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Simple Summary: Cancer continues to be a major medical challenge, highlighting the need for new
treatment strategies. One promising area of research is the role of exercise-derived extracellular
vesicles, which are tiny particles released from cells during physical activity. These extracellular
vesicles play a key role in cell communication and can influence various cellular functions. Recent
studies have shown that extracellular vesicles released during exercise contain bioactive molecules
that may help combat cancer. These molecules have been found to inhibit tumor growth, prevent
the spread of cancer, and improve responses to treatment. They work by modulating important
signaling pathways and altering the tumor environment, which could enhance the effectiveness of
cancer therapies and minimize side effects. This review aims to summarize the current understanding
of how exercise-derived extracellular vesicles and their contents impact cancer biology. It will cover
how these extracellular vesicles affect cancer cell behaviors like growth, proliferation, and invasion,
and discuss the potential benefits and limitations of using exercise-derived extracellular vesicles as

new cancer treatments.

Abstract: Cancer remains a major challenge in medicine, prompting exploration of innovative
therapies. Recent studies suggest that exercise-derived extracellular vesicles (EVs) may offer potential
anti-cancer benefits. These small, membrane-bound particles, including exosomes, carry bioactive
molecules such as proteins and RNA that mediate intercellular communication. Exercise has been
shown to increase EV secretion, influencing physiological processes like tissue repair, inflammation,
and metabolism. Notably, preclinical studies have demonstrated that exercise-derived EVs can inhibit
tumor growth, reduce metastasis, and enhance treatment response. For instance, in a study using
animal models, exercise-derived EVs were shown to suppress tumor proliferation in breast and
colon cancers. Another study reported that these EVs reduced metastatic potential by decreasing
the migration and invasion of cancer cells. Additionally, exercise-induced EVs have been found
to enhance the effectiveness of chemotherapy by sensitizing tumor cells to treatment. This review
highlights the emerging role of exercise-derived circulating biomolecules, particularly EVs, in cancer
biology. It discusses the mechanisms through which EVs impact cancer progression, the challenges in
translating preclinical findings to clinical practice, and future research directions. Although research
in this area is still limited, current findings suggest that EVs could play a crucial role in spreading
molecules that promote better health in cancer patients. Understanding these EV profiles could lead
to future therapies, such as exercise mimetics or targeted drugs, to treat cancer.
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1. Introduction

Cancer continues to be one of the greatest challenges in modern medicine, requiring
innovative therapeutic approaches that can enhance current treatments. Recently, there
has been increasing interest in the potential of exercise-derived extracellular vesicles (EVs)
as promising agents for cancer therapy. Extracellular vesicles, including exosomes and
microvesicles, are small membrane-bound particles secreted by various cell types, capable
of carrying bioactive molecules such as proteins, lipids, and nucleic acids. Emerging
evidence suggests that these EVs play crucial roles in intercellular communication and can
modulate cellular functions in both physiological and pathological conditions [1,2].

Exercise has long been recognized for its numerous health benefits, including its
potential to influence cancer biology [3,4]. Recent research has unveiled exercise as a potent
modulator of EV secretion, with exercise-induced EVs implicated in various physiological
processes such as tissue repair, inflammation modulation, and metabolic regulation [5].
Moreover, exercise-derived EVs have shown promising anti-cancer properties, including
the inhibition of tumor growth, suppression of metastasis, and enhancement of treatment
response [6,7].

This review aims to provide a comprehensive overview of the current understanding
of the biological effects of exercise-derived circulating biomolecules, with a particular focus
on the role of EV cargo, in cancer biology. We will explore the current knowledge on the
biological mechanisms induced by both exercise-conditioned serum and exercise-induced
EVs, as well as their impact on cancer cell features, such as growth/proliferation, cell death,
migration, and invasion. Additionally, we will discuss the potential physiological relevance,
the current limitations, and the future direction of the research on exercise-derived EVs
as novel therapeutic agents in cancer management. By elucidating the intricate interplay
between physical exercise, extracellular vesicles, and cancer, this review seeks to shed light
on possible new therapeutic targets for cancer therapy and improve patient outcomes.

2. Extracellular Vesicles and Physical Activity

In recent years, the study of extracellular vesicles (EVs) has garnered significant atten-
tion due to their pivotal role in intercellular communication and their potential implications
in various physiological and pathological processes. Among the diverse array of factors
influencing EV secretion and function, physical activity (PA) has emerged as a particularly
intriguing modulator [8-11].

Extracellular vesicles in the blood consist of a diverse group of membranous struc-
tures released by platelets, red blood cells (which together make up over 50%), other
circulating cells, and the tissues surrounding cells into the extracellular environment [12].
Classified broadly into exosomes, microvesicles, and apoptotic bodies based on their bio-
genesis and size, EVs serve as vehicles for intercellular communication by transporting
various biomolecules, including proteins, nucleic acids, lipids, and metabolites. This ability
to shuttle bioactive cargo between cells underscores their significance in orchestrating
diverse physiological processes, ranging from immune regulation to tissue repair and
homeostasis [13].

Physical activity, encompassing exercise and movement, exerts multifaceted effects
on cellular and systemic physiology. Emerging evidence suggests that PA modulates the
secretion, concentration, as well as composition and function of EVs, thereby influencing
intercellular communication and systemic responses [14]. Both acute bouts and chronic
PA have been implicated in altering EV release patterns and cargo content across dif-
ferent cell types [5,8,15-19]. Table 1 summarizes the effects of physical exercise on EV
dynamics/features.

To date, the exact molecular mechanisms responsible for the induction of EV release
during exercise are still not well understood. Over the course of the last few years, sev-
eral putative contributors have been suggested, including lymphocyte mobilization [20],
biomechanical forces like shear, tension, and compression [21], increased intracellular cal-
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cium levels [22,23], and conditions such as an acidic environment [24] and reactive oxygen
species (ROS) production in muscle cells [25].

Table 1. Key points related to the impact of physical activity on extracellular vesicle source, release,
concentration, and size/composition.

Exercise Derived-EVs

Details

EVs are released by platelets, red blood cells (over 50%), and other circulating cells and tissues, including

Sources of EVs skeletal muscle (1-5%), during exercise.
The possible contributors are as follows:
Lymphocyte mobilization.
Release of EVs Biomechanical forces.

Increased intracellular calcium levels.
Acidic environment.
Reactive oxygen species production.

Concentration of EVs

High-intensity exercise increases circulating EVs.
Moderate-intensity exercise shows mixed results (increased, unchanged, or decreased EV levels).

Size/composition of EVs

Aerobic exercise shows no change in EV size.
Resistance exercise shows mixed results (unchanged or decreased EV size).

Studies show that high-intensity exercise generally leads to a temporary increase
in circulating EVs [15,26,27], while moderate-intensity exercise has mixed effects, with
EV levels either rising [16,28,29], remaining unchanged [8,19,30,31], or decreasing [9,32].
Exercise intensity seems to influence EV release, with factors like exercise type, timing of
sample collection, and sex also affecting EV levels and characteristics. Similarly, the analysis
of EV size shows for most of the published research no change in size following aerobic
exercise [33,34], while others find a decrease in EV mean size in response to resistance
exercise in sedentary youth with obesity [35] and in active healthy men [36], but not in
women [36]. However, differences in EV studies may also stem from variations in methods
used for EV isolation and quantification. Techniques like ultracentrifugation, size-exclusion
chromatography, and precipitation-based methods can vary in efficiency and may co-isolate
non-EV components, affecting results [27,37]. More accurate EV counts can be achieved
through methods that quantify EVs directly in biofluids, such as nano-FCM or Exoview,
which minimize biases [16,38].

It is known that various tissues respond to PA and release their EVs into the blood-
stream following exercise. While skeletal muscle is a major tissue involved in exercise
and produces EVs rich in muscle-specific proteins, most of these EVs remain within the
muscle tissue [39]. Only a small fraction (1-5%) of muscle-derived EVs enter the blood-
stream [39-41]. Other cell types, including lymphocytes, monocytes, platelets, endothelial
cells, and antigen-presenting cells, are suggested to be the main contributors to increased cir-
culating EVs during and after exercise [27]. However, more research is needed to determine
how these findings apply to different exercise types, intensities, and durations.

Analysis of the protein cargo of exercise-derived EVs revealed a variety of proteins
linked to key signaling pathways, such as angiogenesis, immune signaling, and glycoly-
sis [31,42]. Additionally, several studies provided evidence of altered ncRNA cargo in EVs
following exercise [31,39,43-45]. Functional analysis of exercise-related EVs indicated their
role in cardiovascular prevention [9], protection in ischemia/reperfusion injury [16,19],
hypoxia/reoxygenation assays [19], tissue remodeling [46], endothelial function [47], as
well as muscle remodeling and growth [26], potentially driven by EV cargo responding to
exercise stimuli.

To date, all these findings suggest that EV's are actively released into circulation during
PA and may act as mediators of various key signaling pathways involved in exercise-
induced adaptation processes.
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3. Biological Impact of Physical Activity on Cancer

Cancer is a complex and multifaceted disease characterized by uncontrolled cell
growth and proliferation. Despite advances in treatment modalities, cancer remains a
significant global health burden. In recent years, the role of lifestyle factors, including PA,
in cancer prevention and management has garnered considerable attention, and guidelines
for cancer survivors have been presented [48,49]. Mounting evidence suggests that regular
PA is associated with a reduced risk of developing certain types of cancer. Epidemiological
studies have consistently demonstrated an inverse relationship between PA levels and
the incidence of several common cancers, including breast, colon, prostate, and lung
cancer [50,51]. Moreover, emerging evidence suggests that exercise may also improve
cancer outcomes and overall survival among cancer survivors [48,52,53].

The molecular mechanisms underlying the beneficial effects of exercise in cancer
prevention and management are multifaceted and involve both systemic and cellular path-
ways [53-56]. With this understanding, exercise training for cancer patients could shift
from a ‘one-size-fits-all’ approach to more personalized strategies, grounded in detailed
physiological insights into how varying amounts, intensities, and types of exercise can in-
fluence cancer outcomes. To date, it is known that regular PA is associated with modulation
of various physiological processes, including inflammation, immune function, hormone
metabolism, and oxidative stress, all of which play critical roles in cancer development and
progression [57-59]. Additionally, PA may directly influence intrinsic tumor factors such
as growth rate, angiogenesis, apoptosis, metabolism, and metastasis [60,61]. It also helps
alleviate adverse effects associated with cancer and its treatments, while enhancing the
effectiveness of cancer therapies.

Among the many studies examining the impact of PA on cancer outcomes, the most
frequently investigated effect is the reduction in tumor growth rate [61-63]. Notably,
research has shown that exercise training can lead to up to a 67% reduction in the growth
rate of established tumors [62].

To better understand at the biological level the growth-inhibitory effect of PA, several
studies have utilized exercise-conditioned serum to incubate cancer cells from the breast,
prostate, and lung [64-73]. Table 2 lists key findings from treatment of cancer cells with
exercise-conditioned serum.

Table 2. Key aspects that have emerged from the treatment of cancer cells with exercise-conditioned

serum.
Category Summary
. Exercise-conditioned serum inhibits crucial signaling pathways involved in cancer cell
Main Concept . .
proliferation.
Proliferation Mechanisms in Cancer Mutations in conserved signaling networks drive increased cancer cell proliferation.
Impact of Exercise-Conditioned Serum Alters key signaling pathways, reducing cancer cell proliferation.

Catecholamines

Post-exercise serum is enriched in catecholamines (e.g., norepinephrine, epinephrine),
which support the Hippo tumor suppressor pathway.

Hippo Pathway Activation

Catecholamines activate MST1/2 and MAPA4K, leading to phosphorylation and
activation of LATS1/2 kinases, which inhibit YAP/TAZ nuclear entry, reducing cell

proliferation.

IGFBP1 Exercise increases IGFBP1, regulating cell proliferation and modulating IGF1 signaling
pathways (JAK, RAS, AKT).

. Lower levels of EGF reduce activation of EGFR and its downstream signaling,

EGF Reduction o o .
contributing to antiproliferative effects.

Cutokines Increased levels of cytokines (TNF«, IL-6, OSM, IL-8) activate AMPK, which inhibits

Y mTOR, AKT, and ERK1/2 pathways, reducing cell proliferation.
GSK3B Phosphorylation Decreased GSK3f3 phosphorylation in exercise-conditioned serum inhibits the

Wnt/ 3-catenin pathway, further contributing to antiproliferative effects.
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To date, it is still not clear whether acute exercise is better than chronic exercise in
terms of effectiveness on tumor cells, probably due to the differences in patient population,
type of exercise, and cancer cell types [64,68,71,72]. The current results suggest an impact
of exercise-conditioned serum on both the phosphorylation state of protein involved in
signaling pathways related to proliferation (i.e., STAT3, Akt, mTOR, p70s6k, and Erk 1/2),
and supporting the Hippo tumor suppressor pathway by inhibiting Yes-Associated Protein
(YAP)/PDZ-binding Motif (TAZ) in different cancer cells [67,69,73] (Figure 1), known to be
dysregulated in many cancers.

In 2013, Rundqvist and colleagues [66] were the first group to demonstrate that
exercise-conditioned serum from healthy subjects reduces prostate cancer cell viability
(LNCaP cells) by ~30% when compared with serum collected pre-exercise. Serum analysis
identified two possible candidates for the effect: increased insulin like growth factor
binding protein-1 (IGFBP-1) and reduced levels of epidermal growth factor (EGF) [66]. It is
known that low levels of IGFBP-1 [74-76], as well as high levels of EGF and its receptor,
are found in prostate cancer and are associated with poor prognosis [77,78]. Therefore,
their exercise-induced modulation suggests a direct role of PA on the reduced rate of
proliferation observed in these cancer cells (Figure 1).

Similar findings were observed with exercise-conditioned serum from comparable
populations, including young healthy men [67] and older prostate cancer patients [71,72], as
well as with human breast cancer cell lines (e.g., MDA-MB-231, MCF-7) treated with serum
from both young healthy women [67] and women with breast cancer [64,73]. Notably, mice
injected with cancer cells treated with post-exercise human serum developed fewer tumors
compared to those injected with cells treated with pre-exercise serum [73].

Ata mechanistic level, not all of the signaling pathways modified by exercise-conditioned
serum involved in the process of inhibition of tumor proliferation are yet known; how-
ever, the results suggest a possible modulation of specific myokines (i.e., IL-6, IL-15, and
oncostatin M [OSM]) and the Hippo tumor suppressor pathway in both cell lines, with
a partial increase in YAP phosphorylation, and, only in breast cancer cells, the possible
involvement of the Wnt/f-catenin pathway, credited with a significant decrease in GSK3£3
phosphorylation (Figure 1). Furthermore, inhibition of some of these molecules/pathways
has been shown to attenuate the effect of exercise on tumor latency [79,80].

Again in human colon cancer, Devin and colleagues [68] identified a transient increase
in the concentration of serum cytokines (i.e., TNFalpha, IL-6, and IL-8) immediately after
high-intensity interval exercise in colorectal cancer survivors, which may be an important
mechanism contributing to the observed growth suppression effect in colon cancer cells.
A few years later, Orange and colleagues found similar results with exercise-conditioned
serum from healthy, sedentary males [81]. Although there are differences in terms of
exercise protocol (acute aerobic vs. acute high-intensity interval exercise) and the char-
acteristics of recruited subjects (Healthy vs. Disease condition), immediately after the
single bout of exercise they found a significant increase in IL-6. To date, the mechanism
through which aforementioned factors could influence cell growth in vivo is not yet clear.
For some of these molecules, a potential mechanism has been proposed to explain the
anti-carcinogenic effects of exercise-conditioned serum, although these hypotheses have
not yet been explored in the context of exercise and cancer. For instance, it is possible that
interleukin-6 (IL-6) released from skeletal muscle during exercise activates AMP-activated
protein kinase (AMPK) in distant tissues, including aberrant or dysplastic cells, beyond
just adipocytes [82]. AMPK is known to inhibit mTOR and its downstream targets, such as
p705S6K, through either a tuberous sclerosis complex 2 (TSC2)-dependent or -independent
pathway [83,84] (Figure 1).

Additionally, Kurgan and colleagues found that acute exercise led to significant in-
creases in IL-6, IL-13, IL-1x, and TNF-«. Post-exercise serum was shown to inhibit the
activation of Akt, its downstream effectors, including mTOR and p70S6K, as well as in-
hibit Erk1/2, contributing to reduced cell proliferation and survival in lung cancer cells
(A549) [69] (Figure 1).
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Figure 1. Exercise-conditioned serum inhibits signaling pathways that are crucial for cell proliferation.
In cancer cells, increased proliferation is often driven by mutations in highly conserved signaling net-
works that regulate cell growth and division. When cancer cells are exposed to exercise-conditioned
serum, several of these signaling pathways are altered, leading to a reduction in cell proliferation. For
example, post-exercise serum has been shown to be enriched in catecholamines (e.g., norepinephrine
and epinephrine), which can support the Hippo tumor suppressor pathway. When the Hippo path-
way is “ON”, MST1/2 and MAP4K are activated, which subsequently phosphorylate and activate
LATS1/2 kinases. Activated LATS1/2 phosphorylates transcriptional coactivator YAP/TAZ, prevent-
ing entry into the nucleus by promoting their degradation in the cytoplasm. Exercise has also been
shown to increase the concentration of IGFBP1, a protein known to regulate cell proliferation, survival,
differentiation, migration, and invasion. The binding of IGFBP1 with IGF1 modulates the activity of
IGF1 signaling axes, such as the JAK, RAS, and AKT pathways, by regulating their availability to the
IGF-IR. Similar effects were found with lower levels of EGF in exercise-conditioned serum, leading to
reduced activation of the EGFR and its downstream signaling pathway. An antiproliferative effect
appears to be derived from the increase in levels of some cytokines (i.e., TNFalpha, IL-6, OSM, and
IL-8) induced by physical exercise. It is hypothesized that these molecules, in particular IL-6, released
during exercise activate AMPK, which inhibits mTOR and its downstream effectors, such as p70s6k,
as well as inhibits AKT and ERK1/2 phosphorylation/activation. Finally, the significant decrease in
GSK3£ phosphorylation in exercise-conditioned serum highlights another possible antiproliferative
effect of physical activity through the inhibition of the Wnt/f-catenin pathway. MST1/2, Mammalian
STE20-like 1/2; LATS1/2, Large Tumor Suppressor 1/2; YAP, Yes-associated protein; IGFBP1, insulin-
like growth factor binding protein 1; IGF1, insulin-like growth factor; IGF-IR, IGF1 receptor; JAK,
Janus tyrosine kinase; RAS; rat sarcoma virus; AKT, protein kinase B; EGF, epidermal growth factor;
EGFR, epidermal growth factor receptor; TNFalpha, tumor necrosis factor alpha; IL-6, interleukine-6;
OSM, oncostatin M; IL-8, interleukine-8.
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Overall, these findings underscore the significant biological impact of PA on cancer
prevention and management. Regular PA has demonstrated the potential to reduce can-
cer risk and improve outcomes across several cancer types, including breast, prostate,
lung, and colon cancers. These beneficial effects are mediated through complex molecular
mechanisms, involving systemic changes in inflammation, immune function, and hor-
mone metabolism, as well as direct modulation of tumor growth, angiogenesis, apoptosis,
and metastasis.

Moreover, studies utilizing exercise-conditioned serum have revealed that both acute
and chronic exercise can influence cancer cell signaling pathways, such as STAT3, Akt,
mTOR, and the Hippo tumor suppressor pathway, resulting in reduced cancer cell prolifer-
ation and tumor growth. The modulation of specific myokines and cytokines, including
IL-6 and TNF-«, further highlights the intricate role of exercise-induced systemic changes
in the inhibition of cancer progression.

Despite these advancements, several questions remain unanswered. The exact mecha-
nisms through which exercise exerts its anti-carcinogenic effects are not fully elucidated,
and the relative effectiveness of different exercise regimens on cancer outcomes warrants
further investigation. Additionally, personalized exercise interventions tailored to individ-
ual cancer types, stages, and patient profiles could enhance the therapeutic potential of PA.
Continued research in this area will be vital in refining exercise guidelines and optimizing
cancer care.

4. Exercise-Derived Extracellular Vesicles in Cancer

As mentioned in the previous chapter, numerous studies have suggested that some of
the biomolecules that enter the bloodstream after exercise may reduce the proliferation rate
and survival of tumor cells.

Most of the circulating exercise-derived EVs come from immune system cells, endothe-
lial cells, and platelets, and they remain in the bloodstream after exercise [85]. Research into
the phenotype of exercise-derived EVs has revealed that only a small percentage originate
from skeletal muscle, with the majority of the cargo in these EVs being derived from various
other tissue cell types, including hepatocytes, adipose cells, immune cells, and endothelial
cells [42,86].

Skeletal muscle, which constitutes around 40% of body mass, functions as an en-
docrine organ by secreting various biomolecules (such as proteins, non-coding RNAs,
lipids, and metabolites) released during muscle contraction and crucial for mediating some
of the systemic effects of exercise [87,88]. Many of these biomolecules, often referred to
as exerkines, are believed to circulate through the body enclosed in extracellular vesicles
(EVs) [89]. Exercise has been shown to increase the release of over 300 molecules from
skeletal muscle-derived EVs, including myokines, miRNAs, and glycolytic enzymes, which
may act as tumor suppressors and influence several characteristics of cancer cells [5,65,90].
The skeletal muscle secretome, including myokines and miRNAs, has demonstrated poten-
tial in suppressing tumor growth [48,65,91]. However, the current shortage of preclinical
studies directly examining the effects of skeletal muscle-derived EVs on cancer cells limits
our understanding of the precise role of exercise-induced skeletal muscle-derived EVs.

To date, research on exercise-derived EVs in cancer is still in its early stages, and
further studies are needed to fully understand their role. Currently, only one preclinical
study has shown a direct tumor-suppressive effect of exercise-derived EVs (7) (Figure 2).

The authors found that regular injections of exercise-induced extracellular vesicles
(EVs) in tumor-bearing rats led to a reduction in primary tumor growth by approximately
35% and potentially delayed the onset of lung metastases [7]. Analysis of the EV cargo
revealed an upregulation of genes encoding proteins involved in metabolic processes,
such as Notum (palmitoleoyl-protein carboxylesterase), Pctp (phosphatidylcholine transfer
protein), and Cyp4b1 (cytochrome P450, family 4, subfamily b, polypeptide 1). Addition-
ally, molecular chaperones such as DnaJ Heat Shock Protein Family (Hsp40) Member B5
(Dnajb5) and Heat Shock Protein Family A (Hsp70) Member 5 (Hspa5), which are crucial
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for protein maturation and cell survival under stress, were identified. The cargo also
included molecules linked to inflammation, such as Leukotriene B4 receptor 2 (Ltb4r2) and
Arachidonate 5-lipoxygenase (Alox5), T-cell development (Zinc Finger And BTB Domain
Containing 1, Zbtb1), cellular response to hormones (Oxytocin receptor, OXTR), and nucleic
acid metabolism (Decapping exoribonuclease, DXO). Despite the small sample size, this
study provides insights into the molecular composition of exercise-induced EVs and their
potential direct role in inhibiting tumor growth and metastasis in vivo.
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Figure 2. An overview depicting the impact of physical exercise on exercise-derived extracellular
vesicles (EVs), emphasizing the molecular processes influenced by their cargo after exercise. EVs can
be released from contracting skeletal muscles or other cell populations, particularly immune and
endothelial cells, and then enter systemic circulation. Depending on their cargo (e.g., proteins, DNA,
and ncRNAs), these EVs target various organs and affect several biological processes, including
inflammation, immune response, cell survival, protein and nucleic acid metabolism, as well as stress
and hormone responses. Notum, palmitoleoyl-protein carboxylesterase; Pctp, phosphatidylcholine
transfer protein; Cyp4bl, cytochrome P450, family 4, subfamily b, polypeptide 1; Dnajb5, DnaJ Heat
Shock Protein Family (Hsp40) Member B5; Hspa5, Heat Shock Protein Family A (Hsp70) Member 5;
Ltb4r2, Leukotriene B4 receptor 2; Alox5, Arachidonate 5-lipoxygenase; Zbtb1, Zinc Finger And BTB
Domain Containing 1; Oxtr, Oxytocin receptor; Dxo, Decapping exoribonuclease.

5. Physiological Relevance and Limitations

Before fully embracing the potential of translating these findings into clinical practice,
it is crucial to evaluate how accurately in vitro models represent real physiological condi-
tions. A key question is whether a tumor growing or developing in vivo will be exposed
to the active EV molecules that demonstrate a suppressive effect on growth, as observed
in vitro.

In vivo, this will depend on a mix of factors, including the degree of vascularization
and perfusion of the tumor, as well as whether the active proteins or metabolites can readily
cross the endothelial barrier and infiltrate the interstitial fluid surrounding the tumor.
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In light of published studies, it is clear that this question cannot be answered. Indeed,
we must consider some possible limitations related to how representative the in vitro
system is, especially if based on 2D monocultures of tumor cells grown on flat plastic
surfaces, of the pathophysiological scenario. For example, in vitro, it is not possible to
analyze some in vivo aspects that could compromise the anti-tumor effect of these exercise-
induced circulating molecules such as tumor vascularization and perfusion, as well as
tissue architecture and tumor microenvironment, including the extracellular matrix, cell-to-
cell contacts, fibroblasts, and other stromal cells associated with the tumor that are absent.
Furthermore, most cell lines employed to date may fail to predict tumor response in vivo
due to their limited ability to provide inter-tumoral and intra-tumoral heterogeneity. Last
but not least, it remains unclear which type of training mode (i.e., resistance training vs.
aerobic training), along with associated volume and intensity, is more effective in altering
EV cargo and circulating factors, which then have suppressive effects on cancer cells.

6. Conclusions and Future Directions

EV cargo can be considered a possible mechanism for the beneficial effects of exercise
on cancer. The limited number of studies available in a relatively new area of exercise
oncology precludes definitive conclusions from being drawn. To date, the results suggest
a possible central role of EVs in spreading exercise-induced active molecules, such as
proteins and ncRNAs, modulating a healthier global condition in cancer patients. By
understanding and exploiting the specific profiles of EVs released during exercise, it might
be possible to create future innovative therapeutic strategies based on exercise mimetics
that deliver these benefits in vivo and/or identify specific molecular targets of drugs for
new oncological therapies.

Our knowledge in this field is still in its early stages, and many crucial questions
remain unanswered. As a result, due to the speculative nature of exercise-derived EVs at
this point, further in vitro and in vivo research is necessary.

In vitro studies could provide insight into the intricate molecular and exercise-induced
regulatory mechanisms that control the release of EVs and their role in regulating cancer
cell behavior, including proliferation, apoptosis, and metastasis. These studies should
also include the application of a 3D assay, co-culture systems, and/or the use of scaffold
mimicking the extracellular matrix, as well as a focus on evaluating whether these EVs can
enhance the effects of chemotherapy, radiation, or immunotherapy. These combination
approaches could lead to more effective and less toxic treatment regimens.

In vivo studies could explore the following: (1) how these EVs alter the immune
landscape, potentially enhancing anti-tumor immunity or reducing immunosuppressive
signals; (2) the optimal exercise regimen for producing beneficial EVs; (3) if the therapeutic
effects of EVs are durable and if any long-term adverse effects emerge; and (4) the potential
toxicity of administering these EVs. Finally, studies including patient-derived xenograft
(PDX) models are recommended to understand the effects of exercise-derived EVs in a
more clinically relevant context, potentially accelerating the translation of research into
human trials.

Author Contributions: Conceptualization, M.S. and 1.D.; methodology, M.S. and 1.D.; formal
analysis, M.S. and LD.; investigation, M.S. and L.D.; resources, 1.D.; data curation, M.S. and LD.;
writing—original draft preparation, M.S. and L.D.; writing—review and editing, M.S., I.D., G.D., E.G.
and PSS,; visualization, M.S. and 1.D.; supervision, 1.D.; project administration, I.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by PNR 2021-2027, DM n. 737 del 25-06-2021.
Acknowledgments: We thank Daniela Caporossi for her suggestions and comments.

Conflicts of Interest: The authors declare no conflicts of interest.



Biology 2024, 13, 701 10 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Stahl, P.D.; Raposo, G. Extracellular Vesicles: Exosomes and Microvesicles, Integrators of Homeostasis. Physiology 2019, 34,
169-177. [CrossRef] [PubMed]

Van Niel, G.; Carter, D.R.E; Clayton, A.; Lambert, D.W.; Raposo, G.; Vader, P. Challenges and Directions in Studying Cell-Cell
Communication by Extracellular Vesicles. Nat. Rev. Mol. Cell Biol. 2022, 23, 369-382. [CrossRef] [PubMed]

Wang, Q.; Zhou, W. Roles and Molecular Mechanisms of Physical Exercise in Cancer Prevention and Treatment. J. Sport Health Sci.
2021, 10, 201-210. [CrossRef] [PubMed]

Gongalves, A.K.; Floréncio, G.L.D.; De Atayde Silva, M.]J.M.; Cobucci, R.N.; Giraldo, P.C.; Cote, N.M. Effects of Physical Activity
on Breast Cancer Prevention: A Systematic Review. J. Phys. Act. Health 2014, 11, 445-454. [CrossRef] [PubMed]

Whitham, M.; Parker, B.L.; Friedrichsen, M.; Hingst, ].R.; Hjorth, M.; Hughes, WE.; Egan, C.L.; Cron, L.; Watt, K.I.; Kuchel, R.P;
et al. Extracellular Vesicles Provide a Means for Tissue Crosstalk during Exercise. Cell Metab. 2018, 27, 237-251.e4. [CrossRef]
[PubMed]

Zhang, Y.; Kim, ].-S.; Wang, T.-Z.; Newton, R.U.; Galvao, D.A.; Gardiner, R.A ; Hill, M.M.; Taaffe, D.R. Potential Role of Exercise
Induced Extracellular Vesicles in Prostate Cancer Suppression. Front. Oncol. 2021, 11, 746040. [CrossRef] [PubMed]

Sadovska, L.; Auders, ].; Keisa, L.; Romanchikova, N.; Silamikele, L.; KreiSmane, M.; Zayakin, P; Takahashi, S.; Kalnina, Z.; Ling,
A. Exercise-Induced Extracellular Vesicles Delay the Progression of Prostate Cancer. Front. Mol. Biosci. 2022, 8, 784080. [CrossRef]
Lisi, V.; Moulton, C.; Fantini, C.; Grazioli, E.; Guidotti, F; Sgro, P.; Dimauro, I.; Capranica, L.; Parisi, A.; Di Luigi, L.; et al.
Steady-State Redox Status in Circulating Extracellular Vesicles: A Proof-of-Principle Study on the Role of Fitness Level and
Short-Term Aerobic Training in Healthy Young Males. Free Radic. Biol. Med. 2023, 204, 266-275. [CrossRef]

Lisi, V.; Senesi, G.; Bertola, N.; Pecoraro, M.; Bolis, S.; Gualerzi, A.; Picciolini, S.; Raimondi, A.; Fantini, C.; Moretti, E.; et al.
Plasma-Derived Extracellular Vesicles Released after Endurance Exercise Exert Cardioprotective Activity through the Activation
of Antioxidant Pathways. Redox Biol. 2023, 63, 102737. [CrossRef]

Li, T; Han, X.; Chen, S.; Wang, B.; Teng, Y.; Cheng, W.; Lu, Z; Li, Y.; Wu, X,; Jiang, Y.; et al. Effects of Exercise on Extracellular
Vesicles in Patients with Metabolic Dysfunction: A Systematic Review. J. Cardiovasc. Transl. Res. 2023, 16, 97-111. [CrossRef]
Kargl, C.K; Sterczala, A.J.; Santucci, D.; Conkright, W.R.; Krajewski, K.T.; Martin, B.J.; Greeves, J.P.; O’Leary, T.J.; Wardle,
S.L.; Sahu, A; et al. Circulating Extracellular Vesicle Characteristics Differ between Men and Women Following 12 Weeks of
Concurrent Exercise Training. Physiol. Rep. 2024, 12, e16016. [CrossRef] [PubMed]

Arraud, N.; Linares, R.; Tan, S.; Gounou, C.; Pasquet, ].-M.; Mornet, S.; Brisson, A.R. Extracellular Vesicles from Blood Plasma:
Determination of Their Morphology, Size, Phenotype and Concentration. |. Thromb. Haemost. 2014, 12, 614-627. [CrossRef]
[PubMed]

Yanez-Mo, M; Siljander, PR.-M.; Andreu, Z.; Bedina Zavec, A.; Borras, EE.; Buzas, E.I; Buzas, K.; Casal, E.; Cappello, F.; Carvalho,
J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. ]. Extracell. Vesicles 2015, 4, 27066.
[CrossRef] [PubMed]

Safdar, A.; Tarnopolsky, M.A. Exosomes as Mediators of the Systemic Adaptations to Endurance Exercise. Cold Spring Harb.
Perspect. Med. 2018, 8, a029827. [CrossRef]

Friihbeis, C.; Helmig, S.; Tug, S.; Simon, P.; Kramer-Albers, E. Physical Exercise Induces Rapid Release of Small Extracellular
Vesicles into the Circulation. J. Extracell. Vesicles 2015, 4, 28239. [CrossRef]

Bei, Y,; Xu, T,; Lv, D.; Yu, P; Xu, J; Che, L.; Das, A.; Tigges, J.; Toxavidis, V.; Ghiran, I; et al. Exercise-Induced Circulating
Extracellular Vesicles Protect against Cardiac Ischemia—Reperfusion Injury. Basic Res. Cardiol. 2017, 112, 38. [CrossRef]

Oliveira, G.P,; Porto, W.F,; Palu, C.C.; Pereira, L.M.; Petriz, B.; Almeida, J.A.; Viana, ].; Filho, N.N.A.; Franco, O.L.; Pereira, R.W.
Effects of Acute Aerobic Exercise on Rats Serum Extracellular Vesicles Diameter, Concentration and Small RN As Content. Front.
Physiol. 2018, 9, 532. [CrossRef]

Bertoldi, K.; Cechinel, L.R.; Schallenberger, B.; Corssac, G.B.; Davies, S.; Guerreiro, .C.K,; Bell6-Klein, A.; Araujo, A.S.R.; Siqueira,
LR. Circulating Extracellular Vesicles in the Aging Process: Impact of Aerobic Exercise. Mol. Cell. Biochem. 2018, 440, 115-125.
[CrossRef]

Hou, Z; Qin, X.;; Hu, Y,; Zhang, X; Li, G.; Wu, J.; Li, J.; Sha, J.; Chen, J.; Xia, J.; et al. Longterm Exercise-Derived Exosomal
miR-342-5p: A Novel Exerkine for Cardioprotection. Circ. Res. 2019, 124, 1386-1400. [CrossRef]

Fiuza-Luces, C.; Valenzuela, PL.; Gélvez, B.G.; Ramirez, M.; Lépez-Soto, A.; Simpson, R.J.; Lucia, A. The Effect of Physical
Exercise on Anticancer Immunity. Nat. Rev. Immunol. 2024, 24, 282-293. [CrossRef]

Thompson, W.; Papoutsakis, E.T. The Role of Biomechanical Stress in Extracellular Vesicle Formation, Composition and Activity.
Biotechnol. Adv. 2023, 66, 108158. [CrossRef]

Taylor, J.; Azimi, I.; Monteith, G.; Bebawy, M. CaZ* Mediates Extracellular Vesicle Biogenesis through Alternate Pathways in
Malignancy. J. Extracell. Vesicles 2020, 9, 1734326. [CrossRef] [PubMed]

Yamaguchi, A.; Maeshige, N.; Noguchi, H.; Yan, J.; Ma, X.; Uemura, M.; Su, D.; Kondo, H.; Sarosiek, K.; Fujino, H. Pulsed
Ultrasound Promotes Secretion of Anti-Inflammatory Extracellular Vesicles from Skeletal Myotubes via Elevation of Intracellular
Calcium Level. eLife 2023, 12, RP89512. [CrossRef] [PubMed]

Federici, C.; Petrucci, F; Caimi, S.; Cesolini, A.; Logozzi, M.; Borghi, M.; D’Ilio, S.; Lugini, L.; Violante, N.; Azzarito, T.; et al.
Exosome Release and Low pH Belong to a Framework of Resistance of Human Melanoma Cells to Cisplatin. PLoS ONE 2014, 9,
€88193. [CrossRef] [PubMed]


https://doi.org/10.1152/physiol.00045.2018
https://www.ncbi.nlm.nih.gov/pubmed/30968753
https://doi.org/10.1038/s41580-022-00460-3
https://www.ncbi.nlm.nih.gov/pubmed/35260831
https://doi.org/10.1016/j.jshs.2020.07.008
https://www.ncbi.nlm.nih.gov/pubmed/32738520
https://doi.org/10.1123/jpah.2011-0316
https://www.ncbi.nlm.nih.gov/pubmed/23416687
https://doi.org/10.1016/j.cmet.2017.12.001
https://www.ncbi.nlm.nih.gov/pubmed/29320704
https://doi.org/10.3389/fonc.2021.746040
https://www.ncbi.nlm.nih.gov/pubmed/34595123
https://doi.org/10.3389/fmolb.2021.784080
https://doi.org/10.1016/j.freeradbiomed.2023.05.007
https://doi.org/10.1016/j.redox.2023.102737
https://doi.org/10.1007/s12265-022-10282-5
https://doi.org/10.14814/phy2.16016
https://www.ncbi.nlm.nih.gov/pubmed/38697940
https://doi.org/10.1111/jth.12554
https://www.ncbi.nlm.nih.gov/pubmed/24618123
https://doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.1101/cshperspect.a029827
https://doi.org/10.3402/jev.v4.28239
https://doi.org/10.1007/s00395-017-0628-z
https://doi.org/10.3389/fphys.2018.00532
https://doi.org/10.1007/s11010-017-3160-4
https://doi.org/10.1161/CIRCRESAHA.118.314635
https://doi.org/10.1038/s41577-023-00943-0
https://doi.org/10.1016/j.biotechadv.2023.108158
https://doi.org/10.1080/20013078.2020.1734326
https://www.ncbi.nlm.nih.gov/pubmed/32194926
https://doi.org/10.7554/eLife.89512
https://www.ncbi.nlm.nih.gov/pubmed/38054662
https://doi.org/10.1371/journal.pone.0088193
https://www.ncbi.nlm.nih.gov/pubmed/24516610

Biology 2024, 13, 701 110f 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Norgérd, M.@.; Lund, PM,; Kalisi, N.; Andresen, T.L.; Larsen, J.B.; Vogel, S.; Svenningsen, P. Mitochondrial Reactive Oxygen
Species Modify Extracellular Vesicles Secretion Rate. FASEB BioAdvances 2023, 5, 355-366. [CrossRef]

Annibalini, G.; Contarelli, S.; Lucertini, F; Guescini, M.; Maggio, S.; Ceccaroli, P.; Gervasi, M.; Ferri Marini, C.; Fardetti, F.; Grassi,
E.; et al. Muscle and Systemic Molecular Responses to a Single Flywheel Based Iso-Inertial Training Session in Resistance-Trained
Men. Front. Physiol. 2019, 10, 554. [CrossRef]

Brahmer, A.; Neuberger, E.; Esch-Heisser, L.; Haller, N.; Jorgensen, M.M.; Baek, R.; Mobius, W.; Simon, P.; Kramer-Albers,
E. Platelets, Endothelial Cells and Leukocytes Contribute to the Exercise-triggered Release of Extracellular Vesicles into the
Circulation. . Extracell. Vesicles 2019, 8, 1615820. [CrossRef]

Dimassi, S.; Karkeni, E.; Laurant, P,; Tabka, Z.; Landrier, J.; Riva, C. Microparticle miRNAs as Biomarkers of Vascular Function
and Inflammation Response to Aerobic Exercise in Obesity? Obesity 2018, 26, 1584-1593. [CrossRef]

Mohammad, S.; Hutchinson, K.A.; Da Silva, D.F,; Bhattacharjee, J.; McInnis, K.; Burger, D.; Adamo, K.B. Circulating Small
Extracellular Vesicles Increase after an Acute Bout of Moderate-Intensity Exercise in Pregnant Compared to Non-Pregnant Women.
Sci. Rep. 2021, 11, 12615. [CrossRef]

Barcellos, N.; Cechinel, L.R.; De Meireles, L.C.F,; Lovatel, G.A.; Bruch, G.E.; Carregal, V.M.; Massensini, A.R.; Dalla Costa, T.;
Pereira, L.O.; Siqueira, I.R. Effects of Exercise Modalities on BDNF and IL-13 Content in Circulating Total Extracellular Vesicles
and Particles Obtained from Aged Rats. Exp. Gerontol. 2020, 142, 111124. [CrossRef]

Just, J.; Yan, Y.; Farup, J.; Sieljacks, P; Sloth, M.; Veng, M.; Gu, T.; De Paoli, F.V.; Nyengaard, J.R.; Baek, R.; et al. Blood Flow-
Restricted Resistance Exercise Alters the Surface Profile, miRNA Cargo and Functional Impact of Circulating Extracellular
Vesicles. Sci. Rep. 2020, 10, 5835. [CrossRef] [PubMed]

Rigamonti, A.E.; Bollati, V.; Pergoli, L.; Iodice, S.; De Col, A.; Tamini, S.; Cicolini, S.; Tringali, G.; De Micheli, R.; Cella, S.G.; et al.
Effects of an Acute Bout of Exercise on Circulating Extracellular Vesicles: Tissue-, Sex-, and BMI-Related Differences. Int. J. Obes.
2020, 44, 1108-1118. [CrossRef]

Nie, Y.; Sato, Y.; Garner, R.T.; Kargl, C.; Wang, C.; Kuang, S.; Gilpin, C.J.; Gavin, T.P. Skeletal Muscle-derived Exosomes Regulate
Endothelial Cell Functions via Reactive Oxygen Species-activated Nuclear factor-«B Signalling. Exp. Physiol. 2019, 104, 1262-1273.
[CrossRef]

Wilhelm, E.N.; Gonzalez-Alonso, J.; Parris, C.; Rakobowchuk, M. Exercise Intensity Modulates the Appearance of Circulating
Microvesicles with Proangiogenic Potential upon Endothelial Cells. Am. . Physiol.-Heart Circ. Physiol. 2016, 311, H1297-H1310.
[CrossRef]

Pierdona, T.M.; Martin, A.; Obi, P.O.; Seif, S.; Bydak, B.; Labouta, H.I.; Eadie, A.L.; Brunt, K.R.; McGavock, ].M.; Sénéchal,
M.; et al. Extracellular Vesicles as Predictors of Individual Response to Exercise Training in Youth Living with Obesity. Front.
Biosci.-Landmark 2022, 27, 143. [CrossRef] [PubMed]

Conkright, W.R.; Beckner, M.E; Sterczala, A.].; Mi, Q.; Lovalekar, M.; Sahu, A.; Krajewski, K.T.; Martin, B.J.; Flanagan, S.D.;
Greeves, ].P; et al. Resistance Exercise Differentially Alters Extracellular Vesicle Size and Subpopulation Characteristics in Healthy
Men and Women: An Observational Cohort Study. Physiol. Genom. 2022, 54, 350-359. [CrossRef] [PubMed]

Coumans, FA.W,; Brisson, A.R.; Buzas, E.I; Dignat-George, F,; Drees, E.E.E.; El-Andaloussi, S.; Emanueli, C.; Gasecka, A;
Hendrix, A.; Hill, A.F; et al. Methodological Guidelines to Study Extracellular Vesicles. Circ. Res. 2017, 120, 1632-1648. [CrossRef]
[PubMed]

Mcllvenna, L.C.; Parker, H.; Seabright, A.P,; Sale, B.; Anghileri, G.; Weaver, S.R.C.; Lucas, S.J.E.; Whitham, M. Single Vesicle
Analysis Reveals the Release of Tetraspanin Positive Extracellular Vesicles into Circulation with High Intensity Intermittent
Exercise. |. Physiol. 2023, 601, 5093-5106. [CrossRef]

Guescini, M.; Canonico, B.; Lucertini, F.; Maggio, S.; Annibalini, G.; Barbieri, E.; Luchetti, F.; Papa, S.; Stocchi, V. Muscle Releases
Alpha-Sarcoglycan Positive Extracellular Vesicles Carrying miRNAs in the Bloodstream. PLoS ONE 2015, 10, e0125094. [CrossRef]
Pinto, A.C.; Tavares, P.; Neves, B.; Oliveira, PF,; Vitorino, R.; Moreira-Gongalves, D.; Ferreira, R. Exploiting the Therapeutic
Potential of Contracting Skeletal Muscle-Released Extracellular Vesicles in Cancer: Current Insights and Future Directions. J. Mol.
Med. 2024, 102, 617-628. [CrossRef]

Watanabe, S.; Sudo, Y.; Makino, T.; Kimura, S.; Tomita, K.; Noguchi, M.; Sakurai, H.; Shimizu, M.; Takahashi, Y.; Sato, R.; et al.
Skeletal Muscle Releases Extracellular Vesicles with Distinct Protein and microRNA Signatures That Function in the Muscle
Microenvironment. PNAS Nexus 2022, 1, pgac173. [CrossRef] [PubMed]

Bryl-Gorecka, P.; Sathanoori, R.; Al-Mashat, M.; Olde, B.; Jogi, ].; Evander, M.; Laurell, T.; Erlinge, D. Effect of Exercise on the
Plasma Vesicular Proteome: A Methodological Study Comparing Acoustic Trapping and Centrifugation. Lab. Chip 2018, 18,
3101-3111. [CrossRef] [PubMed]

D’Souza, R.F,; Woodhead, ].5.T.; Zeng, N.; Blenkiron, C.; Merry, T.L.; Cameron-Smith, D.; Mitchell, C.J. Circulatory Exosomal
miRNA Following Intense Exercise Is Unrelated to Muscle and Plasma miRNA Abundances. Am. J. Physiol. Endocrinol. Metab.
2018, 315, E723-E733. [CrossRef]

Lovett, J.A.C.; Durcan, PJ.; Myburgh, K.H. Investigation of Circulating Extracellular Vesicle MicroRNA Following Two Consecu-
tive Bouts of Muscle-Damaging Exercise. Front. Physiol. 2018, 9, 1149. [CrossRef] [PubMed]

Yin, X.; Zhao, Y.; Zheng, Y.L.; Wang, ].Z.; Li, W,; Lu, Q.J.; Huang, Q.N.; Zhang, C.Y.; Chen, X.; Ma, J.Z. Time-Course Responses of
Muscle-Specific MicroRNAs Following Acute Uphill or Downbhill Exercise in Sprague-Dawley Rats. Front. Physiol. 2019, 10, 1275.
[CrossRef] [PubMed]


https://doi.org/10.1096/fba.2023-00053
https://doi.org/10.3389/fphys.2019.00554
https://doi.org/10.1080/20013078.2019.1615820
https://doi.org/10.1002/oby.22298
https://doi.org/10.1038/s41598-021-92180-5
https://doi.org/10.1016/j.exger.2020.111124
https://doi.org/10.1038/s41598-020-62456-3
https://www.ncbi.nlm.nih.gov/pubmed/32245988
https://doi.org/10.1038/s41366-019-0460-7
https://doi.org/10.1113/EP087396
https://doi.org/10.1152/ajpheart.00516.2016
https://doi.org/10.31083/j.fbl2705143
https://www.ncbi.nlm.nih.gov/pubmed/35638410
https://doi.org/10.1152/physiolgenomics.00171.2021
https://www.ncbi.nlm.nih.gov/pubmed/35816651
https://doi.org/10.1161/CIRCRESAHA.117.309417
https://www.ncbi.nlm.nih.gov/pubmed/28495994
https://doi.org/10.1113/JP284047
https://doi.org/10.1371/journal.pone.0125094
https://doi.org/10.1007/s00109-024-02427-7
https://doi.org/10.1093/pnasnexus/pgac173
https://www.ncbi.nlm.nih.gov/pubmed/36714847
https://doi.org/10.1039/C8LC00686E
https://www.ncbi.nlm.nih.gov/pubmed/30178811
https://doi.org/10.1152/ajpendo.00138.2018
https://doi.org/10.3389/fphys.2018.01149
https://www.ncbi.nlm.nih.gov/pubmed/30177888
https://doi.org/10.3389/fphys.2019.01275
https://www.ncbi.nlm.nih.gov/pubmed/31632302

Biology 2024, 13, 701 120f 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

Chaturvedi, P; Kalani, A.; Medina, I.; Familtseva, A.; Tyagi, S.C. Cardiosome Mediated Regulation of MMP 9 in Diabetic Heart:
Role of Mir29b and Mir455 in Exercise. J. Cell. Mol. Med. 2015, 19, 2153-2161. [CrossRef]

Ma, C.; Wang, J.; Liu, H.; Chen, Y.; Ma, X.; Chen, S.; Chen, Y,; Bihl, J.; Yang, Y. Moderate Exercise Enhances Endothelial Progenitor
Cell Exosomes Release and Function. Med. Sci. Sports Exerc. 2018, 50, 2024-2032. [CrossRef]

Hayes, S.C.; Spence, R.R.; Galvao, D.A.; Newton, R.U. Australian Association for Exercise and Sport Science Position Stand:
Optimising Cancer Outcomes through Exercise. J. Sci. Med. Sport 2009, 12, 428-434. [CrossRef]

Schmitz, K.H.; Courneya, K.S.; Matthews, C.; Demark-Wahnefried, W.; Galvao, D.A.; Pinto, B.M.; Irwin, M.L.; Wolin, K.Y.; Segal,
R.J.; Lucia, A.; et al. American College of Sports Medicine Roundtable on Exercise Guidelines for Cancer Survivors. Med. Sci.
Sports Exerc. 2010, 42, 1409-1426. [CrossRef]

Vainio, H.; Kaaks, R.; Bianchini, F. Weight Control and Physical Activity in Cancer Prevention: International Evaluation of the
Evidence. Eur. J. Cancer Prev. Off. ]. Eur. Cancer Prev. Organ. ECP 2002, 11 (Suppl. S2), S94-5100.

Matthews, C.E.; Moore, S.C.; Arem, H.; Cook, M.B.; Trabert, B.; Hdkansson, N.; Larsson, S.C.; Wolk, A.; Gapstur, S.M.; Lynch,
B.M.; et al. Amount and Intensity of Leisure-Time Physical Activity and Lower Cancer Risk. J. Clin. Oncol. 2020, 38, 686—-697.
[CrossRef] [PubMed]

Grazioli, E.; Cerulli, C.; Dimauro, I.; Moretti, E.; Murri, A.; Parisi, A. New Strategy of Home-Based Exercise during Pandemic
COVID-19 in Breast Cancer Patients: A Case Study. Sustainability 2020, 12, 6940. [CrossRef]

Tranchita, E.; Murri, A.; Grazioli, E.; Cerulli, C.; Emerenziani, G.P,; Ceci, R.; Caporossi, D.; Dimauro, L; Parisi, A. The Beneficial
Role of Physical Exercise on Anthracyclines Induced Cardiotoxicity in Breast Cancer Patients. Cancers 2022, 14, 2288. [CrossRef]
[PubMed]

Moulton, C.; Murri, A.; Benotti, G.; Fantini, C.; Duranti, G.; Ceci, R.; Grazioli, E.; Cerulli, C.; Sgro, P; Rossi, C.; et al. The
Impact of Physical Activity on Promoter-Specific Methylation of Genes Involved in the Redox-Status and Disease Progression: A
Longitudinal Study on Post-Surgery Female Breast Cancer Patients Undergoing Medical Treatment. Redox Biol. 2024, 70, 103033.
[CrossRef] [PubMed]

Moulton, C.; Grazioli, E.; Antinozzi, C.; Fantini, C.; Cerulli, C.; Murri, A.; Duranti, G.; Ceci, R.; Vulpiani, M.C.; Pellegrini, P; et al.
Online Home-Based Physical Activity Counteracts Changes of Redox-Status Biomarkers and Fitness Profiles during Treatment
Programs in Postsurgery Female Breast Cancer Patients. Antioxidants 2023, 12, 1138. [CrossRef]

Paronetto, M.P.; Dimauro, I.; Grazioli, E.; Palombo, R.; Guidotti, F; Fantini, C.; Sgro, P.; De Francesco, D.; Di Luigi, L.; Capranica, L.;
et al. Exercise-Mediated Downregulation of MALAT1 Expression and Implications in Primary and Secondary Cancer Prevention.
Free Radic. Biol. Med. 2020, 160, 28-39. [CrossRef]

McTiernan, A. Mechanisms Linking Physical Activity with Cancer. Nat. Rev. Cancer 2008, 8, 205-211. [CrossRef]

Dimauro, I.; Grazioli, E.; Lisi, V.; Guidotti, F.; Fantini, C.; Antinozzi, C.; Sgro, P.; Antonioni, A.; Di Luigi, L.; Capranica, L.; et al.
Systemic Response of Antioxidants, Heat Shock Proteins, and Inflammatory Biomarkers to Short-Lasting Exercise Training in
Healthy Male Subjects. Oxid. Med. Cell. Longev. 2021, 2021, 1938492. [CrossRef]

Ceci, R.; Duranti, G.; Di Filippo, E.S.; Bondi, D.; Verratti, V.; Doria, C.; Caporossi, D.; Sabatini, S.; Dimauro, I.; Pietrangelo, T.
Endurance Training Improves Plasma Superoxide Dismutase Activity in Healthy Elderly. Mech. Ageing Dev. 2020, 185, 111190.
[CrossRef]

Hawley, ].A.; Hargreaves, M.; Joyner, M.].; Zierath, J.R. Integrative Biology of Exercise. Cell 2014, 159, 738-749. [CrossRef]
Ashcraft, K.A.; Peace, RM.; Betof, A.S.; Dewhirst, M.W.; Jones, L.W. Efficacy and Mechanisms of Aerobic Exercise on Cancer
Initiation, Progression, and Metastasis: A Critical Systematic Review of In Vivo Preclinical Data. Cancer Res. 2016, 76, 4032—-4050.
[CrossRef] [PubMed]

Pedersen, L.; Idorn, M.; Olofsson, G.H.; Lauenborg, B.; Nookaew, I.; Hansen, R.H.; Johannesen, H.H.; Becker, J.C.; Pedersen,
K.S.; Dethlefsen, C.; et al. Voluntary Running Suppresses Tumor Growth through Epinephrine- and IL-6-Dependent NK Cell
Mobilization and Redistribution. Cell Metab. 2016, 23, 554-562. [CrossRef] [PubMed]

Pedersen, L.; Christensen, ]J.F.; Hojman, P. Effects of Exercise on Tumor Physiology and Metabolism. Cancer J. 2015, 21, 111-116.
[CrossRef]

Dethlefsen, C.; Lillelund, C.; Midtgaard, J.; Andersen, C.; Pedersen, B.K.; Christensen, J.F.; Hojman, P. Exercise Regulates Breast
Cancer Cell Viability: Systemic Training Adaptations versus Acute Exercise Responses. Breast Cancer Res. Treat. 2016, 159, 469—479.
[CrossRef] [PubMed]

Hojman, P.; Dethlefsen, C.; Brandt, C.; Hansen, J.; Pedersen, L.; Pedersen, B.K. Exercise-Induced Muscle-Derived Cytokines
Inhibit Mammary Cancer Cell Growth. Am. J. Physiol.-Endocrinol. Metab. 2011, 301, E504-E510. [CrossRef] [PubMed]
Rundgqvist, H.; Augsten, M.; Stromberg, A.; Rullman, E.; Mijwel, S.; Kharaziha, P.; Panaretakis, T.; Gustafsson, T.; Ostman, A.
Effect of Acute Exercise on Prostate Cancer Cell Growth. PLoS ONE 2013, 8, e67579. [CrossRef]

Baldelli, G.; De Santi, M.; Gervasi, M.; Annibalini, G.; Sisti, D.; Hejman, P,; Sestili, P; Stocchi, V.; Barbieri, E.; Brandi, G. The Effects
of Human Sera Conditioned by High-Intensity Exercise Sessions and Training on the Tumorigenic Potential of Cancer Cells. Clin.
Transl. Oncol. 2021, 23, 22-34. [CrossRef]

Devin, J.L.; Hill, M.M.; Mourtzakis, M.; Quadrilatero, J.; Jenkins, D.G.; Skinner, T.L. Acute High Intensity Interval Exercise
Reduces Colon Cancer Cell Growth. J. Physiol. 2019, 597, 2177-2184. [CrossRef]


https://doi.org/10.1111/jcmm.12589
https://doi.org/10.1249/MSS.0000000000001672
https://doi.org/10.1016/j.jsams.2009.03.002
https://doi.org/10.1249/MSS.0b013e3181e0c112
https://doi.org/10.1200/JCO.19.02407
https://www.ncbi.nlm.nih.gov/pubmed/31877085
https://doi.org/10.3390/su12176940
https://doi.org/10.3390/cancers14092288
https://www.ncbi.nlm.nih.gov/pubmed/35565417
https://doi.org/10.1016/j.redox.2024.103033
https://www.ncbi.nlm.nih.gov/pubmed/38211440
https://doi.org/10.3390/antiox12051138
https://doi.org/10.1016/j.freeradbiomed.2020.06.037
https://doi.org/10.1038/nrc2325
https://doi.org/10.1155/2021/1938492
https://doi.org/10.1016/j.mad.2019.111190
https://doi.org/10.1016/j.cell.2014.10.029
https://doi.org/10.1158/0008-5472.CAN-16-0887
https://www.ncbi.nlm.nih.gov/pubmed/27381680
https://doi.org/10.1016/j.cmet.2016.01.011
https://www.ncbi.nlm.nih.gov/pubmed/26895752
https://doi.org/10.1097/PPO.0000000000000096
https://doi.org/10.1007/s10549-016-3970-1
https://www.ncbi.nlm.nih.gov/pubmed/27601139
https://doi.org/10.1152/ajpendo.00520.2010
https://www.ncbi.nlm.nih.gov/pubmed/21653222
https://doi.org/10.1371/journal.pone.0067579
https://doi.org/10.1007/s12094-020-02388-6
https://doi.org/10.1113/JP277648

Biology 2024, 13, 701 13 0f 14

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Kurgan, N.; Tsakiridis, E.; Kouvelioti, R.; Moore, J.; Klentrou, P; Tsiani, E. 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 2017, 9, 46.
[CrossRef]

Dethlefsen, C.; Pedersen, K.S.; Hojman, P. Every Exercise Bout Matters: Linking Systemic Exercise Responses to Breast Cancer
Control. Breast Cancer Res. Treat. 2017, 162, 399-408. [CrossRef]

Kim, J.-S.; Wilson, R.L.; Taaffe, D.R.; Galvao, D.A.; Gray, E.; Newton, R.U. Myokine Expression and Tumor-Suppressive Effect of
Serum after 12 Wk of Exercise in Prostate Cancer Patients on ADT. Med. Sci. Sports Exerc. 2022, 54, 197-205. [CrossRef]

Kim, J.-S; Taaffe, D.R.; Galvao, D.A.; Clay, T.D.; Redfern, A.D.; Hart, N.H.; Gray, E.S.; Ryan, C.J.; Kenfield, S.A.; Saad, F; et al.
Acute Effect of High-Intensity Interval Aerobic Exercise on Serum Myokine Levels and Resulting Tumour-Suppressive Effect in
Trained Patients with Advanced Prostate Cancer. Prostate Cancer Prostatic Dis. 2023, 26, 795-801. [CrossRef] [PubMed]
Dethlefsen, C.; Hansen, L.S,; Lillelund, C.; Andersen, C.; Gehl, ]J.; Christensen, J.F,; Pedersen, B.K.; Hojman, P. Exercise-Induced
Catecholamines Activate the Hippo Tumor Suppressor Pathway to Reduce Risks of Breast Cancer Development. Cancer Res. 2017,
77,4894-4904. [CrossRef]

Ngo, TH.; Barnard, R.].; Tymchuk, C.N.; Cohen, P.; Aronson, W.]. Effect of diet and exercise on serum insulin, IGF-I, and IGFBP-1
levels and growth of LNCaP cells in vitro (United States). Cancer Causes Control 2002, 13, 929-935. [CrossRef] [PubMed]

Ngo, TH.; Barnard, R.J.; Leung, P--S.; Cohen, P.; Aronson, W.J. Insulin-Like Growth Factor I (IGF-I) and IGF Binding Protein-1
Modulate Prostate Cancer Cell Growth and Apoptosis: Possible Mediators for the Effects of Diet and Exercise on Cancer Cell
Survival. Endocrinology 2003, 144, 2319-2324. [CrossRef] [PubMed]

Barnard, R.J.; Ngo, T.H.; Leung, P; Aronson, W.J.; Golding, L.A. A Low-fat Diet and/or Strenuous Exercise Alters the IGF Axis in
Vivo and Reduces Prostate Tumor Cell Growth in Vitro. The Prostate 2003, 56, 201-206. [CrossRef]

Schuurmans, A.L.G.; Bolt, J.; Veldscholte, J.; Mulder, E. Regulation of Growth of LNCaP Human Prostate Tumor Cells by Growth
Factors and Steroid Hormones. J. Steroid Biochem. Mol. Biol. 1991, 40, 193-197. [CrossRef]

Schlomm, T.; Kirstein, P.; Iwers, L.; Daniel, B.; Steuber, T.; Walz, J.; Chun, EH.K.; Haese, A.; Kollermann, J.; Graefen, M.; et al.
Clinical Significance of Epidermal Growth Factor Receptor Protein Overexpression and Gene Copy Number Gains in Prostate
Cancer. Clin. Cancer Res. 2007, 13, 6579-6584. [CrossRef]

Negrini, K.A,; Lin, D.; Shah, D.; Wu, H.; Wehrung, K.M.; Thompson, H.J.; Whitcomb, T.; Sturgeon, K.M. Role of Oncostatin M in
Exercise-Induced Breast Cancer Prevention. Cancers 2024, 16, 2716. [CrossRef]

Vittoria, M.A.; Kingston, N.; Kotynkova, K.; Xia, E.; Hong, R.; Huang, L.; McDonald, S.; Tilston-Lunel, A.; Darp, R.; Campbell,
J.D.; et al. Inactivation of the Hippo Tumor Suppressor Pathway Promotes Melanoma. Nat. Commun. 2022, 13, 3732. [CrossRef]
Orange, S.T; Jordan, A.R.; Odell, A.; Kavanagh, O.; Hicks, K.M.; Eaglen, T.; Todryk, S.; Saxton, ].M. Acute Aerobic Exercise-
conditioned Serum Reduces Colon Cancer Cell Proliferation in Vitro through Interleukin-6-induced Regulation of DNA Damage.
Int. ]. Cancer 2022, 151, 265-274. [CrossRef]

Kelly, M.; Keller, C.; Avilucea, PR.; Keller, P; Luo, Z.; Xiang, X.; Giralt, M.; Hidalgo, J.; Saha, A.K.; Pedersen, B.K; et al. AMPK
Activity Is Diminished in Tissues of IL-6 Knockout Mice: The Effect of Exercise. Biochem. Biophys. Res. Commun. 2004, 320,
449-454. [CrossRef]

Bolster, D.R.; Crozier, S.J.; Kimball, S.R.; Jefferson, L.S. AMP-Activated Protein Kinase Suppresses Protein Synthesis in Rat Skeletal
Muscle through Down-Regulated Mammalian Target of Rapamycin (mTOR) Signaling. J. Biol. Chem. 2002, 277, 23977-23980.
[CrossRef]

Kawaguchi, T.; Hayakawa, M.; Koga, H.; Torimura, T. Effects of Fucoidan on Proliferation, AMP-Activated Protein Kinase, and
Downstream Metabolism- and Cell Cycle-Associated Molecules in Poorly Differentiated Human Hepatoma HLF Cells. Int. J.
Oncol. 2015, 46, 2216-2222. [CrossRef]

Estrada, A.L.; Valenti, Z.].; Hehn, G.; Amorese, A.J.; Williams, N.S.; Balestrieri, N.P.; Deighan, C.; Allen, C.P,; Spangenburg, E.E.;
Kruh-Garcia, N.A; et al. Extracellular Vesicle Secretion Is Tissue-Dependent Ex Vivo and Skeletal Muscle Myofiber Extracellular
Vesicles Reach the Circulation in Vivo. Am. |. Physiol. Cell Physiol. 2022, 322, C246—C259. [CrossRef]

Kobayashi, Y.; Eguchi, A.; Tamai, Y.; Fukuda, S.; Tempaku, M.; Izuoka, K.; Iwasa, M.; Takei, Y.; Togashi, K. Protein Composition of
Circulating Extracellular Vesicles Immediately Changed by Particular Short Time of High-Intensity Interval Training Exercise.
Front. Physiol. 2021, 12, 693007. [CrossRef]

Leuchtmann, A.B.; Adak, V.; Dilbaz, S.; Handschin, C. The Role of the Skeletal Muscle Secretome in Mediating Endurance and
Resistance Training Adaptations. Front. Physiol. 2021, 12, 709807. [CrossRef]

Vechetti, L].; Valentino, T.; Mobley, C.B.; McCarthy, J.J. The Role of Extracellular Vesicles in Skeletal Muscle and Systematic
Adaptation to Exercise. ]. Physiol. 2021, 599, 845-861. [CrossRef]

Vitucci, D.; Martone, D.; Alfieri, A.; Buono, P. Muscle-Derived Exosomes and Exercise in Cancer Prevention. Front. Mol. Med.
2023, 3, 1202190. [CrossRef]


https://doi.org/10.3390/cancers9050046
https://doi.org/10.1007/s10549-017-4129-4
https://doi.org/10.1249/MSS.0000000000002783
https://doi.org/10.1038/s41391-022-00624-4
https://www.ncbi.nlm.nih.gov/pubmed/36446945
https://doi.org/10.1158/0008-5472.CAN-16-3125
https://doi.org/10.1023/A:1021911517010
https://www.ncbi.nlm.nih.gov/pubmed/12588089
https://doi.org/10.1210/en.2003-221028
https://www.ncbi.nlm.nih.gov/pubmed/12746292
https://doi.org/10.1002/pros.10251
https://doi.org/10.1016/0960-0760(91)90182-5
https://doi.org/10.1158/1078-0432.CCR-07-1257
https://doi.org/10.3390/cancers16152716
https://doi.org/10.1038/s41467-022-31399-w
https://doi.org/10.1002/ijc.33982
https://doi.org/10.1016/j.bbrc.2004.05.188
https://doi.org/10.1074/jbc.C200171200
https://doi.org/10.3892/ijo.2015.2928
https://doi.org/10.1152/ajpcell.00580.2020
https://doi.org/10.3389/fphys.2021.693007
https://doi.org/10.3389/fphys.2021.709807
https://doi.org/10.1113/JP278929
https://doi.org/10.3389/fmmed.2023.1202190

Biology 2024, 13, 701 14 0f 14

90. Ruiz-Casado, A.; Martin-Ruiz, A.; Pérez, L.M.; Provencio, M.; Fiuza-Luces, C.; Lucia, A. Exercise and the Hallmarks of Cancer.
Trends Cancer 2017, 3, 423-441. [CrossRef]

91. Kim,J.-S,; Galvao, D.A.; Newton, R.U.; Gray, E.; Taaffe, D.R. Exercise-Induced Myokines and Their Effect on Prostate Cancer. Nat.
Rev. Urol. 2021, 18, 519-542. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.trecan.2017.04.007
https://doi.org/10.1038/s41585-021-00476-y
https://www.ncbi.nlm.nih.gov/pubmed/34158658

	Introduction 
	Extracellular Vesicles and Physical Activity 
	Biological Impact of Physical Activity on Cancer 
	Exercise-Derived Extracellular Vesicles in Cancer 
	Physiological Relevance and Limitations 
	Conclusions and Future Directions 
	References

