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Abstract

Regular exercise has a central role in human health by reducing the risk of type 2 diabetes, obesity,
stroke and cancer. How exercise is able to promote such systemic benefits has remained somewhat
of a mystery but has been thought to be in part mediated by the release of myokines, skeletal
muscle-specific cytokines, in response to exercise. Recent studies have revealed skeletal muscle
can also release extracellular vesicles (EVS) into circulation following a bout of exercise. EVs are
small membrane-bound vesicles capable of delivering biomolecules to recipient cells and
subsequently altering their metabolism. The notion that EVs may have a role in both skeletal
muscle and systemic adaptation to exercise has generated a great deal of excitement within a
number of different fields including exercise physiology, neuroscience and metabolism. The
purpose of this review is to provide an introduction to EV biology and what is currently known
about skeletal muscle EVs and their potential role in the response of muscle and other tissues to
exercise.

Graphical Abstract

Corresponding author John J. McCarthy: Department of Physiology, College of Medicine, University of Kentucky, 800 Rose Street,
Medical Science Building, Rm: MS-607A, Lexington, KY 40536, USA. jjmcca2@uky.edu.

Author contributions

All authors have approved the final version of the manuscript and agree to be accountable for all aspects of the work. All persons
designated as authors qualify for authorship, and all those who qualify for authorship are listed.

This review was presented at the 2018 ACSM “Integrative Physiology of Exercise (IPE)” conference, which took place in San Diego,
California, 5-8 September 2018.

Competing interests
The authors declare no competing interests.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vechetti et al. Page 2

The Journal of
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Physical activity promotes the release of extracellular vesicles from skeletal muscle into
circulation which are subsequently taken up by other tissues. Extracellular vesicle uptake results in
the delivery of biomolecules, such as microRNAs, which alters the metabolism of recipient cells.

This mechanism is proposed to provide a basis for how regular exercise is able to improve overall
health.
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Introduction

Regular exercise is known to improve health by reducing the risk of type 2 diabetes, obesity,
stroke and some forms of cancer (Garber et al. 2011). How exercise is able to bring about
such remarkable changes in different tissues and organs of the body remains poorly
understood (Neufer et al. 2015). To address this gap in knowledge, NIH, through the
Common Fund, has provided $170M to establish the Molecular Transducers of Physical
Activity Consortium (MoTrPAC). The goal of MoTrPAC is “... to catalogue the biological
molecules affected by exercise in people, to assemble a comprehensive map of the molecular
changes that occur in response to movement and, when possible, relate these changes to the
benefits of physical activity.” To complement the human studies, MoTrPAC has also
established preclinical rodent sites which will allow for a more in-depth analyses of the
biological changes that occur with exercise. The creation of MoTrPAC brings into sharp
focus the recognition that exercise has a central role in human health and well-being.

One mechanism thought to mediate the systemic benefits of regular exercise is through the
release of cytokines from contracting skeletal muscle known as myokines (Neufer et al.
2015). Proposed by Goldstein almost 60 years ago, muscle was viewed as an endocrine-like
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organ, releasing an unidentified humoral factor involved in regulating blood glucose in
response to exercise (Goldstein, 1961). Years later, Pederson and colleagues identified the
first myokine, interleukin-6 (I1L-6), which was shown to be secreted into the bloodstream in
response to muscle contractions (Pedersen et al. 2001, 2003; Pedersen & Fischer, 2007a,b ).
Many other myokines have been identified since then such as myostatin, IL-15, BDNF
(brain-derived neurotrophic factor) and irisin (Pedersen, 2011). Hartwigand colleagues
catalogued the secretome of human primary muscle cells, identifying 548 non-redundant
proteins in conditioned media, with 305 proteins classified as potential myokines (Hartwig
et al. 2014).

In addition to myokines, extracellular vesicles (EVs) have emerged as a potential mechanism
through which the beneficial effects of regular exercise are transmitted to other tissues. EVs
are membrane-bound vesicles with the capacity to transfer functional biomolecules such as
lipids, proteins, nucleic acids and sugars, thereby altering recipient cell function (Ratajczak
et al. 2006; Valadi et al. 2007; Skog et al. 2008). EVs are currently divided into three
subtypes: exosomes (50-150 nm in diameter), microvesicles (100-1000 nm) and apoptotic
bodies (50-5000 nm) (see Fig. 1). Given the lack of specific markers for each EV subtype,
the International Society for Extracellular Vesicles has suggested the use of the generic term
‘EVs’ for vesicles (delimited by a lipid bilayer) naturally released from the cell (Thery et al.
2018). Regardless of the current discussion about subtypes, EVs have been shown to
mediate cell-cell communication through the transfer of functional cargo to recipient cells,
expanding our understanding of how skeletal muscle (and other tissues) communicates to
other organs.

Brief history

The intense interest in EVs belies the half-century that has passed since the original
description of membrane-bound vesicles being released from cells into the extracellular
environment. In the late 1960s, the first studies describing the release of EVs from either
platelets or chondrocytes were published (Wolf, 1967; Anderson, 1969). A fewyears later,
Trams and colleagues (Trams et al. 1981), coined the term exosome in their study showing
that both normal and neoplastic mammalian cells were capable of secreting vesicles
containing 5’-nucleotidase enzymatic activity that ranged in size from 40 to 1000 nm and
originated directly from the plasma membrane. In contrast to this release mechanism, two
independent studies (Harding et al. 1983; Pan & Johnstone, 1983) in the early 1980s
provided the first evidence showing a more complex vesicle secretion pathway. These
studies found the transferrin receptor (TfR) was recycled from the plasma membrane of
maturing reticulocytes by selective endocytosis through internalization into a so-called
multivesicular endosome (currently known as multivesicular bodies, MVBs) and then
subsequently secreted from the cell. In a follow-up study, Johnstone and colleagues
(Johnstone et al. 1987) proposed the term exosome for vesicles pelleted at 100,000 g of
endosomal origin and released upon fusion of MVBs with the plasma membrane. As a result
of these early studies, exosome biogenesis was thought to occur primarily through the
endosomal pathway, though more recent work has shown that exosomes can be also secreted
directly from the plasma membrane (Booth et al. 2006; Fang et al. 2007; Shen et al. 2011).
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The early studies on EVs viewed them as a mechanism for the cell to dispose of unwanted
cellular components. It was not until the late 1990s that this view of EVs began to change,
when it was shown that EVs were able to transfer protein, RNA and even organelles from
one to cell to another thereby acting as mediators of cell-cell communication (Raposo et al.
1996; Mesri & Altieri, 1998; Zitvogel et al. 1998; Hess et al. 1999). While the cancer field
had described in significant detail tumor-derived EVs and their ability to transfer membrane
receptors, protein and mRNA to recipient cells, it was the study by Valadi and coworkers
that is often credited with kick-starting the current excitement about EVs and their potential
role in intercellular communication (Ratajczak et al. 2006; Valadi et al. 2007). It is not clear
why this study in particular generated so much interest in EVs but it might be the fact that it
was the first study to show that EVs contained functional microRNAs (miRNA) capable of
regulating target cell gene expression (Valadi et al. 2007). Since then, the interest in EVs as a
vehicle for intercellularcommunication has increased exponentially. The purpose of this
review is to discuss our current understanding of EV biogenesis and cellular uptake, and the
emerging field of skeletal muscle EVs and their potential role skeletal muscle and systemic
adaptation to exercise.

Extracellular vesicle biogenesis

It is well established that virtually all cells of the body can secrete distinct types of EVs
(Deatherage & Cookson, 2012). The different types of EVs are generated at specific
subcellular locations and share common as well as distinct features. As the methods used to
isolate EVs has advanced, it has become clear the EV population is a heterogeneous mixture
of small vesicles. It is also important to note that the current methods used to isolate EVs are
not capable of isolating pure populations of each EV subtype, especially if only a single
method is used (Kowal et al. 2016). Given this limitation, it is important to keep in mind that
most of the biological findings regarding cell-cell communication may not necessarily be
induced by exosomes alone. Besides isolation, the biogenesis process is also complex and is
not completely understood. For example, most of the current literature describes the
biogenesis of exosome and microvesicles as being completely different; microvesicles are
made through budding off of the plasma membrane, while exosomes are formed by an
endocytic process, followed by exocytosis. While several lines of evidence support this
distinction, there is also evidence suggesting that exosome biogenesis could occur directly at
the plasma membrane (Anderson et al. 2005; Shen et al. 2011) (see Fig. 2).

Microvesicle biogenesis

Microvesicles, also known as shedding vesicles, ectosomes and oncosomes, are important
vehicles for intercellular communication (Cantaluppi et al. 2012; Kalra et al. 2016).
Microvesicles have been studied for more than three decades but only recently have gained
considerable attention (Tkach et al. 2018). Usually reported in the range of 100-1000 nm in
size, microvesicles are membrane-bound vesicles that are shed from the plasma membrane
(Kalra et al. 2016). Although the biogenesis of microvesicles remains to be described in
complete detail, prior to shedding, small cytoplasmic protrusions are generated which cause
a pinching of the cell membrane by a fission event, releasing the nascent microvesicle into
the extracellular space (Cocucci et al. 2007; Kalra et al. 2016). The cytoplasmic protrusions
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which initiate the release of microvesicles are usually distinct and thought to be caused by
localized changes in the protein and lipid composition of the plasma membrane such that it
promotes membrane curvature and rigidity (McMahon & Boucrot, 2015). While
microvesicle biogenesis is not associated with the endosomal pathway, the budding process
requires endosomal machinery for its formation (Tricarico et al. 2017). Nabhan and
colleagues reported that components of the endosomal sorting complexes required for
transport (ESCRT) machinery, particularly TSG101, were able to promote microvesicle
formation (Nabhan et al. 2012). They found that membrane budding was driven by a specific
interaction of TSG101 with a tetrapeptide PSAP motif of an accessory protein, arrestin
domain-containing protein 1 (ARRDCL). This interaction caused the relocation of TSG101
from endosomes to the plasma membrane, facilitating the release of microvesicles that
contained TSG101, ARRDC1 and other cellular proteins. Another protein associated with
the endosomal pathway that appears to be involved in microvesicle formation is the Ras-
related GTPase ADP-ribosylation factor 6 (ARF6) (Muralidharan-Chari et al. 2009). In this
study, the authors showed that ARF6 activated phospholipase D, leading to the activation of
extracellular-signal-regulated kinase (ERK). Once activated, ERK phosphorylated myosin
light-chain kinase (MLCK), which in turn activated myosin light chain via phosphorylation,
leading to microvesicle release subsequent to actomyosin contraction of the microvesicle
‘neck’.

In addition to proteins known to have a role in promoting membrane curvature, there is
evidence to suggest that protein crowding at the plasma membrane itself may be sufficient to
induce microvesicle formation via membrane curvature. For instance, green fluorescent
protein (GFP) has been shown to be capable of membrane bending when concentrated
within the membrane (Stachowiak et al. 2012; Snead et al. 2017). While more studies are
necessary to determine if protein crowding alone is sufficient to generate microvesicles, the
enrichment of protein cargo at sites of microvesicle budding may be adequate to drive de
novo microvesicle formation (Tricarico et al. 2017).

Exosome biogenesis

The primary mechanism thought to be involved in exosome biogenesis is the inward
invagination of late endosome/multivesicular bodies (MVBs) which give rise to intraluminal
vesicles (ILVs); upon fusion with the plasma membrane, ILVs are released into the
extracellular space as exosomes. ESCRT is the molecular machinery employed by the cell to
generate exosomes (de Gassart et al. 2004; Colombo et al. 2013). The ESCRT machinery is
composed of approximately 30 proteins that assemble into four complexes (ESCRT-0, -I, -1l
and -111) (Babst et al. 1998, 2002a,b; Katzmann et al. 2001, 2003; Thery et al. 2001). All
these complexes are involved in the formation of the MVBs and ILVs, and in the sorting of
proteins. ESCRT-0 recognizes phosphatidylinositol 3-phosphate and ubiquitinated proteins
and sorts them to the endosomal membrane. Specifically, a component of ESCRT-0, HRS
(hepatocyte growth factor-regulated tyrosine kinase substrate, official gene symbol Hgs),
binds to ubiquitinated proteins and then associates with another ESCRT-0 component,
STAM (signal transducing adaptor molecule) and clathrin (not-ESCRT protein). This
complex recruits ESCRT-1 (Tumor Susceptibility 101, TSG101) to the endosomal
membrane, resulting in formation of the ESCRT-0/ESCRT-I complex. The ESCRT-0/
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ESCRT-I complex mobilizes ESCRT-11 (Vps22), initiating reverse budding of ILVs within
MVBs and cargo uptake. Finally, ESCRT-II recruits ESCRT-III (ALIX and Vps2) which
promotes vesicle closure and detachment of ILVs from the membrane (Fernandez-Borja et
al. 1999; Hurley, 2010; Baietti et al. 2012; Hanson & Cashikar, 2012; Nabhan et al. 2012;
Bissig & Gruenberg, 2014; Chiaruttini et al. 2015; Kalra et al. 2016; Wenzel et al. 2016).
Somewhat surprising was the demonstration that MVBs are still capable of forming in the
absence of all four ESCRT components (Stuffers et al. 2009), thus revealing an ESCRT-
independent pathway for exosome biogenesis. Confirmation of an ESCRT-independent
pathway came from the work of Trajkovic and colleagues who showed exosome biogenesis
was promoted by the conversion of sphingomyelin to ceramide by neutral sphingomyelinase
(Trajkovic et al. 2008). The depletion of neutral sphingomyelin in cancer cells, however, did
not prevent the production of exosomes, indicating that the synthesis of ceramide under
particular conditions is not an absolute requirement for the production of exosomes (van
Niel et al. 2011). Finally, a more recent study reported a novel role for the small integral
membrane protein of the lysosome/late endosome (SIMPLE) protein in exosome biogenesis
through regulating MVB formation (Zhu et al. 2013).

While the majority of studies have focused on the molecular mechanism involved in the
endosomal biogenesis pathway, there is evidence suggesting that exosomes can also bud
directly from the plasma membrane (Anderson et al. 2005; Booth et al. 2006; Fang et al.
2007; Shen et al. 2011; Bianchi et al. 2014; Nager et al. 2017). For example, electron
microscopic evidence has shown stem cells budding small vesicles (60-100 nm in diameter)
directly from the plasma membrane (Cantaluppi et al. 2012). Additionally, transmission
electron microscopy of glioblastoma cells also revealed budding of small vesicles (~80 nm)
from the plasma membrane. Consistent with these observations, proteins typically associated
with specific regions of the plasma membrane (e.g. tetraspanin CD9 and CD81) have been
shown in exosomes (Halova & Draber, 2016). Collectively, these findings clearly showthat
exosome hiogenesis can occur at the plasma membrane. What remains to be determined is
the contribution of each of these different biogenic pathways to total exosome production
within the cell and how the role of each pathway involved in exosome biogenesis may differ
between cell types (i.e. myofibre and satellite cells) and in response to different stimuli.

Extracellular vesicle uptake

The discovery that EVs were capable of inducing a physiological change in recipient cells
through the delivery of functional cargo, generated a great deal of interest in EVs as
mediators of cell-cell communication (Valadi et al. 2007; Alvarez-Erviti et al. 2011,
Wiahlgren et al. 2012; Lee et al. 2018). The exact manner through which EVs are taken up by
recipient cells is still under debate, though several possible mechanisms for EV uptake have
been reported.

Endocytosis is a complex process that comprises several molecular pathways involved in the
cellular uptake of EVs. The different endocytic pathways include clathrin-mediated
endocytosis, caveolin-dependent endocytosis, macropinocytosis and phagocytosis (see Fig.
3). Clathrin-mediated endocytosis involves cellular internalization of molecules through the
assembly of clathrin-coated vesicles. These vesicles deform the membrane thereby
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triggering an inward budding of the plasma membrane followed by fusion with the
endosome (Kaksonen & Roux, 2018). Caveolin-dependent endocytosis is a clathrin-
independent endocytic process involving plasma membrane invaginations called caveolae
which are ultimately internalized by the cell (Kiss & Botos, 2009). Macropinocytosis
involves the formation of membrane ruffles that pinch off into the extracellular space,
surrounding an area of extracellular fluid which is subsequently internalized by the cell (Lim
& Gleeson, 2011). Phagocytosis is the process by which the cell uses the plasma membrane
to ingest large particles (>0.5 um), creating a membrane-bound vesicle called a phagosome
(Richards & Endres, 2014). All of these endocytic pathways have been shown to participate
in the cellular uptake of EVs (Svensson et al. 2013; Tian et al. 2014); however, there is
currently no data on whether one of these mechanisms is preferentially used for the uptake
of skeletal muscle-derived EVs. While speculative, it may be that EV internalization could
be cell type-specific or dependent upon the physiological status of the recipient cell. It is
also likely that the heterogeneity of EVs will have an influence on the mechanism of uptake
used by the recipient cell.

Extracellular vesicle isolation methods

Although the field has evolved considerably in the last few years, there still a lot of open
questions regarding EV biology. Perhaps one of the main reasons for the limited knowledge
is the challenges in isolating a single EV subtype. Most of the current methods for EV
isolation are not capable of recovering a single EV population, mainly because the majority
of isolation methods used are based on a single characteristic (e.g. size, buoyant density).
Since many characteristics can be shared among different vesicles, the use of a method that
relies on single characteristic for EV isolation will result in the recovery a mixed EV
population (Van Deun et al. 2014; Kowal et al. 2016), thus preventing a clear understanding
of functional properties of a specific EV subtype. Here, we discussed the most common
methods used for EV isolation highlighting the approaches and respective limitations.

Differential ultracentrifugation

Ultracentrifugation (UC) is one of the most commonly used and reported methods for EV
isolation. It consists of cycles of different centrifugal force to fractionate small bioparticles
such as viruses, bacteria, subcellular organelles and extracellular vesicles (Li et al. 2017).
For EV-based UC isolation, differential centrifugation steps with increased centrifugal force
are used to produce sequential pellets of cells and cell debris (300-1000 g), microvesicles
(10,000-20,000 g) and exosomes (100,000 g). To improve the purification of the samples,
serial filtration through 0.22 and 0.45 um filters before pelleting have been used (Thery et al.
2006). Although it has long been considered the gold standard technique for EV isolation
due to its simplicity and minimal sample preparation, UC does not allow for a complete
separation of EV population. Additionally, due to the high centrifugal forces applied to the
vesicles, deformation of EV structure and aggregations are formed during the isolation
process (Linares et al. 2015). The efficiency of EV isolation depends on several factors (e.g.
acceleration, type of rotor, viscosity of the samples) that should be taken into consideration
when using UC methods. For example, EV isolation from plasma/serum requires higher-
speed UC and longer times compared with cell culture media (Thery et al. 2006).

J Physiol. Author manuscript; available in PMC 2021 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vechetti et al.

Page 8

Density gradient ultracentrifugation

Density gradient ultracentrifugation (DGUC) is perhaps one of the best methods for
isolating EVs. There are several different adaptations for this method, but essentially DGUC
exploits the buoyant density of particles in order to isolate heterogeneous EV/particle
population (Thery et al. 2006). Under a specific centrifugal force, the different components
of the sample will settle to their iso-density zone, thus achieving the separation of exosomes
(~1.10—1.18 g mI~1) from other components in the sample. The density gradient can utilize
sucrose or iodixanol, the latter preserves the size of EVs whilst in the gradient, improving on
some of the limitations of the sucrose gradient (Li & Donowitz, 2014; Gupta et al. 2018; Li
et al. 2018; Duong et al. 2019). The addition of the gradient to the UC method allows for a
higher separation efficiency, thus improving the purity of the isolate. Additionally, if the
gradient is added prior to UC, the particles are unlikely to be deformed or to form aggregates
due to the high force applied during centrifugation (Duong et al. 2019). Although DGUC
has several benefits in terms of isolating a purer EV population, it does present some
limitations. For example, this method is time consuming (i.e. 16-90 h), requires specialized
techniques, a substantial amount of sample, and can lead to co-isolation of high density
lipoprotein (HDL) (Yuana et al. 2014).

Precipitation of extracellular vesicles

The isolation of exosomes by polymer-based reagents, like ExoQuick by System
Biosciences, a proprietary polyethylene glycol (PEGS) precipitation reagent, have become a
popular method for isolating EVs. These polymer-based reagents work by binding up water
molecules and forcing the less-soluble vesicles (i.e. smaller vesicles, <200 nm) out of
solution, followed by bench top centrifugation (Zeringer et al. 2015). This polymer-based
solution can be optimized and used across different applications (i.e. /n vivo vs. in vitro), as
well as a wide range of biological fluids (i.e. plasma, serum, saliva, milk and urine).
However, a major disadvantage of this application is that various sized EVs and other
particles, like lipoproteins and protein aggregates, are blended together, thus making the
definitive isolation and recognition of a specific size or population of particles unattainable.

Immuno-based capture of extracellular vesicles

The immuno-based capturing of EVs is made possible due to the detection of tetraspanin
proteins (i.e. CD9, —63, —81), which are entwined within the membrane of EVs, using
immunoaffinity-based detection with specific antibodies. The specificity and yield of EVs
isolated using this method have been compared to yields reported using ultracentrifugation
(Zarovni et al. 2015). One way of optimizing this method is to incorporate the use of
submicron-sized magnetic beads which are coated with an antibody of choice (i.e. CD9,
-63, —81) to allow for higher particle capture efficiency by expanding the detectable surface
area. A potential limitation of this method is knowing whether the EV population of interest
expresses the membrane protein used for immune-capture (Hong et al. 2014; Zarovni et al.
2015).
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Ultrafiltration

The ultrafiltration (UF)-based EV isolation method consists of commercial membrane filters
with a narrow range of pore sizes, allowing particles of a specific size to pass through or be
intercepted. UF can be used independently or in conjunction with other techniques such as
UC. Compared to UC technology, UF is less time consuming, recovers more EVs per
sample volume and is suitable for isolating EVs in different volumes. Additionally, UF does
not requires high pressure, reducing the likelihood of EV rupture aggregates (Yu et al. 2018).
Although UF demonstrates many advantages in EV isolation, the inability to isolate a
specific EV population remains a problem with this method, since all vesicles with similar
size would be co-isolated.

Size exclusion chromatography

Size exclusion chromatography (SEC) or gel filtration uses a porous polymer typically
composed of sepharose to separate molecules based on size. The polymer is typically
referred to as the stationary phase and there are different sepharose matrices that can be
utilized depending on the particle size of interest (Monguio-Tortajada et al. 2019). Although
SEC allows for a better separation compared to precipitation methods (Gamez-Valero et al.
2016), depending on the complexity of the biological samples (e.g. serum/plasma), it may
not provide the best means for isolation. For example, size-based isolation can lead to
contamination with other non-vesicle particles of comparable size, which decreases the
purity of the sample (Sodar et al. 2016).

Skeletal muscle as an endocrine organ

As one of the largest organs in the body, skeletal muscle represents approximately 40% of
the body weight and is the largest protein reservoir in the body. In addition to its primary
function in locomotion, skeletal muscle also has an important role in thermoregulation and
whole-body metabolism. Over the last few decades, evidence has emerged that skeletal
muscle can also function as an endocrine organ (Pedersen & Febbraio, 2012). The ability of
skeletal muscle to communicate with distal tissues often occurs in response to muscle
activity whereby released myokines are able to stimulate the production of glucose and
lipolysis (Karsenty & Olson, 2016). Specifically, skeletal muscle has been shown to release
cytokines, referred to as myokines, and/or exerkines (Pedersen et al. 2003; Pedersen &
Febbraio, 2012; Whitham & Febbraio, 2016), which can act in an autocrine (e.g.
interleukin-6, IL-6), paracrine (e.g. myostatin) or endocrine manner. Myokines have been
reported to be taken up by various tissues such as adipose tissue (Leal et al. 2018), liver
(Febbraio et al. 2004), pancreas (Plomgaard et al. 2012; Guo et al. 2017), brain (Pedersen et
al. 2009) and skeletal muscle itself (Pedersen et al. 2007; Pedersen & Febbraio, 2008;
Pedersen, 2009; Walsh, 2009). A large body of research has been published by the Pedersen
laboratory (Febbraio & Pedersen, 2002; Febbraio et al. 2004; Pedersen & Febbraio, 2008;
Broholm & Pedersen, 2010; Christiansen et al. 2010; Brandt et al. 2012) detailing how
myokines such as IL-6 can induce an anti-inflammatory response both during and following
a single or repeated bouts of exercise. Furthermore, it has been established that skeletal
muscle possesses a secretome which consists of several hundred peptides (Bortoluzzi et al.
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2006; Yoon et al. 2009; Henningsen et al. 2010) and conceptually provides a basis for how
skeletal muscle may be communicating with other tissues within the body.

The modalities through which skeletal muscle can function as an endocrine organ has
expanded to include EVs (Rome et al. 2019; Trovato et al. 2019). A recent study by
Whitman and coworkers showed 1 h of cycling induced a significant increase in systemic
EVs that were taken up by the liver. Additionally, Frtihbeis and colleagues reported systemic
EV concentration was higher immediately following a single bout of exhaustive endurance
exercise, with EV size and composition differing during the early recovery phase despite EV
abundance remaining elevated (Fruhbeis et al. 2015). Thus, exercise serves as a strong
stimulus for promoting the release of EVs into circulation, with the intensity of exercise
influencing how many EVs are presumably released by skeletal muscle. A current challenge
for the /n vivo study of skeletal muscle-derived EVs is the inability to specifically label and
track EVs released from skeletal muscle. As a proxy, researchers have used the presence of
muscle-specific proteins or microRNAs to assess the change in muscle-derived EVs in
response to exercise. A promising approach for isolating skeletal muscle-specific EVs was
described by Guescini and colleagues, who showed that up to 5% of systemic EVs were
positive for the muscle-enriched a-sarcoglycan protein and contained high levels of the
skeletal muscle-specific microRNA, miR-206 — further confirmation that the a-sarcoglycan
enriched EVs were derived from skeletal muscle (Guescini et al. 2015). Despite the
aforementioned challenges to studying skeletal muscle-derived EVs /n vivo, numerous /in
vitro studies have clearly demonstrated that both myoblasts and myotubes (Le Bihan et al.
2012; Romancino et al. 2013; Forterre et al. 2014a,b; Choi et al. 2016) are capable of
releasing EVs. Early work in determining the cargo of EVs revealed that muscle-derived
microvesicles cargo contained RNA that clustered into 6 functional groups: zinc finger
C2H2-type, integral to membrane ionic channel, transcription, protein secretion, ion
transport and signal transduction (Le Bihan et al. 2012). Forterre and colleagues went on to
demonstrate that both myoblasts and myotubes were capable of secreting EVs with specific
protein and microRNA composition that differed from the intracellular composition
(Forterre et al. 2014b). Furthermore, they also showed that the cargo contained within
myotube-derived EVs could be transferred to myoblasts and subsequently regulate gene
expression involved in myoblast differentiation (Forterre et al. 2014a). This early work
revealed that the loading of EVs does not necessarily reflect the intracellular composition of
the cell but appears to be regulated by a yet-to-be described mechanism. A nice example of
the selective loading of EVs was the study by Hudson and co-workers showing
dexamethasone-induced myotube atrophy caused a significant decrease in myotube miR-23a
expression that was paralleled by an increase in the abundance of EV miR-23a (Hudson et
al. 2014). This finding demonstrated that miR-23a was being selectively exported from
myotubes by EVs, which in turn led to the de-repression of atrogin-1 and MuRF-1, target
genes of miR-23a known to promote muscle atrophy.

Guescini and co-workers were the first to describe exercise-induced release of EVs from
skeletal muscle (Guescini et al. 2015). Presumptive skeletal muscle-derived EVs were
immune-captured using an antibody against a-sarcoglycan, a protein highly enriched in
skeletal muscle. Alpha-sarcoglycan-positive EVs represented approximately 2-5% of the
total EV population and were highly enriched for the skeletal muscle-specific microRNA
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miR-206. These authors found that after an acute bout of endurance exercise there was a
significant increase in the abundance of EV miR-181a-5p but no change in the abundance of
miR-1, miR-133b, miR-206, miR-499 or miR-146a within EVs (Guescini et al. 2015).
Subsequent studies confirmed the increase in serum EV abundance in response to exercise
and the presence of EV miRNAs (Fry et al. 2017; Lovett et al. 2018; Oliveira et al. 2018;
D’Souza et al. 2018a). Oliveira and colleagues observed a correlation between miRNA
content in EVs and exercise intensity, proposing that intensity may play a role in the
packaging and release of EVs (Oliveira et al. 2018). This finding was consistent with an
earlier study showing that the kinetics of EV release into circulation correlated with the
increase in workload (Fruhbeis et al. 2015), suggesting a sufficient exercise intensity was
required to detect a significant increase in EVs within systemic circulation. This concept was
supported by another study that found different modalities of exercise were able to affect the
release of muscle-specific mMiRNAs (Uhlemann et al. 2014). For example, 4 h of cycling at
70% of the anaerobic threshold induced a significant increase in plasma miR-126 levels after
30 min, which persisted for the duration of the bout with no change in miR-133 levels. In
contrast, plasma miR-133 and miR-126 levels were significantly higher following a
marathon race (Uhlemann et al. 2014). The variability in the release of miRNAs into
circulation was also shown when participants engaged in three different types of resistance
training bouts (Cui et al. 2017). It should be noted that these studies did not specifically
isolate EVs, rather they looked at miRNAs in the plasma; however, these results indicate that
exercise mode and intensity are likely to be important factors to consider when investigating
the release of EVs into circulation.

The identification of presumptive EV cargo was performed by Whitham and colleagues who
used nano-ultra-high-performance liquid chromatography tandem mass spectrometry
analysis to identify serum proteins from human participants after a bout of endurance
exercise (Whitham et al. 2018). They found a significant change in the abundance of 322
proteins between rest and following exercise. Gene ontology analysis revealed enrichment of
proteins with the keyword ‘glycolysis’, consistent with previous work showing that EVs can
deliver glycolytic enzymes to recipient cells and alter their glycolytic rate (Garcia et al.
2016; Zhao et al. 2016; Whitham et al. 2018). While Whitham and colleagues demonstrated
an exciting possible cross-talk between skeletal muscle and liver during acute exercise, the
method used to isolate EVs should be taken into consideration when interpreting the results.
As described in our previous section, the isolation process is still a major challenge for the
field in terms of isolating a pure EV population. Based on previous studies characterizing
exosomes, employing the method (2 x 1 h centrifugation at 20,000 g) described by Whitham
and coworkers for human plasma EV isolation would be expected to yield exosomes as well
as other vesicles such as microvesicles and apoptotic bodies (Kowal et al. 2016; Jeppesen et
al. 2019).

As the preceding discussion highlights, the skeletal muscle EV field is still in its infancy,
with only a handful of studies investigating how exercise affects the presumptive release of
EVs from skeletal muscle, the identification of their protein and/or RNA cargo and what
cells take up EVs following exercise. The study by Fry and coworkers showed activated
satellite cells were required for the proper remodelling of the extracellular environment
during skeletal muscle hypertrophy (Fry et al. 2017). In particular, myogenic progenitor cells
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were shown to release EVs which were taken up by fibroblasts, leading to down-regulation
of Rrbp1 via muscle-specific miR-206; Rrbpl is known to be a master regulator of collagen
production. Through this mechanism, the remodelling of the extracellular matrix was
properly regulated; however, when satellite cells were conditionally depleted, this regulatory
mechanism was not operative, which caused fibrosis within the muscle as a result of
collagen over-production. Most recently, Yin and co-workers demonstrated that in response
to downhill running miR-1, miR-133a/b, miR-206, miR-208a and miR-499 all significantly
increased in serum EVs immediately after exercise in rats (Yin et al. 2019). Interestingly,
these results were not conserved after a bout of uphill running, suggesting that the EV-
mediated secretion of myomiRs (muscle-specific microRNAS) into circulation are exercise-
mode dependent. Furthermore, the myomiR changes after exercise are not uniform across
different skeletal muscles. The downhill protocol triggered significant fluctuations of miR-1
in both the quadriceps and gastrocnemius muscles. In addition, the uphill running protocol
prompted significant changes in the amount of miR-1 and miR-499 in the gastrocnemius
only. However, miR-1 levels did not change in the soleus or cardiac tissue in response to
either downhill or uphill running. These results suggest the release of EVs could be fibre-
type or muscle dependent, owing to specific roles of EVs and their cargo in the variability of
adaptation of skeletal muscle in response to exercise. Therefore, specific skeletal muscle
adaptations to exercise may rely on the muscle fibre’s ability to release or uptake EV
functional cargo.

To further explore a possible way in which exercise-induced EVs participate in cell-cell
communication, we compiled a list of previously published miRNAs that were isolated from
plasma EVs after a bout of exercise (see Table 1). We then ran a prediction analysis to
determine possible targets of EV carrying miRNAs (Fig. 4). Our prediction analysis totaled
5486 possible targets of the 36 miRNAs identified in EVs. We next uploaded this gene set
into gene ontology and found that the top two most significantly enriched biological
processes of these genes were (1) the response to reactive oxygen species and (2) insulin
secretion. The data from our analysis provide a somewhat broad idea of the possible
systemic effects of exercise-induced EVs, specifically in relation to EVs carrying miRNAs.
These pathways have been previously discussed in their response to exercise (He et al. 2016;
Barlow & Solomon, 2018). For example, studies have shown that exercise can improve
pancreatic p-cell function (Dela et al. 2004; Malin et al. 2013) and increase antioxidant
enzymatic activity (Berzosa et al. 2011). These two examples provide a possible link
between exercise-induced EVs and some of the systemic adaptions that have been
established. While our analysis focused on the miRNA within EVs, the benefits of exercise-
induced EVs could be mediated by other types of cargo.

Final thoughts

The discovery that EVs are capable of delivering their cargo to a recipient cell and altering
its metabolism has opened up an exciting new field of investigation into cell-cell
communication. That such intercellular communication could provide a novel mechanism
for how exercise promotes systemic benefits has generated a deal of interest in the exercise
physiology field, as well as other fields such neuroscience, metabolism and cancer. While
there remain important challenges (i.e. the isolation and tracking of tissue-specific EVs) for
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the field, it is balanced by the exciting prospect of developing a deeper, more holistic,
understanding of how exercise is able to promote systemic health with skeletal muscle at the
centre.
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Figure 1. Schematic representation of extracellular vesicle subtypes. exosomes, microvesicles and
apoptotic bodies

Ilustration showing the release of extracellular vesicle subtypes, namely exosomes,
microvesicles and apoptotic bodies through various mechanisms mainly outward budding

and exocytosis.
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Figure 2. Pathwaysinvolved in extracellular vesicle biogenesis
In the classical pathway, extracellular proteins can be internalized to form early endosomes.

Invagination of the early endosome are responsible for the origin of the intraluminal vesicles
(ILV)/multivesicular body (MVB). The MVB can fuse directly to the plasma membrane
releasing its content, exosomes, or fuse with the lysosomes and have its content degraded.
Another mechanism of exosomes biogenesis is direct outward budding of the plasma
membrane. Microvesicle biogenesis occurs by the generation of small cytoplasmic
protrusions that cause the cellular membrane to pinch off giving rise to microvesicles.
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Figure 3. Mechanism of EV uptake by recipient cell
After release, EVs can be taken up by the recipient cell through: (1) lipid rafts that facilitate

endocytosis, (2) caveolin-mediated endocytosis, which involves invaginations of the plasma
membrane resulting in EV internalization, (3) micropinocytosis, which occurs when the
membrane forms ruffles that surround the extracellular space and engulf the incoming EV,
leading to entry into the cell, and (4) phagocytosis of the EV or alternatively fusion of the
EV directly to the plasma membrane.
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Figure 4. Gene pathway enrichment analysis of the predicted targets of theidentified miRNAs
found in EVs

The horizontal bars represent the number of genes in each pathway. The vertical bars
represent the major biological pathways. RNAhybrid and Miranda programs were used to
determine the predicted target genes of the published miRNAs isolated from exercise-
induced EVs.
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