above, 
namely cargo selection mechanisms, causality, biomarker 
utility, and safety, will determine whether exercise‑induced 
exosomal ncRNAs remain a descriptive phenomenon or 
become a translatable paradigm for sports medicine.

In conclusion, the study of exercise‑induced exosomal 
ncRNAs in bone remodeling represents an emerging paradigm 
that links physical activity to skeletal adaptation. Current 
evidence supports a correlative framework in which exercise 
dynamically modulates exosomal ncRNA cargo and these 
changes are associated with osteogenic outcomes. However, 
whether this paradigm is causally valid remains to be estab‑
lished. Direct evidence demonstrating that specific exosomal 
ncRNAs are necessary and sufficient for exercise‑induced 
bone protection is still lacking. The present review offered 
several distinctive advantages: It systematically integrated 
exercise physiology, exosome biology, and bone remodeling 
into a cohesive framework; detailed specific signaling cascades 
(Wnt/β‑catenin, BMP/Smad, and RANKL/RANK/OPG) 
modulated by exercise‑induced exosomal ncRNAs; and 
addressed the translational potential for sports medicine 
applications including biomarker development, personalized 
exercise prescription, and exosome‑based therapeutics. The 
convergence of multi‑omics technologies, single‑cell resolution 
analyses, rigorous causal validation frameworks, and stan‑
dardized clinical protocols provide a roadmap for addressing 
current limitations. For sports medicine practitioners, these 
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advances promise the development of noninvasive diagnostic 
biomarkers, personalized exercise prescriptions, and novel 
exosome‑based therapeutics that harness the regenerative 
potential of physical activity. Realizing this potential will 
require sustained interdisciplinary collaboration among 
molecular biologists, bioengineers, exercise physiologists, and 
clinicians, united by the shared goal of translating mecha‑
nistic insights into improved outcomes for athletes with bone 
injuries.
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