
Vol.:(0123456789)

Journal of Molecular Medicine (2024) 102:617–628 
https://doi.org/10.1007/s00109-024-02427-7

REVIEW

Exploiting the therapeutic potential of contracting skeletal 
muscle‑released extracellular vesicles in cancer: Current insights 
and future directions

Ana Carolina Pinto1 · Patrícia Tavares1,2,3 · Bruno Neves2   · Pedro F. Oliveira1   · Rui Vitorino2   · 
Daniel Moreira‑Gonçalves3   · Rita Ferreira1 

Received: 26 September 2023 / Revised: 9 January 2024 / Accepted: 5 February 2024 / Published online: 7 March 2024 
© The Author(s) 2024

Abstract
The health benefits of exercise training in a cancer setting are increasingly acknowledged; however, the underlying molecular 
mechanisms remain poorly understood. It has been suggested that extracellular vesicles (EVs) released from contracting 
skeletal muscles play a key role in mediating the systemic benefits of exercise by transporting bioactive molecules, includ-
ing myokines. Nevertheless, skeletal muscle-derived vesicles account for only about 5% of plasma EVs, with the immune 
cells making the largest contribution. Moreover, it remains unclear whether the contribution of skeletal muscle-derived 
EVs increases after physical exercise or how muscle contraction modulates the secretory activity of other tissues and thus 
influences the content and profile of circulating EVs. Furthermore, the destination of EVs after exercise is unknown, and 
it depends on their molecular composition, particularly adhesion proteins. The cargo of EVs is influenced by the training 
program, with acute training sessions having a greater impact than chronic adaptations. Indeed, there are numerous questions 
regarding the role of EVs in mediating the effects of exercise, the clarification of which is critical for tailoring exercise train-
ing prescriptions and designing exercise mimetics for patients unable to engage in exercise programs. This review critically 
analyzes the current knowledge on the effects of exercise on the content and molecular composition of circulating EVs and 
their impact on cancer progression.
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Introduction

Exercise training is well established to have numerous 
health benefits. In the context of cancer, exercise training 
is not only safe, but has been shown to reduce incidence 
and improve survival [1–3]. These findings have motivated 

researchers to explore the mechanisms by which regular 
physical activity and physical exercise provide systemic 
benefits to cancer patients. One proposed mechanism is 
the release of cytokines produced by contracting skeletal 
muscle (myokines) into the bloodstream [4–6]. Another 
potential mechanism is through extracellular vesicles (EVs) 
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released by skeletal muscle (SkM) and their interaction 
with other tissues [7, 8]. However, research on SkM-
derived EVs is currently limited, as only a handful of stud-
ies have examined their molecular cargo and the impact 
of different exercise regimens on their release [9–11]. 
Furthermore, there is a lack of research investigating the 
specific role of SkM-derived EVs in cancer development 
and progression [12, 13].

Early studies on EVs viewed them as a mechanism by 
which cells get rid of unwanted cellular components. How-
ever, in the late 1990s, it was discovered that EVs can trans-
fer proteins, RNA, and even organelles from one cell to 
another, making them mediators of cell–cell communication 
[14–16]. EVs are secreted by all types of cells and are pre-
sent in biological fluids such as blood, cerebrospinal fluid, 
urine, and saliva [17]. Recent studies have shown that exer-
cise can stimulate the release of EVs from the SkM into the 
bloodstream, thereby delivering biomolecules to recipient 
cells [9, 10]. Once EVs attach to these recipient cells, they 
can affect biological processes by activating cell signaling 
or passing on their cargo, thereby altering the function and 
structure of recipient cells [5, 18, 19].

There are three subtypes of EVs: apoptotic bodies 
(> 800  nm), microvesicles (0.1–1  µm), and exosomes 
(30–150 nm). Apoptotic bodies are produced by cells dur-
ing the apoptotic process, while microvesicles, also known 
as ectosomes or microparticles, arise from the plasma mem-
brane by budding outward. The process of microvesicle 
formation remains not fully elucidated; nonetheless, it is 
believed to involve cytoskeleton components such as actin 
and microtubules, molecular motors (kinesins and myosins), 
and fusion machinery (SNAREs and tethering factors) [20, 
21]. Exosomes, the best-studied small vesicles, are formed 
by the inward budding of early endosomes that mature into 
multivesicular bodies and are subsequently released into 
the extracellular space by exocytosis. Initially considered a 
means of cellular waste disposal, exosomes have evolved in 
our understanding to play pivotal roles in cell-to-cell com-
munication, cellular maintenance, and tumor progression 
[22]. Given the challenges associated with the purification 
of specific subsets of EVs and the lack of specific mark-
ers to distinguish these subsets, the International Society 
for Extracellular Vesicles has recommended the use of the 
generic term “extracellular vesicle.” This terminology allows 
for a more comprehensive approach when dealing with these 
different vesicular entities [25].

Several mechanisms may be involved in facilitating the 
transfer of EVs and their cargoes to recipient cells. EVs 
may initially anchor and posteriorly undergo fusion with 
the plasma membrane of a target cell. Alternatively, EVs 
can be internalized through different pathways, including 
phagocytosis, macropinocytosis, lipid raft–mediated endo-
cytosis, clathrin-mediated endocytosis, or caveolin-mediated 

endocytosis. Upon endocytosis, EVs may either be directed 
to lysosomes for degradation or fuse with the delimiting 
membrane of an endocytic compartment. The latter scenario 
allows for the release of EV content into the cytosol of the 
recipient cells (reviewed by [26]). These versatile mecha-
nisms underscore the multifaceted nature of EV-mediated 
intercellular communication, involving the specific transfer 
of bioactive molecules such as regulatory proteins and miR-
NAs, thereby impacting recipient cell functions and pheno-
type [23, 24].

Although SkM-derived EVs play a critical role in inter-
cellular communication [10, 11, 27–29], the current under-
standing of their biogenesis and tissue targets for cargo 
delivery in mammals is still limited. Nevertheless, it was 
shown that after intraperitoneal injection into mice, EVs 
derived from the quadriceps were detected in cells of at 
least eight different organs in addition to the SkM, including 
the brain, liver, heart, lung, gastrointestinal tract, spleen, kid-
ney, and pancreas [30]. This finding highlights the potential 
of SkM-derived EVs to serve as mediators of inter-organ 
communication and provides a possible explanation for 
the systemic benefits of exercise (schematized in Fig. 1). 
This review aims to critically examine the current under-
standing of how physical exercise influences the release of 
SkM-derived EVs, their molecular cargo, and their potential 
impact on cancer cell proliferation. By integrating current 
knowledge in this field, we aim to deepen our understanding 
of the benefits of exercise training in cancer and provide the 
molecular basis for the development of novel therapies that 
can mimic these benefits.

Myokines, exerkines, and extracellular 
vesicles: Mining on the endocrine potential 
of skeletal muscle

The SkM accounts for approximately 40% of body mass and 
serves as an endocrine organ capable of secreting a variety 
of proteins and peptides (i.e., myokines), lipids, and metabo-
lites that are released by contracting muscles and are essen-
tial for mediating some of the systemic effects of exercise 
[27, 31, 32]. The beneficial effects of exercise include an 
anti-inflammatory role and positive effects on glucose and 
lipid metabolism, which appear to be mediated by myokines 
[33, 34]. Hundreds of myokines (more than 650 proteins) are 
expressed and released by the SkM [35, 36] and have been 
termed “myokinome” [37, 38]. Some of these myokines are 
upregulated by physical exercise, the so-called exerkines, 
which play a key role in mediating inter-organ communica-
tion for the purpose of energy supply, among other functions 
[38]. This communication is facilitated by ligand-receptor 
binding complexes [24]. Among these exerkines, FGF-21, 
IL-6, IL-15, irisin, and BDNF have low concentrations in 
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SkM under resting conditions but increase significantly 
during muscle contraction [39]. Both continuous moderate-
intensity walking and high-intensity intermittent walking 
have been shown to increase systemic levels of IL-6, with 
peak levels reached immediately after exercise, followed 
by a sustained elevation after 4 h and a subsequent gradual 
decline [40]. Similarly, both moderate- and high-intensity 
intermittent cycling have been found to increase circulating 
IL-6 levels [41]. In fact, IL-6 from SkM increases exponen-
tially immediately after an exercise bout, triggering an anti-
inflammatory response characterized by increases in IL-1ra 
and IL-10, while TNF-α is dampened [42]. Furthermore, 
in endurance-trained individuals, acute exercise has been 
shown to increase other cytokines such as IL-5 and IL-10. 
Notably, even in sedentary individuals, IL-10 increases after 
acute exercise [43].

Most of the exerkines are believed to travel through the 
body enclosed in EVs [44–46]. Indeed, a significant enrich-
ment of proteins entrapped in EVs was found among the 300 
proteins that increased in the bloodstream after a 1 h cycling 
in healthy individuals [25]. When mass spectrometry (MS)-
based approaches were used to identify proteins in EVs, a 
substantial proportion of these proteins was not previously 
known to be released into the bloodstream or to contain a 
signal peptide sequence, as shown by the SignalP server. 
This suggests an alternative mechanism by which myokines 

are transported by EVs to recipient cells, mediating organ 
crosstalk [24]. Indeed, several exerkines, including FGF-21 
and GDF-15, are already catalogued in ExoCarta and Vesi-
clipedia, two databases that compile biomolecules identified 
in EVs [45].

Exercise training has been reported to regulate both the 
levels and the molecular cargo of EVs circulating in the 
bloodstream. For example, Fruhbeis and colleagues [7] dem-
onstrated a 2.7-fold increase in EVs in the venous blood 
of healthy volunteers who exercised regularly (at least 3 
training sessions per week), immediately after a single bout 
of exhaustive cycling exercise, returning to baseline after 
90 min. Furthermore, investigations with human subjects at 
cardiometabolic risk who underwent exercise stress testing 
showed an increase in plasma levels of EVs, but not in their 
size [47]. Nonetheless, not all studies have echoed similar 
outcomes in terms of EV content or size after a single bout 
of exercise. For instance, physically active healthy volun-
teers submitted to a single eccentric exercise that resulted 
in muscle damage showed no changes in the concentration 
and size distribution of plasma EVs. However, there was 
a negative association between the changes in EV release 
before and after exercise and creatine kinase activity, a bio-
logical marker of muscle damage [48]. Similarly, Just et al. 
[49] found no alterations in the concentration and size of 
EVs isolated from the plasma of physically active healthy 

Fig. 1   Overview illustrating the impact of physical exercise on cir-
culating extracellular vesicles (EVs), highlighting their origin, des-
tination, and the molecular processes modulated by their cargo fol-
lowing an exercise bout in both trained and untrained subjects. EVs 
may be released from contracting skeletal muscle (identified by 
α-sarcoglycan) or other cell populations, particularly immune and 
endothelial cells, subsequently entering the systemic circulation. 

These EVs target several organs, depending on their cargo, including 
specific integrin profiles. Alterations in protein and miR cargo of EVs 
released post-physical exercise impact several biological processes, 
notably inflammation, immune profile, angiogenesis, and metabo-
lism. The figure was partly generated using Servier Medical Art, pro-
vided by Servier, licensed under a Creative Commons Attribution 3.0 
unported license
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volunteers 1 h after a single bout of blood flow–restricted 
resistance training, an unfamiliar modality for these partici-
pants. Interestingly, following a single exercise session of 
moderate intensity, a subtle rise in the total plasma EV count 
was observed in healthy sedentary subjects, while trained 
individuals showed no such increase within 2 h post the 
conclusion of the aerobic exercise [50]. In this context, sub-
jects with type 2 diabetes displayed no changes in the levels 
of SkM-derived EVs after 1 h of exercise on an ergometer 
compared to non-diabetic obese subjects [51]. These SkM-
derived EVs were identified by flow cytometry as lactad-
herin-binding, phosphatidylserine-positive particles express-
ing β-sarcoglycan. In contrast, after acute moderate exercise 
on a treadmill (at 60% of their VO2 max), a decrease in 
the release of EVs, predominantly in the microvesicle size 
range, into the bloodstream was found in moderate-weight 
and obese subjects [52]. The authors noted that the content 
of circulating EVs depended on body mass index, insulin 
sensitivity, and gender. In addition to variations in the levels 
of circulating EVs, it remains uncertain whether the propor-
tion of SkM-derived EVs increases beyond the baseline of 
5% after an exercise bout [10], whether in physically active 
or sedentary individuals. The influence of sex on EV con-
tent and profile was further investigated by subjecting both 
men and women who completed a 5 day simulated military 
operational stress protocol, involving daily physical exer-
tion, sleep deprivation, and caloric restriction. Notably, EV 
concentration decreased in women following 48 h of sleep 
and caloric restriction while remaining stable in men. Both 
men and women exhibited an increase in EV size, and the 
proportion of EVs expressing α-sarcoglycan also increased 
in both sexes, though women displayed a higher content 
of SkM-derived EVs [53]. These findings underscore the 
importance of considering biological variables, such as sex, 
in EV research.

Most circulating EVs originate from cells of the immune 
system, endothelium, and platelets and persist after exercise. 
This is underscored by the relatively low abundance of mus-
cle-specific markers in EVs, such as α-sarcoglycan and miR-
206, as opposed to the elevated levels of immune cell mark-
ers such as CD14, a marker of monocytes/macrophages [10, 
52, 54]. Indeed, a comprehensive EV-phenotyping analysis 
was conducted to investigate the cellular origin and potential 
subtypes of EVs isolated from the plasma of healthy indi-
viduals subjected to an incremental cycling test until exhaus-
tion. The analysis of circulating EVs using a multiplexed 
flow-cytometry platform identified lymphocytes (CD4, 
CD8), monocytes (CD14), platelets (CD41, CD42, CD62P), 
endothelial cells (CD105, CD146), and antigen-presenting 
cells (MHC-II) as the primary parental cells contributing 
most to the EV-mediated effects of exercise [55]. Bryl-Gore-
cka et al. [56] used Olink technology to characterize the pro-
teomic landscape of EVs isolated from plasma samples of 

volunteers with an average age of 58 years, a subset of whom 
had cardiovascular pathologies and/or were under medica-
tion. These individuals were subjected to 10 min of progres-
sively increasing intensity stationary bicycle exercise, with 
samples collected 1 h later. Their results showed significant 
changes in 58 proteins within EVs compared to pre-exercise 
levels. The cargo contained in these EVs came from different 
cell types, with immune and endothelial cells making the 
largest contribution. Of note, only a dozen SkM-derived pro-
teins, including myoglobin and follistatin, were modulated 
by acute exercise. Similarly, Kobayashi et al. [57] demon-
strated that a proportion of circulating EVs, isolated from 
the plasma of young males after 8 weeks of high-intensity 
interval training, originated from various tissues and cells, 
including hepatocytes and adipose tissue. The relatively 
low proportion of EVs derived from the SkM is interesting, 
considering that the SkM contributes significantly to total 
body weight. However, SkM exhibits interstitial space and 
a vascular endothelial barrier between myofibers and cir-
culation. The extent to which EVs derived from myofibers 
reach the circulation remains incompletely understood, as 
highlighted previously [54]. This also raises questions about 
the mechanisms by which SkM-derived signaling molecules 
exert their systemic effects, as well as the cellular sources of 
EVs released after exercise. Moreover, it is unclear whether 
these cellular sources and molecular mechanisms are the 
same in physically active and sedentary individuals submit-
ted to a bout of exercise.

It is important to acknowledge that determining the 
proportion of SkM-derived EVs to total EVs in circula-
tion poses several challenges. First, the presence of markers 
specific to the SkM origin, such as β- or α-sarcoglycans, 
integral components of the dystrophin-glycoprotein com-
plex, cannot be guaranteed in all SkM-derived EVs [17], 
making it difficult to definitively confirm EVs originating 
from SkM contractile activity. Second, α-sarcoglycan has 
been detected not only in SkM but also in cardiac mus-
cle [58]. Third, intramuscular injections of fluorescently 
labeled EVs or genetic manipulation, which are excellent 
options in rodent models, are impractical in human studies 
[17]. Despite the difficulties in studying SkM-derived EVs 
in vivo, several in vitro studies have clearly demonstrated 
that both myoblasts and myotubes are capable of releas-
ing EVs whose biological role in recipient cells is unclear 
[59, 60]. Therefore, there is a need for alternative methodo-
logical approaches to reliably determine the contribution of 
SkM-derived EVs in in vivo studies.

Apart from their origin, understanding the destination of 
exercise-induced EVs is crucial to gain deeper insights into 
the molecular mechanisms underlying the systemic effects of 
physical activity and exercise. The organ-specific targeting 
of EVs appears to be facilitated by adhesion proteins, which 
have been reported to increase in the bloodstream after 
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exercise. Interestingly, one of these adhesion proteins, inte-
grin beta 5 (ITGB5), has exhibited presence in EVs secreted 
from the limbs of mice exercising on a treadmill and found 
incorporated into the liver cells treated with these EVs [24]. 
Another adhesion protein, ITGA2B, known for its pivotal 
role in the coagulation cascade, showed an increase in EVs 
collected from the plasma of physically active healthy volun-
teers after a bout of resistance training with restricted blood 
flow [49]. Therefore, it is plausible to suggest that integ-
rins play a pivotal role in the complex systemic targeting of 
EVs toward specific organs during exercise. In these target 
organs/cells, EVs release diverse protein cargo, including 
glycolytic enzymes [24] and proteins involved in the uptake 
of long-chain fatty acids [51]. The potential of these proteins 
to influence the metabolic rate of recipient cells is a note-
worthy aspect. In response to the high energy demands of 
exercise, these metabolic proteins are more abundant in EVs. 
A considerable subset of proteins modulated by, for example, 
10 min cycling, identified in EVs extracted from the plasma 
of older adults, some of whom have cardiovascular disease, 
appears to be related to other biological processes such as 
inflammation, angiogenesis, and coagulation [56]. This intri-
cate array of proteins illustrates a complex interplay that 
forms the basis for the multiple systemic effects evoked by 
physical exercise.

The impact of exercise on the miRNome 
of extracellular vesicles

Extracellular microRNAs (miRs) are usually found either 
bound to protein complexes, associated with high-den-
sity lipoproteins or encapsulated in small EVs [61]. The 
amount and composition of the miR cargo likely depend on 
the modality and intensity of exercise [27, 62], similar to 
the proteome of EVs. Indeed, total miR content in plasma 
EVs was reported to increase by almost 70% after acute 
exercise, and 13 miRs were significantly enriched by exer-
cise, returning to baseline levels after a recovery period of 
2 h. These miRs shown to be modulated by acute exercise 
include miR‐10b‐5p, miR‐222‐3p, miR‐23a‐3p, miR30a‐
5p, miR484, miR‐652‐3p, miR‐92a‐3p, and miR991‐5p; 
however, only miR‐145‐5p and miR‐424‐5p are strongly 
expressed in muscle cells, while the other miRs originate 
in immune and endothelial cells. Moreover, an increase in 
miR-126 plasma levels was observed after a 4-h cycling at 
70% of the anaerobic threshold, which persisted throughout 
the duration of the exercise. The blood levels of miR-133 
and miR-126 were also shown to be markedly increased 
in middle-aged male marathon runners [63]. In a study 
with 13 male swimmers participating in a fatiguing 1500 m 
freestyle swimming session at the speed of their best-
recorded performance, the miR profiles of circulating EVs 

underwent significant changes, marked by elevated levels 
of miR-144-3p, miR-145-3p, miR-509-5p, miR-891b, and 
miR-890 [64]. In healthy, untrained subjects aged 18 to 
30 years, a significant decrease in miR-31 was observed 
24 h after a mildly muscle-damaging exercise bout in the 
form of a plyometric jump followed by downhill running 
compared to baseline levels [65]. Although it did not induce 
alterations in the amount of circulating EVs, resistance 
training with restricted blood flow was shown to upregu-
late the expression of hypoxia-inducible miR-182–5p, 
which was packaged into EVs. This specific miRNA has 
been shown to be capable of enhancing HIF-1α signaling, 
protecting cardiomyocytes from hypoxia-induced apopto-
sis, modulating glucose utilization in SkM, and increasing 
angiogenesis in vitro [49]. In a recent study, the miR cargo 
from EVs isolated from biopsies of the vastus lateralis after 
1 week of concurrent aerobic and resistance exercise was 
shown to contain miR-1, miR-133, miR-206, miR-486, and 
miR-499 as major SkM-specific miRs [65]. Interestingly, in 
a cohort comprising both young male and female subjects 
participating in a 60 min cycling session at 70% VO2peak, 
no correlations were found between EVs and SkM miR 
expression. This suggests that EV miR content may not 
represent SkM miR expression. Furthermore, this study 
identified sex-specific differences in the miR response to 
an acute bout of endurance exercise, particularly concern-
ing miR species associated with mitochondrial metabo-
lism and angiogenesis [66]. In a clinical study, subjects 
underwent 40 min of vigorous-intensity aerobic exercise 
(80% VO2 max), and SkM-derived EVs were immune-
captured with an antibody against α-sarcoglycan. These 
α-sarcoglycan-positive EVs were highly enriched in SkM-
specific miR-206, highlighting its role in mediating the 
effects of exercise. A significant increase in other SkM-
specific mRNAs, such as miR-181a-5p and miR-133b, was 
also detected in α-sarcoglycan-positive EVs after exercise. 
However, α-sarcoglycan + EVs account for only about 5% 
of the total EV population [10], as discussed previously. 
Although the presence of SkM-derived EVs in circulation 
is low, both cytofluorimetric data and myo-miR quantifica-
tions unveiled an elevation in SkM-related signals trans-
ported by EVs in the bloodstream following a single bout 
of exercise in sedentary subjects. Notably, the intensity of 
exercise plays a crucial role in determining the systemic 
increase in EV-miRs, with a higher elevation observed in 
exhaustive incremental exercise compared to acute aerobic 
exercise [50].

Once internalized into target cells, EV-miRs can regu-
late gene expression and promote physiological effects 
[67, 68]. For instance, miR-31 is known to transiently sup-
press translation of satellite cell activator Myf5 mRNA and 
maintain satellite cells in a quiescent state [65]. Pathway 
analysis revealed that SkM-specific miRs enclosed in EVs 
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isolated from vastus lateralis after short-term concurrent 
exercise training (referring to miR-1, miR-133, miR-206, 
miR-486, and miR-499) modulate the inflammatory response 
[69]. From these, miR-206 and miR-486 were also associ-
ated with SkM hypertrophy and regeneration [70]. Exercise 
upregulated miR‐222‐3p, miR‐30a‐5p, and miR‐10b‐5p and 
have been associated with the regulation of myoblast prolif-
eration and myofiber formation [19]. Mechanical overload 
triggers the release of EVs containing muscle-specific miR-
1, which seem to be preferentially taken up by epidydimal 
white adipose tissue, where it promotes lipolysis [71]. Blood 
flow–restricted resistance exercise promoted the upregula-
tion of six miRs involved in protein translation, Akt/mTOR 
signaling, and NF-kB activation [49]. Moreover, the benefi-
cial effects of miR-containing EVs isolated from interval-
trained muscles were found on glucose tolerance in seden-
tary mice [72].

Overall, the miRs carried by EVs are responsive to exer-
cise-induced muscle contraction and play a role in modulat-
ing the functionality of recipient cells [73]. The secretion of 
EVs and their cargo is influenced by various factors such as 
the mode, intensity, and duration of exercise programs [10, 
40, 43, 74]. For example, exhaustive incremental exercise 
leads to a more pronounced and faster increase in SkM-
derived miRs compared to acute aerobic submaximal exer-
cise [50]. The health status of the subjects who participated 
in these studies is also a key factor, as it can strongly influ-
ence miR profiles in circulating EVs. In fact, athletic and 
sedentary men, even when submitted to the same exercise 
protocol, exhibit different miR profiles in EVs [75]. The 
precise stress signals that trigger changes in SkM and other 
organs and lead to alterations in miRs and other molecules 
in circulating EVs are still largely unknown.

Effect of skeletal muscle–derived EVs 
in cancer development and progression

The benefits of exercise in a cancer setting include normaliza-
tion of the tumor’s vascular system and metabolism, alteration 
of the systemic immunological profile, and improvement of tis-
sue immune cell surveillance [76]. These anticancer effects are 
hypothesized to be mediated by contractile factors secreted by 
SkM. In vitro studies have shown that human serum from sub-
jects who performed two high-intensity endurance cycling ses-
sions affected the proliferative and microtumor-forming capacity 
of breast and prostate cancer cell lines [77]. These authors also 
demonstrated that the exercise-induced effects on cancer cell 
proliferation were due to the high intensity of the training session 
and not to the training duration. Devin et al. [78] treated colon 
cancer cells with serum samples from colon cancer survivors 
who had completed either an acute high-intensity interval train-
ing or a chronic exercise program with 12 high-intensity interval 

training sessions. Their results showed that serum obtained 
immediately after high-intensity interval exercise significantly 
decreased the number of colorectal cancer cells, while no sig-
nificant effect was observed 120 min after training. Serum from 
women with breast cancer and from healthy women obtained 
during and immediately after an exercise session also showed 
promising results. In vitro experiments showed a significant 
reduction in the viability of hormone-sensitive and hormone-
insensitive breast cancer cells by about 10%. The serum of 
exercised women also reduced tumor formation by 50% when 
MCF-7 breast cancer cells (hormone-sensitive) were inocu-
lated into NMRI-Foxn1nu mice. One proposed mechanism to 
explain the tumor-suppressive effect of exercise is the activation 
of β-adrenergic signaling, which appears to modulate the Hippo 
pathway [79]. However, not all exercise programs have the same 
effect. Despite improvements in cardiorespiratory fitness (VO2 
peak) and muscle strength after 6 months of exercise training, no 
significant changes in breast cancer cell viability were observed 
in vitro after incubation with the serum of these trained breast 
cancer patients [80]. In another study, serum from male subjects 
cycling at increasing intensity for 60 min resulted in a 31% inhi-
bition of the growth of the prostate cancer cell line LNCaP, and 
pre-incubation prior to subcutaneous injection into SCID mice 
caused a delay in tumor formation [81]. In addition, treatment 
of lung cancer cells with serum collected 5 min, 1 h, and 24 h 
after exercise on a cycle ergometer significantly inhibited cell 
survival and proliferation. Interestingly, the human post-exercise 
serum used for cell treatments only decreased the viability of 
cancer cells without affecting the viability of normal cells [82]. 
These results suggest that some of the biomolecules that enter 
the bloodstream after exercise may reduce the proliferation rate 
and survival of tumor cells.

Regarding the potential anticancer effect of EVs derived 
from the plasma of exercised subjects, only one preclinical 
study is known to have demonstrated the tumor-suppressive 
effect of such EVs. In this study by Sadovska et al. [12], 
regular injection of exercise-induced EVs in tumor-bearing 
rats resulted in a reduction of primary tumor growth by 
approximately 35% and a possible delay in the development 
of lung metastases. When analyzing the cargo of exercise-
induced EVs, these authors found upregulation of genes 
encoding proteins involved in metabolic processes, such as 
Notum (palmitoleoyl-protein carboxylesterase), Pctp (phos-
phatidylcholine transfer protein), and Cyp4b1 (cytochrome 
P450, family 4, subfamily b, polypeptide 1). In addition, the 
molecular chaperones Dnajb5 and Hspa5 were identified, 
which are involved in protein maturation and cell survival 
under stress conditions. The cargo also contained molecular 
players associated with inflammation (Ltb4r2 and Alox5), 
T-cell development (Zbtb1), and germinal center B cells 
(Fcrlb). Despite the small sample size, this study sheds light 
on the molecular composition of exercise-induced EVs and 
their potential role in inhibiting tumor growth and metastasis 
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in vivo (Fig. 1). Further research in this area is warranted 
to investigate the therapeutic potential of exercise-induced 
EVs in cancer treatment.

Unexplored dimensions in understanding 
the role of EVs in exercise setting

EVs have been proposed to act as mediators of exercise-
induced health benefits by acting as cargo carriers or inter-
mediaries facilitating inter-organ communication with 
beneficial outcomes. Nevertheless, before EVs can be con-
sidered plausible therapeutic strategies, several questions 
need to be addressed.

The question arises whether EVs represent the plasma 
fraction that most accurately reflects the effects of physi-
cal exercise and should therefore be the focus of exercise 
mimetics development studies. Piccirillo [44] suggested that 
the development of an “exercise pill” capable of reproduc-
ing the multiple benefits of exercise on different organs is 
impractical due to the complex and interrelated pathways 
affected by exercise and the influence of individual genetics 
on the holistic effects of exercise. As an alternative, he sug-
gested researching selected myokine-based drugs that target 
specific pathways and could help patients who are unable 
to exercise for various reasons. However, there is still no 
evidence for the therapeutic use of myokine-based drugs.

An interesting topic that remains to be explored is the 
possible presence of organelles, particularly mitochondria, 
in exercise-induced EVs. It is possible that these EVs con-
tain functional mitochondria that could contribute to the 
anti-inflammatory effects of exercise. This hypothesis par-
allels the immunomodulatory effects observed in mesenchy-
mal stem cells (MSCs) in conjunction with their mitochon-
drial cargo [83]. The proteomics analysis of SkM-derived 
EVs from exercised mice revealed an enrichment of proteins 
associated with mitochondrial biogenesis [84]. Moreover, 
intact and functional cell-free mitochondria have been iden-
tified in the bloodstream and appear capable of re-entering 
cells. Both flow cytometry and proteomics data corroborate 
that, at least in part, cell-free mitochondria are encapsulated 
within EVs [85]. Recently, it has been demonstrated that 
mitochondria are eliminated in large EVs via the endoso-
mal pathway when lysosomal degradation is impeded [86]. 
Therefore, investigating the presence and functional role of 
mitochondria in exercise-induced EVs could provide valu-
able insights into the mechanisms underlying the beneficial 
effects of exercise.

Moreover, it remains unclear how SkM contractile activ-
ity specifically influences the molecular profile of EVs. Our 
understanding of EVs from SkM fibers is primarily derived 
from monocultures of proliferating myocytes and, to a lesser 
extent, differentiated myotubes. Proliferating myocytes may 

not exhibit behavior identical to the terminally differentiated 
fibers predominant in SkM tissues. While monocultures offer 
a straightforward approach to studying SkM fiber–derived 
EVs, they lack the cellular heterogeneity and extracellu-
lar matrix found in tissue environments. As an alternative 
model, SkM explants have been proposed. In such explants, 
various cell types beyond myofibers may contribute to the 
secretion of EVs [54]. However, investigating the influence 
of exercise programs on the EV secretion profile using SkM 
explant models, particularly those derived from humans, 
presents notable challenges, and the evaluation of systemic 
effects may be limited.

The secretory activity of the SkM appears to be influ-
enced by exercise-induced pH changes. During submaximal 
cycling followed by a 60-min passive recovery period, the 
pH of the SkM is known to remain between 7.08 and 7.16 
[87]. In contrast, the pH of the SkM can drop to as low as 
6.42 during maximal exercise [88]. Although this pH drop is 
not as severe as shown in in vitro models, there is evidence 
that maximal intensity and intermittent exercise lead to a 
greater drop in SkM and plasma pH than moderate-intensity, 
continuous exercise [89]. These pH variations could explain, 
at least in part, the effects of different exercise regimens on 
the molecular profile of circulating EVs. Further research 
is needed to investigate the relationship between exercise 
intensity, duration, pH changes, and the resulting molecular 
profile of exercise-induced EVs.

Another important question is which exercise regimen 
produces the most favorable molecular profile of EVs in 
cancer patients. Most studies report either positive or no 
anticancer effects of EVs isolated from trained subjects; 
however, these results are primarily from in vitro studies, 
with only one study using an animal model [12]. Therefore, 
further in vivo studies are essential to define an exercise 
mimetic based on EV profiles. These studies should also 
strive to establish a consensus on the EV cargo profile within 
the FITT paradigm (frequency, intensity, time, and type) of 
exercise training, as has been proposed [70], tailoring con-
siderations to each specific clinical condition. Importantly, 
there is currently no evidence to support the assumption that 
the health benefits of an exercise-induced EV profile apply 
uniformly to all diseases, including various types of cancer. 
While it is generally accepted that every exercise bout mat-
ters against the development and progression of cancer [90], 
it is still unclear which specific exercise parameters maxi-
mize the benefits mediated by EVs. There are several meth-
odological issues to consider when comparing the effects 
of exercise programs. One of these issues is the timing of 
blood sampling, as differences in timing may lead to discrep-
ancies between studies. The physiological changes induced 
by acute training may persist for up to 24–48 h after the 
end of training but do not necessarily represent an adaptive 
response to long-term training. Some metabolic effects and 
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purported health benefits of exercise, such as lowering blood 
pressure or improving circulating lipoprotein profile, may be 
attributed to the biological consequences of the most recent 
exercise session rather than true adaptations from long-term 
training (reviewed in [91]). Furthermore, the use of distinct 
methods to isolate, quantify, and characterize EVs in differ-
ent studies may complicate the interpretation of the effects 
of specific exercise programs [92]. Ultracentrifugation-based 
methods remain the gold standard for isolating EVs. Never-
theless, alternative methods have emerged to address inher-
ent challenges, including the need for large starting sample 
volumes, time-consuming procedures, copelleting of high 
molecular mass protein complexes and lipoproteins, and the 
limitation in precisely enriching specific EV subpopulations. 
These alternatives, based on isolation by size, immunoaffin-
ity capture, and exosome precipitation, have been developed. 
Despite these innovations, they often fall short of achieving 
exclusive EV isolation, leading to complex mixtures com-
prising EVs and other extracellular space components [20, 
21]. Figure 2 provides an overview of the challenges encoun-
tered when investigating the anticancer effects of exercise 

training using blood-derived fluids, and their constituents, 
namely EVs.

Concluding remarks

Despite the growing recognition of the central role of EVs 
in mediating the therapeutic benefits of exercise training in 
diseases such as cancer, several important questions remain 
unanswered, hindering the translation of evidence on exer-
cise-induced EVs into clinical applications. To our knowl-
edge, only one in vivo study has investigated the anticancer 
potential of EVs isolated from blood-derived samples after 
exercise [12]; however, the use of a limited animal cohort 
hampers robust validation of the role of EVs in mediating 
exercise effects. Furthermore, the extent of the contribu-
tion of SkM to the composition of EVs needs to be better 
understood. While the proteome cargo of EVs released after 
exercise suggests a limited influence of SkM secretory activ-
ity on the overall pool of circulating EVs, specific miRs, 
such as miR-206, have been identified in EVs released by 
contracting SkM [69] and found to increase after exercise 

Fig. 2   Current challenges in investigating the putative anticancer 
effects of blood-derived plasma or serum from exercised individu-
als. The figure was partly generated using Servier Medical Art, pro-

vided by Servier, licensed under a Creative Commons Attribution 
3.0 unported license. Legend: EVs, extracellular vesicles; SEC, size-
exclusion chromatography
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[10]. This underscores the significant role of miRs in shap-
ing the molecular profile of circulating EVs during exer-
cise, despite the apparent limited influence of SkM secretory 
activity on the overall EV pool. Nevertheless, it is plausible 
that the impact of exercise on this profile could be indirect, 
potentially influencing the secretory activity of other cells, 
particularly endothelial and immune cells. While there is 
general agreement on the changes in the content, size, and/
or cargo of EVs following acute exercise (in comparison 
to rest), the impact of chronic exercise is less clear. This 
complexity is further heightened in individuals with under-
lying pathological conditions. Therefore, future studies are 
needed to envision the definition of exercise regimens tai-
lored to individual health status, age, gender, and other rel-
evant characteristics, with the aim of optimizing the amount, 
size, and molecular cargo profile of EVs in the bloodstream 
after exercise. By deciphering the molecular and functional 
properties of exercise-induced EVs, we can pave the way for 
the development of innovative therapeutic strategies based 
on specific molecular compounds that mimic the benefits of 
physical exercise for those patients who are unable to engage 
in regular physical activity due to various health limitations.

Author contribution  ACP and PT reviewed the literature. ACP, PT 
and RF wrote the manuscript. ACP, PT and RF created schematic rep-
resentations. BN, PFO, RV, DMG, and RF reviewed and edited the 
manuscript.

Funding  Open access funding provided by FCT|FCCN (b-on). Pat-
rícia Tavares thanks FCT/MCTES (Fundação para a Ciência e Tec-
nologia and Ministério da Ciência, Tecnologia e Ensino Superior) 
and ESF (European Social Fund) through NORTE 2020 (Programa 
Operacional Região Norte) for her PhD grant (2021.06760.BD). Ana 
Carolina Pinto thanks the Calouste Gulbenkian Foundation for her 
grant. Pedro F. Oliveira (CEECINST/00026/2018) was funded by 
national funds through FCT—Fundação para a Ciência e a Tecnolo-
gia, I.P., under the Scientific Employment Stimulus-Institutional Call, 
financed by national funds through the FCT/MCTES/FSE/UE. This 
work was supported through the projects UIDB/00617/2020 (CIAFEL), 
LA/P/0064/2020 (ITR), UIDB/50006/2020 and UIDP/50006/2020 
(LAQV-REQUIMTE), UIDB/04501/2020 (iBiMED), funded by the 
Portuguese Foundation for Science and Technology (FCT) and co-
financed by the European Regional Development Fund (FEDER), 
within the PT2020 Partnership Agreement.

Data availability  Not applicable.

Declarations 

Ethics approval  The manuscript does not contain clinical studies or 
patient data.

Consent for publication  All authors have read and approved the final 
version of the manuscript and its publication in the Journal of Molecu-
lar Medicine.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Faustino-Rocha AI, Silva A, Gabriel J, Gil da Costa RM, 
Moutinho M, Oliveira PA, Gama A, Ferreira R, Ginja M (2016) 
Long-term exercise training as a modulator of mammary cancer 
vascularization. Biomed Pharmacother 81:273–280

	 2.	 Schadler KL, Thomas NJ, Galie PA, Bhang DH, Roby KC, 
Addai P, Till JE, Sturgeon K, Zaslavsky A, Chen CS et al (2016) 
Tumor vessel normalization after aerobic exercise enhances 
chemotherapeutic efficacy. Oncotarget 7:65429–65440

	 3.	 Adraskela K, Veisaki E, Koutsilieris M, Philippou A (2017) 
Physical exercise positively influences breast cancer evolution. 
Clin Breast Cancer 17:408–417

	 4.	 Neufer PD, Bamman MM, Muoio DM, Bouchard C, Cooper 
DM, Goodpaster BH, Booth FW, Kohrt WM, Gerszten RE, 
Mattson MP et al (2015) Understanding the cellular and molec-
ular mechanisms of physical activity-induced health benefits. 
Cell Metab 22:4–11

	 5.	 Pedersen BK, Fischer CP (2007) Beneficial health effects of 
exercise–the role of IL-6 as a myokine. Trends Pharmacol Sci 
28:152–156

	 6.	 Safdar A, Saleem A, Tarnopolsky MA (2016) The potential of 
endurance exercise-derived exosomes to treat metabolic dis-
eases. Nat Rev Endocrinol 12:504–517

	 7.	 Fruhbeis C, Helmig S, Tug S, Simon P, Kramer-Albers EM 
(2015) Physical exercise induces rapid release of small extracel-
lular vesicles into the circulation. J Extracell Vesicles 4:28239

	 8.	 Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall 
JO (2007) Exosome-mediated transfer of mRNAs and microR-
NAs is a novel mechanism of genetic exchange between cells. 
Nat Cell Biol 9:654–659

	 9.	 D’Souza RF, Woodhead JST, Zeng N, Blenkiron C, Merry TL, Cameron-
Smith D, Mitchell CJ (2018) Circulatory exosomal miRNA follow-
ing intense exercise is unrelated to muscle and plasma miRNA abun-
dances. Am J Physiol Endocrinol Metab 315:E723–E733

	10.	 Guescini M, Canonico B, Lucertini F, Maggio S, Annibalini 
G, Barbieri E, Luchetti F, Papa S, Stocchi V (2015) Muscle 
releases alpha-sarcoglycan positive extracellular vesicles car-
rying miRNAs in the bloodstream. PLoS One 10:e0125094

	11.	 Annibalini G, Contarelli S, Lucertini F, Guescini M, Maggio 
S, Ceccaroli P, Gervasi M, Ferri Marini C, Fardetti F, Grassi 
E et al (2019) Muscle and systemic molecular responses to a 
single flywheel based iso-inertial training session in resistance-
trained men. Front Physiol 10:554

	12.	 Sadovska L, Auders J, Keisa L, Romanchikova N, Silamikele 
L, Kreismane M, Zayakin P, Takahashi S, Kalnina Z, Line A 
(2021) Exercise-induced extracellular vesicles delay the pro-
gression of prostate cancer. Front Mol Biosci 8:784080

	13.	 Zhang Y, Kim JS, Wang TZ, Newton RU, Galvao DA, Gardiner 
RA, Hill MM, Taaffe DR (2021) Potential role of exercise induced 

http://creativecommons.org/licenses/by/4.0/


626	 Journal of Molecular Medicine (2024) 102:617–628

extracellular vesicles in prostate cancer suppression. Front Oncol 
11:746040

	14.	 Raposo G, Nijman HW, Stoorvogel W, Liejendekker R, Harding 
CV, Melief CJ, Geuze HJ (1996) B lymphocytes secrete antigen-
presenting vesicles. J Exp Med 183:1161–1172

	15.	 Mesri M, Altieri DC (1998) Endothelial cell activation by leu-
kocyte microparticles. J Immunol 161:4382–4387

	16.	 Hess C, Sadallah S, Hefti A, Landmann R, Schifferli JA (1999) 
Ectosomes released by human neutrophils are specialized func-
tional units. J Immunol 163:4564–4573

	17.	 Bydak B, Pierdona TM, Seif S, Sidhom K, Obi PO, Labouta 
HI, Gordon JW, Saleem A (2022) Characterizing extracellular 
vesicles and particles derived from skeletal muscle myoblasts 
and myotubes and the effect of acute contractile activity. Mem-
branes (Basel) 12

	18.	 Emanueli C, Shearn AI, Angelini GD, Sahoo S (2015) Exosomes 
and exosomal miRNAs in cardiovascular protection and repair. 
Vascul Pharmacol 71:24–30

	19.	 Doncheva AI, Romero S, Ramirez-Garrastacho M, Lee S, Kolnes 
KJ, Tangen DS, Olsen T, Drevon CA, Llorente A, Dalen KT 
et al (2022) Extracellular vesicles and microRNAs are altered 
in response to exercise, insulin sensitivity and overweight. Acta 
Physiol (Oxf) 236:e13862

	20.	 Doyle LM, Wang MZ (2019) Overview of extracellular vesicles, 
their origin, composition, purpose, and methods for exosome iso-
lation and analysis. Cells 8

	21.	 Zaborowski MP, Balaj L, Breakefield XO, Lai CP (2015) Extracel-
lular vesicles: composition, biological relevance, and methods of 
study. Bioscience 65:783–797

	22.	 Rome S, Forterre A, Mizgier ML, Bouzakri K (2019) Skeletal 
muscle-released extracellular vesicles: state of the art. Front 
Physiol 10:929

	23.	 Guay C, Regazzi R (2017) Exosomes as new players in metabolic 
organ cross-talk. Diabetes Obes Metab 19(Suppl 1):137–146

	24.	 Whitham M, Parker BL, Friedrichsen M, Hingst JR, Hjorth M, 
Hughes WE, Egan CL, Cron L, Watt KI, Kuchel RP et al (2018) 
Extracellular vesicles provide a means for tissue crosstalk during 
exercise. Cell Metab 27(237–251):e234

	25.	 Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, 
Andriantsitohaina R, Antoniou A, Arab T, Archer F, Atkin-Smith 
GK et al (2018) Minimal information for studies of extracellular 
vesicles 2018 (MISEV2018): A position statement of the Inter-
national Society for Extracellular Vesicles and update of the 
MISEV2014 guidelines. J Extracell Vesicles 7:1535750

	26.	 Maacha S, Bhat AA, Jimenez L, Raza A, Haris M, Uddin S, Grivel 
JC (2019) Extracellular vesicles-mediated intercellular communi-
cation: roles in the tumor microenvironment and anti-cancer drug 
resistance. Mol Cancer 18:55

	27.	 Vechetti IJ Jr, Valentino T, Mobley CB, McCarthy JJ (2021) The 
role of extracellular vesicles in skeletal muscle and systematic 
adaptation to exercise. J Physiol 599:845–861

	28.	 Darkwah S, Park EJ, Myint PK, Ito A, Appiah MG, Obeng G, 
Kawamoto E, Shimaoka M (2021) Potential roles of muscle-
derived extracellular vesicles in remodeling cellular microenvi-
ronment: Proposed implications of the exercise-induced myokine, 
irisin. Front Cell Dev Biol 9:634853

	29.	 Ismaeel A, Van Pelt DW, Hettinger ZR, Fu X, Richards CI, Butterfield 
TA, Petrocelli JJ, Vechetti IJ, Confides AL, Drummond MJ et al (2023) 
Extracellular vesicle distribution and localization in skeletal muscle at 
rest and following disuse atrophy. Skelet Muscle 13:6

	30.	 Jalabert A, Vial G, Guay C, Wiklander OP, Nordin JZ, Aswad 
H, Forterre A, Meugnier E, Pesenti S, Regazzi R et al (2016) 
Exosome-like vesicles released from lipid-induced insulin-resist-
ant muscles modulate gene expression and proliferation of beta 
recipient cells in mice. Diabetologia 59:1049–1058

	31.	 Leuchtmann AB, Adak V, Dilbaz S, Handschin C (2021) The 
role of the skeletal muscle secretome in mediating endurance and 
resistance training adaptations. Front Physiol 12:709807

	32.	 Hartwig S, Raschke S, Knebel B, Scheler M, Irmler M, Passlack 
W, Muller S, Hanisch FG, Franz T, Li X et al (2014) Secretome 
profiling of primary human skeletal muscle cells. Biochim Bio-
phys Acta 1844:1011–1017

	33.	 Eckardt K, Gorgens SW, Raschke S, Eckel J (2014) Myokines in 
insulin resistance and type 2 diabetes. Diabetologia 57:1087–1099

	34.	 O’Leary MF, Wallace GR, Bennett AJ, Tsintzas K, Jones SW 
(2017) IL-15 promotes human myogenesis and mitigates the det-
rimental effects of TNFalpha on myotube development. Sci Rep 
7:12997

	35.	 Gomarasca M, Banfi G, Lombardi G (2020) Myokines: the endo-
crine coupling of skeletal muscle and bone. Adv Clin Chem 
94:155–218

	36.	 Huh JY (2018) The role of exercise-induced myokines in regulat-
ing metabolism. Arch Pharm Res 41:14–29

	37.	 Khan SU, Ghafoor S (2019) Myokines: discovery challenges and 
therapeutic impediments. J Pak Med Assoc 69:1014–1017

	38.	 Severinsen MCK, Pedersen BK (2020) Muscle-organ crosstalk: 
the emerging roles of myokines. Endocr Rev 41:594–609

	39.	 Trovato E, Di Felice V, Barone R (2019) Extracellular vesicles: 
delivery vehicles of myokines. Front Physiol 10:522

	40.	 Brown M, McClean CM, Davison GW, Brown JCW, Murphy MH 
(2018) The acute effects of walking exercise intensity on systemic 
cytokines and oxidative stress. Eur J Appl Physiol 118:2111–2120

	41.	 Leggate M, Nowell MA, Jones SA, Nimmo MA (2010) The 
response of interleukin-6 and soluble interleukin-6 receptor iso-
forms following intermittent high intensity and continuous moder-
ate intensity cycling. Cell Stress Chaperones 15:827–833

	42.	 Petersen AM (1985) Pedersen BK (2005) The anti-inflammatory 
effect of exercise. J Appl Physiol 98:1154–1162

	43.	 Schild M, Eichner G, Beiter T, Zugel M, Krumholz-Wagner I, 
Hudemann J, Pilat C, Kruger K, Niess AM, Steinacker JM et al 
(2016) Effects of acute endurance exercise on plasma protein pro-
files of endurance-trained and untrained individuals over time. 
Mediators Inflamm 2016:4851935

	44.	 Piccirillo R (2019) Exercise-induced myokines with therapeutic 
potential for muscle wasting. Front Physiol 10:287

	45.	 Sabaratnam R, Wojtaszewski JFP, Hojlund K (2022) Factors 
mediating exercise-induced organ crosstalk. Acta Physiol (Oxf) 
234:e13766

	46.	 Vitucci D, Martone D, Alfieri A, Buono P (2023) Muscle-derived 
exosomes and exercise in cancer prevention. Front Mol Med 3

	47.	 Bei Y, Xu T, Lv D, Yu P, Xu J, Che L, Das A, Tigges J, Toxavidis 
V, Ghiran I et al (2017) Exercise-induced circulating extracellular 
vesicles protect against cardiac ischemia-reperfusion injury. Basic 
Res Cardiol 112:38

	48.	 Kyriakidou Y, Cooper I, Kraev I, Lange S, Elliott BT (2021) Pre-
liminary investigations into the effect of exercise-induced mus-
cle damage on systemic extracellular vesicle release in trained 
younger and older men. Front Physiol 12:723931

	49.	 Just J, Yan Y, Farup J, Sieljacks P, Sloth M, Veno M, Gu T, de 
Paoli FV, Nyengaard JR, Baek R et al (2020) Blood flow-restricted 
resistance exercise alters the surface profile, miRNA cargo and 
functional impact of circulating extracellular vesicles. Sci Rep 
10:5835

	50.	 Maggio S, Canonico B, Ceccaroli P, Polidori E, Cioccoloni A, 
Giacomelli L, Ferri Marini C, Annibalini G, Gervasi M, Benelli P 
et al (2023) Modulation of the circulating extracellular vesicles in 
response to different exercise regimens and study of their inflam-
matory effects. Int J Mol Sci 24

	51.	 Nielsen MH, Sabaratnam R, Pedersen AJT, Hojlund K, Hand-
berg A (2019) Acute exercise increases plasma levels of 



627Journal of Molecular Medicine (2024) 102:617–628	

muscle-derived microvesicles carrying fatty acid transport pro-
teins. J Clin Endocrinol Metab 104:4804–4814

	52.	 Rigamonti AE, Bollati V, Pergoli L, Iodice S, De Col A, Tamini 
S, Cicolini S, Tringali G, De Micheli R, Cella SG et al (2020) 
Effects of an acute bout of exercise on circulating extracellular 
vesicles: tissue-, sex-, and BMI-related differences. Int J Obes 
(Lond) 44:1108–1118

	53.	 Conkright WR, Beckner ME, Sahu A, Mi Q, Clemens ZJ, Lovale-
kar M, Flanagan SD, Martin BJ, Ferrarelli F, Ambrosio F et al 
(1985) (2022) Men and women display distinct extracellular vesi-
cle biomarker signatures in response to military operational stress. 
J Appl Physiol 132:1125–1136

	54.	 Estrada AL, Valenti ZJ, Hehn G, Amorese AJ, Williams NS, Balestri-
eri NP, Deighan C, Allen CP, Spangenburg EE, Kruh-Garcia NA et al 
(2022) Extracellular vesicle secretion is tissue-dependent ex vivo and 
skeletal muscle myofiber extracellular vesicles reach the circulation 
in vivo. Am J Physiol Cell Physiol 322:C246–C259

	55.	 Brahmer A, Neuberger E, Esch-Heisser L, Haller N, Jorgensen 
MM, Baek R, Mobius W, Simon P, Kramer-Albers EM (2019) 
Platelets, endothelial cells and leukocytes contribute to the exer-
cise-triggered release of extracellular vesicles into the circulation. 
J Extracell Vesicles 8:1615820

	56.	 Bryl-Gorecka P, Sathanoori R, Al-Mashat M, Olde B, Jogi J, 
Evander M, Laurell T, Erlinge D (2018) Effect of exercise on the 
plasma vesicular proteome: a methodological study comparing 
acoustic trapping and centrifugation. Lab Chip 18:3101–3111

	57.	 Kobayashi Y, Eguchi A, Tamai Y, Fukuda S, Tempaku M, Izuoka 
K, Iwasa M, Takei Y, Togashi K (2021) Protein composition of 
circulating extracellular vesicles immediately changed by particu-
lar short time of high-intensity interval training exercise. Front 
Physiol 12:693007

	58.	 Watanabe S, Sudo Y, Makino T, Kimura S, Tomita K, Noguchi M, 
Sakurai H, Shimizu M, Takahashi Y, Sato R et al (2022) Skeletal 
muscle releases extracellular vesicles with distinct protein and 
microRNA signatures that function in the muscle microenviron-
ment. PNAS Nexus 1:pgac173

	59.	 Romancino DP, Paterniti G, Campos Y, De Luca A, Di Felice V, 
d’Azzo A, Bongiovanni A (2013) Identification and characteriza-
tion of the nano-sized vesicles released by muscle cells. FEBS 
Lett 587:1379–1384

	60.	 Choi JS, Yoon HI, Lee KS, Choi YC, Yang SH, Kim IS, Cho YW 
(2016) Exosomes from differentiating human skeletal muscle cells 
trigger myogenesis of stem cells and provide biochemical cues for 
skeletal muscle regeneration. J Control Release 222:107–115

	61.	 Groot M, Lee H (2020) Sorting mechanisms for MicroRNAs into 
extracellular vesicles and their associated diseases. Cells 9

	62.	 Oliveira GP Jr, Porto WF, Palu CC, Pereira LM, Petriz B, Almeida 
JA, Viana J, Filho NNA, Franco OL, Pereira RW (2018) Effects of 
acute aerobic exercise on rats serum extracellular vesicles diam-
eter, concentration and small RNAs content. Front Physiol 9:532

	63.	 Uhlemann M, Mobius-Winkler S, Fikenzer S, Adam J, Redlich M, 
Mohlenkamp S, Hilberg T, Schuler GC, Adams V (2014) Circulat-
ing microRNA-126 increases after different forms of endurance 
exercise in healthy adults. Eur J Prev Cardiol 21:484–491

	64.	 Lai Z, Lin W, Yan X, Chen X, Xu G (2023) Fatiguing freestyle 
swimming modifies miRNA profiles of circulating extracellular 
vesicles in athletes. Eur J Appl Physiol 123:2041–2051

	65.	 Lovett JAC, Durcan PJ, Myburgh KH (2018) Investigation of cir-
culating extracellular vesicle microRNA following two consecu-
tive bouts of muscle-damaging exercise. Front Physiol 9:1149

	66.	 Silver JL, Alexander SE, Dillon HT, Lamon S, Wadley GD (2020) 
Extracellular vesicular miRNA expression is not a proxy for skel-
etal muscle miRNA expression in males and females following 
acute, moderate intensity exercise. Physiol Rep 8:e14520

	67.	 Forterre A, Jalabert A, Chikh K, Pesenti S, Euthine V, Granjon A, 
Errazuriz E, Lefai E, Vidal H, Rome S (2014) Myotube-derived 

exosomal miRNAs downregulate Sirtuin1 in myoblasts during 
muscle cell differentiation. Cell Cycle 13:78–89

	68.	 Guescini M, Maggio S, Ceccaroli P, Battistelli M, Annibalini G, 
Piccoli G, Sestili P, Stocchi V (2017) Extracellular vesicles released 
by oxidatively injured or intact C2C12 myotubes promote distinct 
responses converging toward myogenesis. Int J Mol Sci 18

	69.	 Sullivan BP, Nie Y, Evans S, Kargl CK, Hettinger ZR, Garner 
RT, Hubal MJ, Kuang S, Stout J, Gavin TP (2022) Obesity and 
exercise training alter inflammatory pathway skeletal muscle small 
extracellular vesicle microRNAs. Exp Physiol 107:462–475

	70.	 Magliulo L, Bondi D, Pini N, Marramiero L, Di Filippo ES (2022) 
The wonder exerkines-novel insights: A critical state-of-the-art 
review. Mol Cell Biochem 477:105–113

	71.	 Vechetti IJ Jr, Peck BD, Wen Y, Walton RG, Valentino TR, 
Alimov AP, Dungan CM, Van Pelt DW, von Walden F, Alkner 
B et al (2021) Mechanical overload-induced muscle-derived 
extracellular vesicles promote adipose tissue lipolysis. FASEB 
J 35:e21644

	72.	 Castano C, Mirasierra M, Vallejo M, Novials A, Parrizas 
M (2020) Delivery of muscle-derived exosomal miRNAs 
induced by HIIT improves insulin sensitivity through down-
regulation of hepatic FoxO1 in mice. Proc Natl Acad Sci USA 
117:30335–30343

	73.	 Russell AP, Lamon S, Boon H, Wada S, Guller I, Brown EL, 
Chibalin AV, Zierath JR, Snow RJ, Stepto N et al (2013) Regu-
lation of miRNAs in human skeletal muscle following acute 
endurance exercise and short-term endurance training. J Physiol 
591:4637–4653

	74.	 Abd El-Kader SM, Al-Shreef FM (2018) Inflammatory cytokines 
and immune system modulation by aerobic versus resisted exer-
cise training for elderly. Afr Health Sci 18:120–131

	75.	 Nair VD, Ge Y, Li S, Pincas H, Jain N, Seenarine N, Amper MAS, 
Goodpaster BH, Walsh MJ, Coen PM et al (2020) Sedentary and 
trained older men have distinct circulating exosomal microRNA 
profiles at baseline and in response to acute exercise. Front Physiol 
11:605

	76.	 Hwang JH, McGovern J, Minett GM, Della Gatta PA, Roberts 
L, Harris JM, Thompson EW, Parker TJ, Peake JM, Neubauer 
O (2020) Mobilizing serum factors and immune cells through 
exercise to counteract age-related changes in cancer risk. Exerc 
Immunol Rev 26:80–99

	77.	 Baldelli G, De Santi M, Gervasi M, Annibalini G, Sisti D, Hojman 
P, Sestili P, Stocchi V, Barbieri E, Brandi G (2021) The effects of 
human sera conditioned by high-intensity exercise sessions and 
training on the tumorigenic potential of cancer cells. Clin Transl 
Oncol 23:22–34

	78.	 Devin JL, Hill MM, Mourtzakis M, Quadrilatero J, Jenkins DG, 
Skinner TL (2019) Acute high intensity interval exercise reduces 
colon cancer cell growth. J Physiol 597:2177–2184

	79.	 Dethlefsen C, Hansen LS, Lillelund C, Andersen C, Gehl J, 
Christensen JF, Pedersen BK, Hojman P (2017) Exercise-
induced catecholamines activate the Hippo tumor suppressor 
pathway to reduce risks of breast cancer development. Cancer 
Res 77:4894–4904

	80.	 Dethlefsen C, Lillelund C, Midtgaard J, Andersen C, Pedersen 
BK, Christensen JF, Hojman P (2016) Exercise regulates breast 
cancer cell viability: systemic training adaptations versus acute 
exercise responses. Breast Cancer Res Treat 159:469–479

	81.	 Rundqvist H, Augsten M, Stromberg A, Rullman E, Mijwel S, 
Kharaziha P, Panaretakis T, Gustafsson T, Ostman A (2013) 
Effect of acute exercise on prostate cancer cell growth. PLoS One 
8:e67579

	82.	 Kurgan N, Tsakiridis E, Kouvelioti R, Moore J, Klentrou P, Tsiani 
E (2017) Inhibition of human lung cancer cell proliferation and 
survival by post-exercise serum is associated with the inhibition 
of Akt, mTOR, p70 S6K, and Erk1/2. Cancers (Basel) 9



628	 Journal of Molecular Medicine (2024) 102:617–628

	83.	 Phinney DG, Di Giuseppe M, Njah J, Sala E, Shiva S, St Croix 
CM, Stolz DB, Watkins SC, Di YP, Leikauf GD et al (2015) 
Mesenchymal stem cells use extracellular vesicles to outsource 
mitophagy and shuttle microRNAs. Nat Commun 6:8472

	84.	 Wang Y, Liu Y, Zhang S, Li N, Xing C, Wang C, Wang J, Wei M, 
Yang G, Yuan L (2023) Exercise improves metabolism and alle-
viates atherosclerosis via muscle-derived extracellular vesicles. 
Aging Dis 14:952–965

	85.	 Stephens OR, Grant D, Frimel M, Wanner N, Yin M, Willard B, 
Erzurum SC, Asosingh K (2020) Characterization and origins 
of cell-free mitochondria in healthy murine and human blood. 
Mitochondrion 54:102–112

	86.	 Liang W, Sagar S, Ravindran R, Najor RH, Quiles JM, Chi L, Diao 
RY, Woodall BP, Leon LJ, Zumaya E et al (2023) Mitochondria 
are secreted in extracellular vesicles when lysosomal function is 
impaired. Nat Commun 14:5031

	87.	 Booth J, McKenna MJ, Ruell PA, Gwinn TH, Davis GM, Thomp-
son MW, Harmer AR, Hunter SK (1985) Sutton JR (1997) 
Impaired calcium pump function does not slow relaxation in 
human skeletal muscle after prolonged exercise. J Appl Physiol 
83:511–521

	88.	 Hermansen L, Osnes JB (1972) Blood and muscle pH after maximal 
exercise in man. J Appl Physiol 32:304–308

	89.	 Cairns SP (2006) Lactic acid and exercise performance : culprit 
or friend? Sports Med 36:279–291

	90.	 Dethlefsen C, Pedersen KS, Hojman P (2017) Every exercise bout 
matters: linking systemic exercise responses to breast cancer con-
trol. Breast Cancer Res Treat 162:399–408

	91.	 Darragh IAJ, O’Driscoll L, Egan B (2021) Exercise training and 
circulating small extracellular vesicles: appraisal of methodologi-
cal approaches and current knowledge. Front Physiol 12:738333

	92.	 Veerman RE, Teeuwen L, Czarnewski P, Gucluler Akpinar G, 
Sandberg A, Cao X, Pernemalm M, Orre LM, Gabrielsson S, Eldh 
M (2021) Molecular evaluation of five different isolation methods 
for extracellular vesicles reveals different clinical applicability and 
subcellular origin. J Extracell Vesicles 10:e12128

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Exploiting the therapeutic potential of contracting skeletal muscle-released extracellular vesicles in cancer: Current insights and future directions
	Abstract
	Introduction
	Myokines, exerkines, and extracellular vesicles: Mining on the endocrine potential of skeletal muscle
	The impact of exercise on the miRNome of extracellular vesicles
	Effect of skeletal muscle–derived EVs in cancer development and progression
	Unexplored dimensions in understanding the role of EVs in exercise setting
	Concluding remarks
	References


