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Abstract 

Extracellular Vesicles (EVs) are membranous particles which act as a method of 

cellular communication between cells and tissues through the transfer of lipids, 

proteins, and RNA cargo. Exosomes are a subpopulation of EV which are derived from 

the cell cytosol, meaning the packing of proteins into exosomes is pre-determine 

intracellularly based on the origin (i.e., adipose vs muscle) and condition (i.e., exercise 

vs sedentary) from which they are influenced, making them interesting candidates for 

biomarker discovery. During exercise, there is an acute rapid release of small EVs 

(sEVs), consisting of both exosomes and small microvesicles, into the circulation 

which has been proposed to provide a method of tissues crosstalk during exercise 

(Whitham et al., 2018). Due to the lack of a methodological approach that allows for 

the clear separation of various tissue derived sEVs, the contribution of skeletal muscle 

to the increase in systemic sEVs during exercise is unclear. In this regard, whether 

skeletal muscle sEVs play a role in tissue crosstalk during exercise is not known.  

 

With the aim of identifying novel candidate protein markers of skeletal muscle sEV 

secretion, the present study curated, re-analyzed and overlayed currently available 

proteomic datasets regarding muscle derived EV bound proteins that are also exercise 

responsive in vitro and in vivo; recognizing ANXA6 and CD44 as candidate protein 

markers of muscle sEV secretion. Immunoblotting of ANXA6, CD44 and alpha 

sarcoglycan (SGCA), a previously proposed muscle specific sEV marker, amongst 

several different cell lines revealed that ANXA6 and CD44 were enriched (P < 0.05) 

but not specifically expressed in C2C12 myotube sEVs. SGCA however, was highly 

unique to myotube sEVs compared to other cell lines (P < 0.05). Noticeably, in vitro 

stimulation by ionomycin (IM) caused a ~4-fold increase in the secretion of sEVs from 
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C2C12 myotubes detected by nanoparticle tracking analysis (NTA), of which these 

affects were reflected by increases in ANXA6+ (P < 0.05, 158.29%) and CD44+ (P < 

0.05, 180.69%) sEVs but not SGCA (P = 0.6244, 6.58%). This suggests that the 

secretion of sEVs from muscle might be somewhat calcium regulated. Mechanical 

contraction, induced by electrical pulse stimulation (EPS), did not produce similar 

results. Seemingly EPS as a model is limited in its ability to generate sufficient calcium 

transients in C2C12s (Olsson et al., 2015), which might explain this response. Finally, 

acute high intensity interval exercise (HIIE) recapitulated the increase in systemic 

sEVs previously reported by others (Fruhbeis et al., 2015; Whitham et al., 2018; 

Brahmer et al., 2019; Vanderboom et al., 2021) as indicated by the increase in CD9+ 

(P <0.05, 28.28%), CD63+ (P < 0.05, 68.64%) and CD81+ (P < 0.05, 13.16%) sEVs 

immediately post exercise. However, these changes were only observed in CD44+ 

sEVs isolated by immunomagnetic precipitation (IMP) (P < 0.05, 879.84%) and not 

ultracentrifugation (UC) (P = 0.1002, 33.82%) suggesting that the purity of isolation 

forms part of the observed changes in specific protein markers. Overall, it is unclear 

as to whether skeletal muscle sEVs are liberated into the circulation with acute 

exercise and more research is needed to conclude the confidence of protein markers 

including ANXA6 and CD44 as sufficient markers of skeletal muscle sEV release in 

the circulation. Similarly, calcium influx into the sarcolemma with contraction might 

present a method of sEV secretion in vivo and as such warrant further investigation 

into the mechanisms regulating EV biogenesis and secretion from skeletal muscle. 

Finally, the present study highlights how the use of currently available proteomic data 

can be adopted to inform targeted methods in novel protein marker discovery and 

validation. 
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1. Introduction 

1.0) Exercise and health 

Regular physical activity is well known to result in multiple physiological benefits that 

aid in the suppression of chronic pathological diseases while improving mental and 

physical health and wellbeing (Warburton, Nicol & Bredin, 2006; Fox, 2007). The 

multisystemic benefits of regular exercise can be characterized by reductions in 

adiposity, improvements in skeletal muscle function and cardiorespiratory fitness 

(Hawley et al., 2014). All of which are attributable to minute physiological alteration 

brought about by the repetitive stress of physical activity that exceeds our bodies 

nature homeostasis. With this, our bodies adapt over time to deal with such demands. 

As a result, regular physical activity is one of the best prescribed medicines against 

metabolic diseases such as type 2 diabetes mellitus (T2DM), obesity and 

cardiovascular disease (CVD) (Warburton, Nicol & Bredin 2006). Additionally, regular 

physical activity has also been shown to mitigate age related cognitive decline and 

disease development (Intlekofer & Cotman, 2013) and has been strongly linked to the 

suppression of specific cancers (Colditz et al., 1997; Friedenreich, 2011). In turn, 

regular physical activity is a major contributor to improving overall health and mortality 

over a lifetime (Warburton, Nicol & Bredin, 2006; Gill & Malkova, 2016).  

 

1.1)  Exercise and tissue crosstalk 

The mechanisms that regulate the multisystemic adaptive response of physical activity 

rely on a complex network of signaling molecules functioning intracellularly and 

extracellularly.  Recent work has led to the adoption of the term, ‘exerkines’ which 

refers to humeral factors (peptides, metabolites and RNAs) that are secreted into the 

circulation in response to acute or chronic exercise. Exerkine is an umbrella term that 
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encapsulates the secretion of humeral factors from all tissues around the body. More 

specifically, myokines, secreted from muscle; hepatokines, secreted from liver; 

adipokines, secreted from adipose, are some of the more extensively studied 

exerkines due to their potential role in exercise induced tissue crosstalk (Romacho et 

al., 2014; Severinsen & Pedersen, 2020; Jensen-Cody & Potthoff, 2021); although 

theoretically any tissue and/or cell can add to the exercise secretome, emphasizing 

the complexity of exerkine identification and tissue crosstalk during exercise. As such, 

it has been hypothesized that the adaptive benefits seen with regular physical activity 

are in part, due to the release and uptake of exerkines that regulate multisystemic 

benefits in multiple tissues around the body (Whitham & Febbraio, 2016; Magliulo et 

al., 2021).  

 

1.2)  Skeletal muscle in exercise, health, and disease 

Skeletal muscle makes up the largest organ in the human body amounting to ~40% of 

total body weight (Frontera & Ochala, 2014). It is primarily made up of a vast array of 

muscle fibers containing contractile structures which together produce movement and 

aid posture. Skeletal muscle is plastic and can change overtime with alterations in the 

balance between protein synthesis and degradation influenced largely by levels of 

physical activity (Fluck & Hoppeler, 2003). A loss of skeletal muscle mass, for example 

due to sedentarism alongside malnutrition can emphasize the progression of multiple 

chronic diseases (Booth, Roberts & Laye, 2012). For the duration of physical activity, 

skeletal muscle fibers are exposed to metabolic and mechanical stresses by which 

acute metabolic regulation, substrate oxidation, protein metabolism and autophagy, 

cytoskeletal mechanics, and transcriptional control of metabolism, synchronize muscle 

dynamics during and after physical activity (Frontera & Ochala, 2014). As a result, a 
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vast heterogenous pool of myokines are released that can alter the physiology of other 

cells and tissues around the body (Pedersen & Febbraio, 2012; Kirby, Chaillou & 

McCarthy, 2016). The identification of skeletal muscle as an endocrine organ 

(Peddersen & Febbraio, 2012) and the fact it drastically changes its metabolic status 

during exercise makes it likely to be a major contributing source in the circulating 

exercise secretome. Myokines including interleukin-6 (IL-6), irisin, myonectin, 

meteorin-like protein, and fibroblast growth factor 21 are a few of many that are 

released from skeletal muscle in response to exercise or muscular contraction 

(Whitham & Febbraio, 2016). The secretion of these myokines during exercises 

induces alterations in the gene and protein expression of target cells (Severinsen & 

Pedersen, 2020). In this regard, it is hypothesized that many of these secretory factors 

released from skeletal muscle during exercise partially regulate the benefits of physical 

activity in acute and chronic disease suppression (Whitham & Febbraio, 2016). 

 

Until recently, exerkine and myokine release by cells during exercise only regarded 

the classical secretory pathway. By this method, newly synthesized proteins 

containing a signal peptide (typically at the N-terminus) or through the addition of a 

signal peptide during post-translational modification, are destined for translocation to 

the endoplasmic reticulum and Golgi secretory pathway. In doing this, proteins are 

targeted to the cellular membrane to either be secreted into the extracellular space or 

embedded in the phospholipid bilayer (Burgess & Kelly, 1987; Owji et al., 2018). 

However, many peptides and signaling molecules, including exerkines and myokines 

do not contain a signaling peptide and therefore can be secreted into the extracellular 

space via extracellular vesicles (EVs), otherwise termed non-classical secretion 

(Bendtsen et al., 2004). This provides a means for cellular crosstalk through the 
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transfer of signaling molecules regardless of signal peptide and/or classical secretion 

(Nickel & Seedorf, 2008). 

 

1.3) Extracellular Vesicles (EVs) 

EVs are membrane-bound nanoparticles produced by most, if not all, cell types with a 

functionality of cellular communication. The heterogenous nature of EVs makes 

characterization challenging, therefore, broader terms have been designated to 

distinguish subpopulations based on their size, densities, biogenesis, and cargo. 

Disregarding apoptotic bodies, EVs can be categorized vaguely into microvesicles 

(~50-1000nm in diameter) and exosomes (40-150nm in diameter) (Kalluri & LeBleu, 

2020). Microvesicles are formed from the clustering of cytosolic contents around the 

inner membrane, eventually becoming enwrapped in bilayer, pinching or blebbing off 

the cell (Raposo & Storvogal, 2013). Conversely, exosome biogenesis originates 

intracellularly from the endocytic pathways from which cytosolic materials are 

internalized and directed to either the lysosomal pathway or the cellular membrane. 

The formation of exosomes is extremely complex and is yet to be fully elucidated, 

however previous reports have covered it extensively (Raposo & Storvogal, 2013; 

Akers et al., 2013; Edgar, 2016; Lasser, Jang & Lotval, 2018). In brief, exosomes are 

assembled from the endosomal compartment of cells, consisting of an invagination of 

the phospholipid bilayer by which the early endosome is formed. Early endosomes 

become contained within multivesicular bodies (MVBs) via the aid of endosomal 

sorting complexes required for transport (ESCRT), from which they are termed 

intraluminal vesicles (ILV). MVBs carrying ILVs are either destined for degradation of 

their contents by lysosomes in the lysosomal pathway, or they can fuse with the 

cellular membrane, secreting exosomes by exocytosis. Tetraspanin proteins CD9, 
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CD63 and CD81 are believed to be involved in early ILV formation, while the ESCRT 

complex of proteins, including tumour susceptibility gene 101 (TSG101), Syntenin-1 

and apoptosis-linked gene 2 interacting protein X (ALIX), cooperate to regulate ILV 

formation, MVB budding and the secretion of the exosome (Raposo & Storvogal, 2013; 

Akers et al., 2013; Edgar, 2016; Lasser, Jang & Lotvall, 2018). From this, a multitude 

of these proteins are incorporated into the secreted exosome and as such, are used 

as markers in their identification. After their secretion from the host cell, exosomes 

merge with the plasma membrane or are taken up by the target cell for degradation of 

their luminal contents. Uptake of exosomes is dependent on the interaction between 

a whole host of membranous surface receptors, glycoproteins, lipids, and binding 

complexes (i.e., integrins, tetraspanins, lipid rafts) which determine the uptake and/or 

internalization of exosomes by the target cell (Mulcahy, Pink & Carter, 2014). Hereon, 

exosomes transfer their luminal contents into the target cell. The composition of 

exosomes has been detailed in Figure 1. 

 

The formation, transportation, and delivery of EVs provides a system for cellular 

communication in an autocrine, paracrine, and endocrine fashion; intriguingly, one that 

protects its cellular contents from harsh environments, such as the circulation. Notably, 

EVs have been reported in multiple biological fluids and are thought to be secreted by 

all cell types, as highlighted in a review by Doyle et al., (2019); suggesting that 

utilization of this method for cellular communication and transportation mediates whole 

body homeostasis. The intracellular biogenesis of exosomes presents the cargoing of 

specific cellular components linking both the cell origin and target cell through the 

transfer of luminal lipids, proteins, metabolites, RNAs (the most extensively 

researched being mRNA, and miRNA) and DNAs (Raposo & Storvogal, 2013; Akers 
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1.4) Current limitations in EV isolation 

To date, there is no gold standard method of vesicle isolation that distinctly allows 

separation of subpopulations of EVs either based on biogenesis (exosome vs 

microvesicle) or origin (i.e., adipose vs muscle). Techniques for EV separation can be 

broadly categorized into five groups. These constitute; density/sedimentation (density 

gradient; DG, ultracentrifugation; UC), immunoaffinity and microfluidics-based capture 

(immunomagnetic precipitation; IMP), size exclusion (size exclusion chromatography; 

SEC, ultrafiltration; UF) and volume exclusion (precipitation) (Witwer et al., 2013). 

Simply, EVs are isolated and arranged based on size, density, solubility, and antigen 

binding. Current methodological strategies for EV isolation do not allow for the 

absolute removal of contaminant particles and/or aggregates. For example, strategies 

which aim to separate EVs from complex biofluids, such as blood, are highly 

susceptible to co-isolation of contaminants due to the large abundance of lipoproteins, 

plasma derived vesicles (i.e., platelet vesicles) and proteins (i.e., albumin), 

chylomicrons, immunoglobulins, and other macromolecules (Witwer et al., 2013). As 

such, methodological approaches that aim to generate higher purity (i.e., SEC, DG) of 

separation typically sacrifice protein and particle yield due to the repeated filtration of 

unwanted contaminants also sacrificing EV isolation. Conversely, approaches which 

aim to generate yield (i.e., UC, UF) are limited by purity (Brennan et al., 2020). 

Therefore, due to a lack of methodological standardization for EV isolation, the chosen 

method(s) of isolation is/are influenced largely by the sample, conditions, and 

downstream analysis (i.e., immunoblotting, PCR, flow cytometry) (Erdbrugger & 

Lannigan, 2015) such that the choice of EV purification and characterization should 

be carefully considered based on the desired outcome (i.e., discovery research, 
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diagnostic research, preparative research) to prevent false interpretation and 

discovery (Witwer et al., 2013).  

 
The heterogeneity of EV secretion, coupled with the current inability in technological 

methods to separate exosome and smaller microvesicle populations due to their 

similar biophysical properties (i.e., size, density, sedimentation), has led to debates on 

appropriate nomenclature. To clarify, here, the term ‘small EVs’ (sEVs) will be adopted 

in reference to exosome and small microvesicle isolations, whereas the term ‘EVs’, 

will be used in referral to all exosome and microvesicle populations. 

 

1.5) Exercise and sEVs 

It is well considered that an acute bout of exercise triggers the secretion of sEVs into 

the circulation (Fruhbeis et al., 2015; Whitham et al., 2018; Brahmer et al., 2019; 

Vanderboom et al., 2021; Kobayashi et al., 2021); which will be termed here as the 

exercise-sEV response. This was first shown by Fruhbeis et al., (2015) who illustrated 

that an incremental bout of running or cycling induced a significant increase 

immediately post exercise in the total number of circulating sEVs identified by 

nanoparticle tracking analysis (NTA); a method of analyzing particle size distribution 

(~20n-1000nm in diameter) and concentration within a sample, alongside 

immunoblotting for sEV markers HSP/Hsc70 and Flotillin 1 (Flot1) as well as canonical 

exosome marker TSG101. Similar results were observed in a later study by Brahmer 

et al., (2019), who adopted flow cytometry (FC) coupled with antibody capture bead 

analysis, showing that incremental cycling in trained male athletes caused and 

increase in circulating exosomal tetraspanin markers CD9, CD63 and CD81 during 

and immediately post exercise. Notably, the expression of these three tetraspanins 

began to increase at submaximal exercise intensities, prior to increases in circulating 
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lactate (Brahmer et al., 2019), suggesting that sEV secretion into the circulation may 

occur from more immediate exercise responses. In accordance with work by Vion et 

al., (2013) which highlights that shear stress regulates EV release from endothelial 

cells and platelets, it is fathomable that exercise induced increases in shear stress 

contributes to this rapid release of sEVs into the circulation. However, other early 

indicators of exercise such as muscular contraction, increased heart rate and 

ventilation may also contribute however the exact mechanisms by which this occurs 

have yet to be elucidated.  

 

In a more comprehensive analysis, Whitham et al., (2018) and Vanderboom et al., 

(2021) both adopted mass-spectrometry based proteomics to evaluate changes in the 

sEV proteome with a bout of high intensity aerobic cycling exercise (60 minutes 

incremental exercise to exhaustion, and 3 x 4 minutes high intensity intervals 

~90%VO2max, respectively). Vanderboom et al., (2021) reported significant 

upregulation of 321 sEV associated proteins immediately post exercise, whereas 

Whitham et al., (2018) identified a total of 322 proteins significantly different between 

exercise and rest. Notably, both groups adopted different isolation methods 

(Vanderboom et al., adopted SEC whereas Whitham et al., used UC), yet both showed 

similar responses, suggesting that changes in the EV proteome and particle count 

(detected by NTA in both) indicative of the acute exercise-sEV response, occurs 

regardless of isolation method. In a similar fashion, both groups showed a relatively 

transient effect of exercise on sEV secretion, highlighting the return of most 

upregulated proteins back to baselines levels within 3 (Vanderboom et al., 2021) and 

4 hours (Whitham et al., 2018) after exercise cessation. Interestingly, treadmill running 

resulted in a sustained elevation in NTA detected sEVs up to ~6 hours (Fruhbeis et 
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al., 2015), whereas cycling exercise appears to induce a slightly more acute response 

of between ~90 minutes to ~4 hours (Fruhbeis et al., 2015; Whitham et al., 2018; 

Vanderboom et al., 2021). It may be that the differences are due to a greater 

incorporation of multiple muscle groups and as such higher demands on VO2 with 

running compared to cycling at a given exercise intensity (Gleser, Horstman & Mello, 

1974; Reybrouck et al., 1975), resulting in a slower clearance of circulating sEVs. 

Although, whether running elicits greater VO2 demands in comparison to cycling is 

controversial (Millet, Vleck and Bentley, 2009) and thus, this remains as speculation.  

 

1.6) Functional role of sEVs in tissue crosstalk during exercise 

It was first addressed by Whitham et al., (2018), through their proteomic analysis, that 

significantly upregulated sEVs during exercise cargoed proteins associated with a 

broad array of biological functions including signal transduction, regulation of immune 

cell proliferation, leukocyte cell adhesion, integrin mediated signaling, glycolysis, and 

carbohydrate catabolism. Notably, of the 12 proteins identified that were associated 

with glycolysis, 6 significantly increased in isolated sEVs with exercise. Further 

analysis via the SignalP server (Petersen et al., 2011) revealed that none contained a 

signal peptide, suggesting that the proteins were secreted by non-classical secretion, 

in sEVs. In support of this, it has been shown that when exposed to glucose starvation 

cardiomyocytes upregulate the packaging of proteins and miRNA associated with 

metabolic processes such as glycolysis, gluconeogenesis, and pyruvate metabolism 

as well as signaling pathways involved in MAPK signaling and oxidative 

phosphorylation (Garcia et al., 2015). Furthermore, co-culturing H9C2 (immortalized 

cardiomyocytes) cells expressing CD63 with a GFP tag (CD63-GFP) from both 

glucose and non-glucose starved conditions with endothelial cells revealed significant 
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uptake of CD63-GFP exosomes into endothelial cells. Due to their anatomical 

proximity, the authors insinuate that exosomal transfer of proteins and miRNAs 

between cardiomyocytes and endothelial cells is a method by which metabolic 

homeostasis during glucose starvation can be regulated between the two cell types in 

vivo (Garcia et al., 2015). Which is in interesting concept, seeing as high intensity 

exercise is already known to mediate myocardial glucose uptake by interactions with 

endothelial produced nitric oxide synthase (Tada et al., 2000; Kemppainen et al., 

2002).  

 

To evaluate the tropism of exercise derived sEVs, Whitham et al., (2018) injected 

resting mice with labelled sEVs (lipophilic carbocyanine DiOC18 DiR) isolated from 

the plasma of both sedentary and exercise donor mice. From this, whole-body 

intravital fluorescent imaging showed that exercise derived sEVs are more readily 

taken up by the liver (Whitham et al., 2018). Significant increases in the incorporation 

of adhesion molecules, including integrin beta 5 (ITGB5), a membranous protein 

involved in vesicle adhesion, into sEVs with exercise, led to the hypothesis that 

changes in EV protein signature, may be involved in directing EVs to the liver 

(Whitham et al., 2018). Similar results have been observed in resting mice subject to 

tail-vein injection of sEVs labelled with DiR lipophilic dye. 24 hours after the injection, 

the authors reported incorporation of labelled sEVs into multiple tissues around the 

body including, the liver, spleen, lungs, heart, brain, pancreas, GI-tract, and 

quadriceps (Aswad et al., 2014). Although, it has been previously reported that the 

route of in vivo administration (i.e., intravenous, intraperitoneal, subcutaneous) of 

sEVs into mice does influence their biodistribution to tissues around the body 

(Wiklander et al., 2015), the fact that injection of sEVs at the same concentration from 
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sedentary and exercise conditions behaved in different manors through the same 

route of administration suggests that exercise influences EV protein signature which 

has the potential to direct EV tropism (Whitham et al., 2018).  

 

sEVs contribute to tissue crosstalk during exercise through the release and uptake of 

exercise derived sEVs, as shown in Figure 2. These sEVs have the potential to transfer 

cargo that may regulate cellular metabolism, as well as a broad array of other 

biological functions (Whitham et al., 2018). Recent work has contributed to unravelling 

the capacity for exercise sEVs to positively regulate cardiac, adipose, and liver in the 

mitigation of T2DM and CVD, through changes in protein and miRNA profiles 

promoting reductions in myocardial apoptosis and necrosis in cardio-protection (Bei et 

al., 2017), as well as the browning of white adipose tissue (Oliveira et al., 2018; Di et 

al., 2020) and improvements in hepatic glucose and insulin tolerance (Castano et al., 

2020). Furthermore, research has investigated the positive involvement of exercise 

sEVs in healthy aging as well as age-related cognitive decline (Bertoldi et al., 2018), 

Alzheimer’s disease (Fuller et al., 2020), angiogenesis and endothelial function (Ma et 

al., 2018), pro-oxidant, antioxidant, and ROS regulation (Bodega et al., 2019). 

Moreover, sEVs derived from exercise have been implemented in many other health 

benefits by linking physiological outcomes with changes in circulating sEV protein and 

miRNA cargo (i.e., increases or reductions in circulating sEV miRNA content) (Trovato 

et al., 2019; Denham & Spencer, 2020; Vechetti et al., 2021; Siqueira, Palazzo & 

Cechinel, 2021). Although, attributing biological alterations merely through changes in 

protein and miRNA content alone, without showing a clear effect of EV cargo on a 

desired outcome, has its obvious limitations. Therefore, many of these processes 

require further research to understand their full potential in exercise adaptation.  
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1.7) Skeletal muscle derived sEVs 

The role of exercise sEVs on the mitigation of obesity, CVD and T2DM has drawn a 

lot of attention to the regulation of adipose, liver, and skeletal muscle tissue crosstalk. 

However, little is understood about skeletal muscles contribution to this adaptive 

response. It has become evident that muscle cells are capable of secreting sEVs into 

the extracellular space (Guescini et al., 2010; Le Bihan et al., 2012; Romancino et al., 

2013; Forterre et al., 2014), with the capability of packaging muscle enriched proteins 

and miRNAs (termed myomiRs) (Forterre et al., 2014; Mytidou et al., 2021). Forterre 

et al., (2014) identified significantly different protein compositions of sEVs derived from 

the mouse murine muscle cells C2C12 at myoblast or differentiated to myotubes. 

Notably, C2C12 myoblast sEVs treated with myotube sEVs induced early cellular 

differentiation of myoblasts to myotubes, suggesting that sEVs might be involved in 

Figure 2. Circulating EVs in 

multi-tissue crosstalk during 

exercise. Exercise causes the 

rapid secretion of EVs into the 

circulation from multiple cells 

and tissues around the body, 

which have the potential to 

contribute to tissue crosstalk 

through the transfer of luminal 

cargo. 
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the early development of skeletal muscle (Forterre et al., 2014). Similarly, other groups 

have provided evidence for local skeletal muscle crosstalk (Estrada et al., 2021; 

Mytidou et al., 2021). One hypothesis being that skeletal muscle can regulate local 

homeostasis via the transfer of sEVs which are involved in muscle damage and repair 

through proper assistance in pro-inflammation, extracellular matrix (ECM) turnover, 

and satellite cell proliferation and differentiation down the myogenic pathway (Bittel & 

Jaiswal, 2019). Seeing as skeletal muscle is made up of multiple different cell types, 

it is comprehendible that sEVs are transferred locally as a method of crosstalk to 

regulate muscle dynamics (Estrada et al., 2021; Mytidou et al., 2021).  

 

In a study by Castano et al., (2020) it was shown that chronic exercise can modulate 

circulating sEV bound miRNA content through the upregulation of miR-133a, -133b 

and -206 after a 5-week high intensity exercise program, in mice (Castano et al., 2020). 

Notably, a 4-week injection of exercise derived sEVs isolated from the skeletal muscle 

interstitial fluid into sedentary mice exerted significant improvements in glucose 

tolerance in comparison to sEVs isolated from liver under the same conditions. The 

authors propose that due to the enrichment of myomiRs miR-133a, -133b and -206 in 

skeletal muscle interstitial exosomes and the proximity of their isolation to the tissue, 

that these exosomes were derived from skeletal muscle. Furthermore, transfection of 

a miR-133b mimic onto primary hepatocytes reproduced similar improvements in 

glucose and insulin tolerance as plasma derived sEVs from exercising mice. Through 

the similar action of Foxo1 knockdown and the transfection of miR-133b, it is 

suggested that skeletal muscle sEVs modulate improvements on hepatic glucose 

tolerance and insulin sensitivity through transfer of miR-133b downregulating hepatic 

Foxo1 (Castano et al., 2020), in response to chronic exercise, in vivo.   
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As such, exercise may influence tropism of skeletal muscle sEVs to the liver (Whitham 

et al., 2018), by which they can regulate improvements in hepatic glucose and insulin 

tolerance (Castano et al., 2020). However, a major limitation in concluding the 

functional role of skeletal muscle sEVs in crosstalk is restricted by the ability to clearly 

identify skeletal muscle EV secretion into the circulation. As such, whether they 

contribute to the circulating exercise secretome is not known. 

 

1.8) The relevance of protein markers in tissue specific EV detection 

The use of protein markers to separate EV populations provides a method of 

overcoming difficulties in the separation of tissue specificity. The protein packaging 

into EVs is altered under different stimuli (van der Vlist et al., 2012). The recognition 

of these changes between various tissue allows EV subpopulations to be established 

by origin. Detecting and isolating EVs based on specific protein markers overcomes 

many limitations with co-isolating unwanted aggregates and vesicle bound entities as 

the need for prior purification steps is reduced. To date, current knowledge of protein 

markers that allows for the clear separation of skeletal muscle derived EVs from other 

cell types is limited. Guescini et al. (2015) highlighted that miR-206 coeluted at 

densities corresponding to sEV fractions (1.11g/ml) isolated from human plasma, 

suggestive of skeletal muscle sEV release into the circulation. The authors showed by 

immunoblotting and PCR that miR-206 co-localized in alpha-sarcoglycan (SGCA) 

positive sEVs, which were also confirmed by the expression canonical sEV markers 

CD81 and TSG101. Similarly, Brahmere et al., (2019) suggested that skeletal muscle 

sEVs contribute minimally to the circulation due to the lack of SGCA+sEV detection in 

exercise plasma by immunoblotting. However, this was contradicted by Rigamonti et 



 22 

al., (2019) who identified an increase in circulating SGCA+sEVs with acute exercise 

by the same methods. The sarcoglycan complex, consisting of , , γ and δ subunits, 

is a highly abundant protein in human and rat skeletal muscle that interacts with 

dystrophin-associated glycoprotein complex (DGC), involved in sarcolemma 

stabilization and signal transduction to anchor the sarcolemma and extracellular matrix 

during muscle contraction (Tarakci & Berger, 2016). The gene SGCA has been found 

to be strictly expressed in striated skeletal muscle (Liu & Engvall, 1999). Thus, the 

authors propose that the co-detection of SGCA alongside CD81 in systemic sEVs is 

somewhat indicative of a skeletal muscle sEV secretion into the circulation (Guescini 

et al., 2015). However, the abundance of a protein in a tissue does not translate to EV 

specificity. More so, the reliability of CD81 as a canonical exosome marker has been 

questioned (Kugeratski et al., 2021). Interestingly, proteomic profiling of the mouse 

murine immortalized muscle cell line, C2C12, indicated that secreted sEVs from the 

muscle contained >400 proteins (Forterre et al., 2015) of which 22 other proposed 

muscle specific proteins were identified. Therefore, as to whether SGCA accounts for 

all muscle derived EVs is unclear.  

 

1.9) The use of global proteomics in skeletal muscle EV protein marker 

discovery 

Previous studies that have attempted to address skeletal muscle EV protein markers 

through the evaluation of a small number of proteins via target methodologies 

(Guescini et al., 2015; Brahmere et al., 2019; Rigamonti et al., 2019), without the 

prerequisite of global analysis, are limited by coverage and comparison. Therefore, 

the use of non-bias, high discovery methodological approaches for protein 

identification to separate different EV populations is crucial for effective isolation and 
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detection. In recent years, the adoption of mass spectrometry-based proteomics as a 

method of protein marker discovery has gained attention through the ability to detect 

thousands of proteins within various biological environments (He & Chiu, 2003; 

Veenstra et al., 2007; Good et al., 2007; Tambor et al., 2009; Lisitsa et al., 2014). The 

mass gathering of proteomic data from human tissues and cells makes up the human 

protein atlas; an understanding of the enrichment of proteins across all tissues around 

the body (Uhlen et al., 2015). The human genome is proposed to express 20,000 – 

25,000 open reading frames, by which DNA can be transcribed into amino acid 

sequences. With the potential of all proteins to be modified post-transcriptionally or 

post-translationally, a single human sample could contain upwards of 100,000 different 

protein species (Veenstra et al., 2007). Similarly, the adoption of global proteomic 

based analysis offers a method of overcoming the many limitations in plasma 

biomarker discovery (Geyer et al., 2017). Notably, one that can allow for the 

unravelling of the circulating EV proteome. As EV proteomic research progresses, 

providing a more comprehensive understanding of the EV proteome between cells, 

tissues and biofluids as well as the influence of different stimuli on protein phenotype; 

a better understanding of protein marker specificity will arise. Much like the culmination 

of various studies that have contributed to vesicle specific databases such as 

VesiclePedia (Kalra et al., 2012) and ExoCarta (Keerthikumar et al., 2016) for the 

classification of vesicle bound proteins. Examples already exist of the adoption of 

proteomics in the classification of putative exosomal markers (Kugeratski et al., 2021), 

skeletal muscle C2C12 myotube derived sEVs (Forterre et al., 2015), and changes in 

the circulating sEV proteome with exercise (Whitham et al., 2018; Vanderboom et al., 

2021; Kobayashi et al., 2021). However, data concerning skeletal muscle derived EV 



 24 

markers in vitro and in vivo with exercise, through the utilization of proteomic data 

coupled with targeted methods, is limited. 

 

With this in mind, the aim of the present study was to identify novel candidate protein 

markers of skeletal muscle sEV secretion in humans in vivo. Initially, the present study 

curated, re-analyzed and overlayed several online proteomic datasets as a hypothesis 

generating model to inform protein marker identification of skeletal muscle derived 

sEVs. Next, the aim was to evaluate the specificity of the candidate protein markers 

to muscle sEVs by analyzing and comparing protein expression amongst isolated 

sEVs from C2C12 myotube against several human cell lines. Moreover, in vitro models 

of exercise and muscular contraction including electrical pulse stimulation (EPS) and 

calcium influx by ionomycin (IM) were applied to determine the extent to which the 

candidate markers were exercise responsive in vitro. Finally, a high intensity interval 

exercise (HIIE) protocol was employed, by which plasma sEVs were isolated and 

analyzed pre and post exercise using ExoView and immunoblotting to fully evaluate 

how these protein markers translated in vivo and in line with the original hypothesis 

produced by the proteomic analysis.  
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2. Materials and Methods 

A list of all antibody details as well as cell lines, reagents and resources used within 

the present study have been described in Table 2 and Table 3, respectively. All media 

formulas have been noted in Table 4. 

 

2.0) Proteomic analysis 

Re-analysis of quantitative datasets regarding 24 hour EPS of human primary 

myotubes and arterial EV proteome post exercise: Firstly, the Laurens et al., 

(2020) dataset was selected for re-analysis. This proteomic dataset contained an 

analysis of the array of proteins released from C2C12 myotubes into conditioned 

media with EPS over (10V, 2ms-pulse, 0.1Hz) an acute (3 hours) or chronic (24 hours) 

setting and was utilized in the present study to observe changes in secreted proteins 

with an in vitro model of muscular contraction. Next, the Whitham et al., (2018) dataset 

which focused on analyzing the circulating EV proteome in human arterial plasma 

before and after 60 minutes exhaustive exercise was chosen to evaluate proteins that 

were contained within EVs and that were upregulated in exercise in human plasma. 

Together, both datasets were re-analyzed to evaluate significantly upregulated 

proteins secreted from muscle with stimulation and in plasma EVs post exercise. To 

do this, output files from MaxQuant for Laurens et al., (2020) (PXD014126) and 

Whitham et al., (2018) (PXD006501) were downloaded from the publicly available 

database PRIDE (Perez-Riverol et al., 2019). LFQ (label free quantitative) intensity 

regarding arterial EV exercise (Whitham et al., 2018) and 24 hour control and EPS 

(Laurens et al., 2020) data were extracted from the protein groups files and were 

analyzed by Perseus v1.6.15.0 (Tyanova et al., 2016). Prior to statistical analysis, 

proteins were filtered by (i) known modified sites, (ii) if they were recognized 
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contaminants, (iii) the presence of protein sequences matching artificially generated 

decoy sequences. Both Whitham et al., (2018) and Laurens et al., (2020) original 

analyses was more liberal as the focus was on larger scale protein detection, as such 

proteins were required to have 27.3% or n = 3/11, and 75% or n = 3/4 valid values 

amongst participants / replicates, respectively. However, to provide greater confidence 

in candidate protein marker discovery amongst multiple participants / replicates in the 

present re-analysis, a more conservative approach was adopted. As such, valid values 

were required to be present in 100% (n = 4/4) of replicates for the Laurens’s EPS data 

and 70% (n = 8/11) of participants in the Whitham arterial exercise EV dataset. From 

this, data was grouped accordingly. For Laurens EPS data, groups consisted of 24 

hour control and 24 hour EPS, for Whitham’s arterial plasma EV data, groups 

contained rest and exercise. Regarding EPS, data was normalized to the median of 

the ‘control’ data and for arterial EV exercise, data was normalized to the median of 

‘pre’ data. Both datasets were then Log2 transformed. All data was normally 

distributed. Laurens EPS data was analyzed by an unpaired two samples t-test 

comparing control vs stimulated. For the Whitham arterial EV exercise data statistical 

analysis was performed using a paired two samples t-test comparing rest vs exercise. 

To note, the 3 hour time point for both control and stimulated conditions from the 

Laurens dataset were not regarded for further analysis due to a lack of change in 

protein expression seen at this time point. From this, only the 24 hour time point for 

both conditions was used in the proteomic overlay. For both datasets, statistical 

analysis considered S0 = 0.1 and permutation-based FDR correction = P < 0.05. 

Volcano plots were generated using Perseus v1.6.15.0.  
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quantitative and 4 non-quantitative; see Figure 3) datasets were uploaded to the same 

matrices in Perseus. By using the ‘matching row by gene name’ functionality, which 

recognized matching UniProt Gene identifiers enabled filtering of proteins not 

commonly expressed amongst all 6 datasets. As such, the final overlay identified 

proteins that were common to all 6 datasets. An overview of this process is presented 

in Figure 3. A list of gene names for all 6 datasets were uploaded to 

https://bioinformatics.psb.ugent.be/webtools/Venn/ to generate a Venn Diagram 

presenting a visual representation of which protein candidates were common to all. 

 
2.1) Cell line protocol 

Cell Culture: All cells were seeded at a density of 2 million cells per flask (T75) or dish 

(10cm). C2C12 myoblasts were seeded into 10cm dishes coated with 1mM Matrigel 

to improve myogenic differentiation and maturation (Langen et al., 2003; Balcı & 

Dinçer, 2009; Denes et al., 2019) and decrease cellular death (Langen et al., 2003). 

All other cell lines were seeded into treated or non-treated T75 flasks, dependent on 

their adherence. For cellular growth, C2C12 myoblast, HEK293, Jurkat, Hela, SH-

SY5Y and U2OS cells were cultured in DMEM growth media (Table 4). INS-1 cells 

were cultured in RPMI-1640 growth media (Table 4). All cells were grown to ~90% 

confluency before media or cell collection. To induce differentiation of C2C12 

myoblasts to myotubes, C2C12 myoblasts were cultured in differentiation media 

(Table 4) after cells had reached ~90% confluency. Fresh differentiation media was 

applied every 24 hours for 7 days.  

EV-depletion: Seeing as bovine serums contain considerable amounts of EVs 

(Shelke et al., 2014; Aswad, Jalabert and Rome, 2016) from which proteins and RNAs 

may interfere with the clarity of in vitro readouts for sEV analysis (Shelke et al., 2014; 

Wei et al., 2016; Aswad, Jalabert and Rome, 2016; Pavani et al., 2019; Lehrich et al., 
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2021) both FBS and horse serum were subject to a 16hr overnight ultracentrifugation 

(UC) (S50-fixed angle rotor) at 110,000 x g at 4°C, using a Sorvall MTX 150 Mirco-

Ultracentrifuge (ThermoFisher Scientific, Leicestershire, UK) by which sEVs were 

pelleted and extracted. The remaining supernatant was then used to supplement 

media to generate EV-depleted growth or differentiation media. Prior to collection, non-

differentiating cell lines were washed in PBS and placed in RPMI-1640 (INS-1) or 

DMEM (HEK293, Jurkat, Hela, SH-SY5Y, U2OS) EV-depleted growth media (Table 

4), according to the cell line for 48 hours before the conditioned media was collected. 

For C2C12 myotubes, EV-depleted differentiation media (Table 4) was applied on day 

7 of differentiation and left for 48 hours. Cell viability was assessed daily via the EVOS 

XL Core Imaging System (ThermoFisher Scientific Ltd, Leicestershire, UK) to 

determine the extent of cellular death (images for C2C12 growth and differentiation 

are shown in Figure S2). Using an Automated Cell Counter (ThermoFisher Scientific 

Ltd, Leicestershire, UK), EV-depleted cells were 100% viable prior to collection. All 

conditioned media was collected and stored in 50ml falcon tubes at -80°C prior to EV 

isolation. All cells were grown and maintained at 37°C in humidified air containing 5% 

CO2. 

 

2.2) In vitro stimulation of C2C12 myotubes 
 
Electrical Pulse Stimulation (EPS): C2C12 myoblasts were seeded into 6 well plates 

at a density of 200,000 cells per well. Myoblasts were differentiated for 7 and 8 days, 

as described above. To generate the PRE time point, C2C12 myotubes were 

differentiated for 7 days, washed once in PBS, and changed to EV-depleted 

differentiation media before being left for 24 hours for EV production. Conditioned 

media was then collected and stored at -80°C. Both control and stimulatory conditions 
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were differentiated for 8 days, before being changed to EV-depleted differentiation 

media. At this point, electrodes were placed into the media and subject to either 

stimulation (STIM) or control (CTL) conditions. EPS was conducted using a C-PACE 

EP multichannel culture pacer (IonOptix, Milton, MA) and entailed a 2ms-pulse at 

11.5V, with a frequency of 1Hz for 24 hours. Following 24 hours, media from both 

conditions was collected (0Post), cells were then washed in PBS and fresh EV-

depleted differentiation media was applied. Both conditions were then left for a further 

24 hours before media was collected (24Post). All media was stored immediately after 

collection in 50ml falcon tubes at -80°C, prior to EV isolation. To examine the effect of 

EPS on cellular signaling pathways activated by muscular contraction at different time 

points, cells were lysed before (PRE), immediately after (0 h), 3hours after (3 h), and 

24 hours post (24 h). C2C12 myotubes were washed once in ice cold PBS and then 

lysed over ice using 500l of 1 x RIPA-Buffer and stored in 1.5ml Eppendorf’s at -

80°C.  

 

Ionomycin (IM): Differentiation of C2C12 myoblasts to myotubes was the same as 

previously described. On day 7 of differentiation C2C12 myotubes were placed in EV-

depleted media supplemented with IM (1M + 99.8% ethanol) or the vehicle control 

(CTL) consisting solely of ethanol (ETOH, 99.9%). After 24 hours (Day 8), the 

conditioned media was collected in 50ml falcon tubes and stored at -80°C ready for 

EV isolation. To determine cell viability and the effects of the treatment on myotube 

structure, images were taken daily from the start of differentiation (Day 0), prior to IM 

treatment (Day 7) and post treatment prior to collection (Day 8), using the EVOS XL 

Core Imaging System (ThermoFisher Scientific Ltd, Leicestershire, UK). 
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were collected pre-, at 10 minutes supine resting and post-, within 30s cessation of 

the exercise protocol, in EDTA lined tubes (Figure 4).  

Platelet Free Plasma (PFP): Platelets continue to secrete EVs after blood collection 

and therefore can be a major source of contamination (Bæk et al., 2016). Therefore, 

to generate PFP, blood samples were exposed to a 2 x centrifugation protocol within 

2 minutes of sampling. Samples were initially spun at 2500 x g for 15 mins at room 

temperature. Plasma was removed leaving a ½ cm before the buffy coat to avoid 

contamination and placed in separate tubes. Plasma was then spun again at 2500 x 

g for 15 minutes at room temperature to achieve PFP. PFP samples were stored at -

80°C prior to EV isolations. 

 

2.4) Isolation of sEVs 

Ultracentrifugation (UC): Human PFP samples and conditioned media were subject 

to an overnight thaw at 4°C. Conditioned media was centrifuged at 400 x g at room 

temperature for 10 minutes and then again at 2000 x g for 20 minutes at 4°C to clear 

cellular debris and pellet larger vesicles, respectively, using a Sorvall Legend X1 

centrifuge (ThermoFisher Scientific, Leicestershire, UK). The supernatant was then 

removed, leaving the pellet intact, and spun at 110,000 x g for 2 hours at 4°C using a 

S50-A fixed angle rotor inside a Sorvall MTX 150 Mirco-Ultracentrifuge, to pellet 

smaller vesicles. The supernatant was then removed, and the EV pellets were 

resuspended in 1.5ml PBS and transferred to 1.5ml micro-ultracentrifuge tubes and 

spun again in a S55-A2 fixed angle rotor at 110,000 x g for 2 hours at 4°C to pellet 

sEVs. For sEV isolation from PFP samples, once thawed, samples were subject to the 

same UC protocol as described. Non-EV fractions were taken from the conditioned 

media after the first 2 hour UC cycle and used as a comparator for sEV protein 



 34 

analysis. After the second UC cycle, the PBS was removed being careful to leave the 

pellet intact and the sEV pellets were lysed in 1 x Tris-SDS buffer (20mM Tris-HCI; 

2% (w/w) SDS). Non-EV fractions were lysed in 5 x Tris-SDS buffer (100mM Tris-HCI; 

10% (w/w) SDS). sEV pellets from conditioned media and human plasma were then 

sonicated using a Bioruptor Plus Sonication System (Diagenode, Leige, Belgium) for 

6 x 30 seconds at 4°C to degrade the EV membrane and improve solubilization of all 

EV proteins ready for analysis. All samples were then stored at -80°C. 

Size Exclusion Chromatography (SEC): C2C12 conditioned media was subject to 

an overnight thaw at 4°C. To remove cellular debris and larger particles, and to 

increase the concentration of EVs in thawed media, conditioned media was placed in 

Amicon Ultra-15 filters (Merck Life Science, Darmstadt, Germany) and subject to 

centrifugation at 4000 x g for 10 minutes at room temperature producing 5ml 

concentrated conditioned media. The 5ml conditioned media was loaded into a qEV10 

column (Izon, Oxford, UK) containing agarose resin, used to separate particles based 

on size. The Automated Fraction Collector (Izon, Oxford, UK) enabled the separation 

and collection of 7 fractions of 500l each. According to manufacturing guidelines, 

fractions 1-3 contain sEVs, whereas fractions 4-7 contain non-vesicle components. To 

increase protein yield from each fraction, fractions were further concentrated by 

centrifugation at 4000 x g for 30 mins at room temperature in Amicon filters. The 

resulting solutions were placed in 1.5ml eppendorfs and lysed in 50l of 5 x Tris-SDS 

buffer, before being subject to sonication (see UC protocol above for details) to 

improve protein solubility, before being stored at -80°C. 

Immunomagnetic Precipitation (IMP): IMP isolation was conducted through the 

EasySep™ Human Pan-Extracellular Vesicle Positive Selection Kit and EasySep™ 

magnet (StemCell Technologies, Vancouver, Canada). According to manufacturing 
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guidelines, 6ml of plasma or conditioned media was incubated in a Selection Antibody 

Cocktail Mix containing anti-CD9, anti-CD63 and anti-CD81 for 10 minutes at room 

temperature, followed by the addition of the magnetic Releasable RapidSpheres, 

which were incubated with the sample for a further 10 minutes at room temperature to 

allow the attachment of magnetic spheres to CD9, CD63 and CD81 antibodies 

previously used in the cocktail. Sample was topped up to 10ml using D-PBS (without 

calcium or magnesium) before the tube was placed in the magnet and left for 5 minutes 

at room temperature. After 5 minutes, the supernatant at the bottom of tube was 

discarded and the sample was flushed 3 times with D-PBS. After removing the tube 

from the magnet, the remaining sample contained sEVs bound by CD9, CD63 and 

CD81 antibodies. To separate the RapidSpheres from the isolated sEVs, the sample 

was treated with 1 x Tris-SDS buffer and subject to centrifugation at 5000 x g for 5 

minutes at room temperature from which the supernatant containing the sEVs was 

extracted. Finally, the sample was sonicated (see UC protocol above for details) to 

improve protein solubility and stored at -80°C. 

 

2.5) Sample preparation and Immunoblotting 

Sample Preparation: Lysates from plasma sEVs and cell derived sEVs were thawed 

on ice. Total protein content of each sample was measured using the DC (detergent 

compatible) colorimetric protein assay. Samples were diluted in ddH20 and compared 

to a standard curve generated by BSA (bovine serum albumin) protein standards in a 

98-well plate read out by a multi-mode microplate reader (BMG Labtech, Offenburg, 

Germany). Samples were prepared at the same protein concentrations (g/l) in 1 x 

NuPAGE LSD sample buffer containing BME (2-mercaptoethanol) and left overnight 

at room temperature. Samples were stored at -80°C prior to analysis. 
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Immunoblotting: Samples were normalized to total protein (g/l) and subject to 

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) using 

homemade Bis-Tris gels (10%) in 1 x MOPS SDS running buffer for 10 minutes at 

100V and then 50 minutes at 150V. Proteins were then transferred onto 2% PVDF 

(polyvinylidene difluoride) membranes in 1 x Transfer Buffer (48mM Tris-HCI; 39mM 

glycine; 10% (v/v) methanol) for 60 minutes at 100V. Membranes were placed in 

blocking solution (5% Milk powdered in TBS-T; Tris-buffered Saline Tween-20) for 60 

minutes. Membranes were incubated at 4°C with corresponding primary antibodies 

(Table 2) and left overnight. Membranes were washed in TBS-T for 3 x 5 minutes to 

remove primary antibody and then incubated in secondary antibody (Table 2) for 60 

minutes at room temperature. Membranes were washed again for 3 x 5 minutes to 

remove secondary antibody and placed in ECL (electrochemiluminescence) for 2 

minutes prior to imaging. Imaging was conducted using a G:BOX Chemi-XR5 using 

GeneSys software (SynGene, Cambridgeshire, UK). Images were quantified using 

ImageJ software. 

 

2.6) Nanoparticle Tracking Analysis (NTA)  

EV size and concentration was determined using Nanosight LM10 instrument (Malvern 

Instruments, Amesbury, UK) equipped with a red laser (638 nm). The analysis was 

performed by the same user to minimize variability in the measurement. EVs isolated 

via UC (1 x 110,00g) from 50ml of conditioned media were resuspended in 1ml of 

particle-free PBS and passed through a 20g needle to reduce aggregation. A 50l 

aliquot of the sample was taken and stored at -80°C for later analysis. Upon thawing, 

samples were then diluted in particle-free PBS to a final volume of 1ml at a 1:100 

dilution. All videos were processed using NTA 3.3 build 3.3.104 software (Nanosight 
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Ltd.) and six consecutive 60-second recordings were made for each sample with a 

total of 1800 frames per measurement. The following settings were used; camera level 

15, viscosity 1 (for PBS), detection threshold 6 and all other parameters were set at 

default. Samples were injected manually and advanced when promoted between 

videos.   

 

2.7) ExoView  

Samples were analyzed using the Exoview® R100 (NanoView, Biosciences, Boston, 

MA, USA). Analysis was performed in accordance with manufacturing guidelines. 

(https://www.nanoviewbio.com/exoview-r100). Briefly, the dilution of samples 

consisted of a 1:100 serial dilution of plasma to incubation solution. Chips were 

removed from storage at 4°C and left to adjust to room temperature. The chips were 

then placed in individual wells leaving the antibody coated center containing capture 

spots for anti-CD9, anti-CD63, anti-CD81 and Mouse IgG face up (Table 2). 35l of 

incubated plasma sample was added onto each of the chips and covered with foil to 

prevent UV (ultraviolet) penetration and incubated at room temperature for 16 hours. 

The chips were then washed in wash solution and shaken on a microplate shaker at 

500rpm for 3 minutes. 750l solution was removed from the chips and they were 

washed once more in wash solution. Chips were incubated for an hour in the dark at 

room temperature with the fluorescently labelled ExoView Tetraspanin Cargo Kit (CD9 

blue; CD63 red; CD81 green) for 60 minutes which was preprepared prior to incubation 

in blocking solution (CD9 1:500; CD63 1:500; CD81 1:500) (Table 2). The chips were 

then washed 3 x in wash solution and carefully transferred to a 10cm dish containing 

rinse solution. Once rinsed, chips were then left to dry on absorbent paper and then 

placed in the ExoView reader for analysis. Data analysis was performed using 
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NanoView Analysis Program. Quantification was performed to calculate fluorescent 

counts based on the total number of vesicles individually expressing green (CD9), blue 

(CD63) and red (CD81) fluorescence present on each capture spot (i.e., total CD9 

expression = counts of CD9 bound to CD9, CD9 bound to CD63 and CD9 bound to 

CD81) including analysis for background fluorescence (mouse IgG). Each chip was 

tested to get a background level prior to the incubation procedure. The data was then 

normalized based on the recorded background noise produced for each chip yielding 

a normalized count for vesicles.  

 

2.8) Statistical analysis 

Statistical analysis of proteomic data was performed using Perseus v1.6.15.0 and has 

been detailed above. Immunoblots were quantified using ImageJ and statistics were 

performed using GraphPad Prism version 9.3.0. A one-way ANOVA was employed to 

determine significant differences between protein expression amongst sEVs isolated 

from the several different cell lines. Bonferroni’s post hoc test was used to identify 

where significant differences lay between and within groups. A two-way ANOVA was 

used to determine significant differences with EPS. For EPS, Bonferroni’s post hoc 

test was used to test significant group-time interactions. Differences in IM vs CTL were 

analyzed using an unpaired two-tailed t-test. Statistical significance of pre and post 

exercise EV protein markers was analyzed using a paired two-tailed t-test. Differences 

were considered statistically significant at P < 0.05*. All data has been plotted with 

individual data points, with the mean ± SD. Quantification of cell lines is displayed as 

differences in protein expression. IM vs CTL data has been expressed as difference 

in fold change relative to the CTL. EPS and exercise data has been expressed as 

difference in fold change relative to the PRE of each group. 
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3. Results 

3.0) Proteomic overlay analysis reveals ANXA6 and CD44 as candidate 

skeletal muscle derived exercise responsive sEV markers 

The use of proteomic datasets was adopted as a hypothesis generating methodology 

with the aim of understanding the role of skeletal muscle in its contribution to the EV 

proteome during exercise. Adopting a conservative re-analysis of quantitative 

proteomic data to ensure high confidence in protein identification from EPS stimulated 

human myotube conditioned media (Laurens et al., 2020) and EVs isolated in human 

exercise arterial plasma (Whitham et al., 2018), resulted in the identification of 39 

(Table S1) and 120 (Table S2) proteins significantly upregulated in their secretion, 

respectively (Figure 5A). These proteins shown to be upregulated from stimulated 

primary muscle cells and released into the circulation with exercise were cross 

referenced and filtered against non-quantitative proteomic datasets regarding skeletal 

muscle proteome (Deshmukh et al., 2015), C2C12 sEV proteome (Forterre et al., 

2014) and the Vesiclepedia (Kalra et al., 2012) and Exocarta (Keerthikumar et al., 

2016) databases. From this categorical breakdown, 5 proteins were identified to be 

abundant in mouse skeletal muscle tissue and C2C12 myotube sEVs that were also 

exercise responsive through in vitro muscle stimulation and in vivo in EVs from human 

plasma (Figure 5B, Table 5). Of these 5 proteins HEL-S-70 and CAP were disregarded 

due to their presence as protein isoforms; ATP1A1 was disregarded due to its 

identification as a potential putative exosome marker through its expression amongst 

multiple different cell lines in Kugeratski et al., (2021) dataset, and is therefore not 

muscle specific. Thus, CD44 and ANXA6 were hypothesized as candidate protein 

markers of skeletal muscle sEV secretion in vivo and were considered for further 

analysis. 
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CD44 expression corresponded to the expected EV fractions. Finally, IMP was used 

to provide a highly specific, purer isolation method in conjunction with the other two 

approaches. For this, magnetic beads expressing CD9, CD63 and CD81 isolated sEVs 

positive for the three tetraspanins. In this regard, ANXA6 and CD44 were detectable 

in sEVs expressing the three tetraspanin markers. For all three isolation methods, the 

expression of commonly used sEV markers ALIX, TSG101 and/or CD9 were also 

investigated; of which all sEV markers provide clear conformation of the isolation 

techniques. Therefore, CD44 and ANXA6 are present in myotube derived sEVs 

regardless of isolation method. 

 

Figure 6. 

  

Figure 6. ANXA6 and CD44 are present in myotube derived sEVs. 
Immunomagnetic precipitation (IMP), size exclusion chromatography (SEC) and 
ultracentrifugation (UC) isolation of C2C12 myotube conditioned media highlights 
ANXA6 and CD44 as components of muscle derived sEVs. UC isolation indicates 
that ANXA6 and CD44 are abundantly expressed in sEVs. Similarly, SEC 
separation of sEV fractions 1 to 3 and non-EV fractions 4 to 7 indicates ANXA6 and 
CD44 as components of sEVs. sEV markers ALIX, TSG101 and/or CD9 were used 
as a conformation of isolation for the three techniques. Lastly, ANXA6 and CD44 
are present in sEV lysates from IMP isolation CD9+, CD63+ and CD81+ vesicles 
compared to C2C12 myotube cell lysate. Data is presented as n = 1 (10ml 
conditioned media from 5 x 10cm dishes were pooled to produce 50ml total media, 
per n). 
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3.2) ANXA6 and CD44 are highly abundant but not unique to myotube sEVs 

To understand the specificity of ANXA6 and CD44, and their potential roles as protein 

marker candidates in muscle derived sEVs, sEVs isolated by UC from C2C12 

myotubes were compared to that of 6 different human immortalized cell lines (Figure 

7). Analysis by immunoblotting revealed that ANXA6 and CD44 are abundantly 

expressed but not unique to C2C12 myotube sEVs. ANXA6 is enriched in C2C12 

myotube sEVs compared to the other 6 cell lines (P < 0.05) but is not unique. CD44 is 

more specific to C2C12 myotube EVs compared to ANXA6, however it is also largely 

abundant in HELA and U2OS isolated sEVs. SGCA is a previously proposed muscle 

specific sEV marker (Guescini et al., 2015; Brahmer et al., 2019; Rigamonti et al., 

2019) and as such was introduced as a comparator to our candidate markers ANXA6 

and CD44. Interestingly, SGCA was largely unique to C2C12 myotube sEVs compared 

to the other cell lines (P < 0.05). In agreement with recent data from Kugeratski et al., 

(2021) Syntenin-1, ALIX and TSG101 are more universally expressed among multiple 

cell lines compared to commonly used sEV marker CD9. Together, SGCA appears to 

be uniquely expressed in C2C12 myotube sEVs compared to sEVs from other cell 

lines, whereas ANXA6 and CD44 appear to be abundantly expressed but not specific 

to myotube derived sEVs. 
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Figure 7. 
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Figure 7. ANXA6 and CD44 are enriched in muscle derived sEVs but are not 
uniquely expressed. ANXA6 and CD44 are abundantly expressed in C2C12 sEVs 
with SGCA being largely unique to C2C12 sEVs compared to the other cell lines. 
sEVs isolated by ultracentrifugation (UC) of conditioned media were subject to 
SDS-PAGE and immunoblotting and probed for selected antibodies. 
Representative images and quantification from n = 3 (10ml conditioned media from 
5 x 10cm dishes were pooled to produce 50ml total, per n) per cell line are shown. 
Quantitative data is presented as differences in protein expression (au) between 
groups. Quantitative data produced from immunoblot images was averaged and 
subject to a one-way ANOVA and Bonferroni’s post-hoc test and is presented as 
protein expression relative to the mean of C2C12. Individual data points including 
the mean ± SD are shown; * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 
0.0001. 
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3.3) ANXA6 and CD44 are calcium responsive markers of sEV secretion from 

C2C12 myotubes stimulated in vitro 

To comprehend the extent to which ANXA6, CD44 and SGCA are exercise responsive 

muscle sEV markers, C2C12 myotubes were mechanically and pharmacologically 

stimulated using EPS (Figure S1) and IM (Figure 8), respectively. In line with previous 

studies using the same protocol, EPS induced activation of cell signaling pathways in 

C2C12 myotubes associated with muscle contraction (Figure S1A) (Lambernd et al., 

2012; Gogh et al., 2015). However, this model of EPS did not cause an increase in 

the expression of common sEV markers ALIX, TSG101, Syntenin-1 and CD9 

indicative of sEV secretion (Figure S1B). As such, the lack of change in the expression 

of ANXA6 and CD44 by this method, was not unexpected (Figure S1B). As a result, it 

is inconclusive as to whether this model of EPS (2ms, 11.5V, 1hz) is sufficient for 

identifying the effects of contraction / exercise on muscle sEV secretion. Alternatively, 

IM causes an influx of calcium into the sarcolemma, mimicking increases in 

intracellular calcium concentrations with contraction and has previously been reported 

to alter gene and protein expression like that of exercise (Carter & Solomon, 2018). 

Furthermore, changes in intracellular calcium concentrations have been shown to 

mediate EV biogenesis and release (Savina et al., 2003; Mallick et al., 2015; Catalano 

& O’Driscoll, 2019; Taylor et al., 2020; Pecan et al., 2020) making calcium regulation 

during skeletal muscle contraction and EV release during exercise particularly 

interesting. NTA revealed a 4-fold increase in secreted particles with IM treatment 

compared to CTL (Figure 4A). Quantification of immunoblotting revealed that 

treatment of C2C12 myotubes with IM resulted in a significant increase in CD44 (P < 

0.05, 180.69%), ANXA6 (P < 0.05, 158.29%) and TSG101 (P < 0.05, 93.61%) but not 

SGCA (P = 0.6244, 6.58%), compared to CTL in UC isolated sEVs (Figure 8B). 
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3.4) Selective isolation of tetraspanin positive sEVs highlights CD44 as a 

potential candidate marker of sEV secretion with exercise in vivo  

Since the expression of ANXA6 and CD44 in sEVs is calcium responsive in vitro 

through pharmacological stimulation of C2C12 myotubes; the next step to testing the 

hypothesis generated via unbiased proteomic data analysis was to confirm whether 

ANXA6+ and CD44+ sEVs increased in expression in vivo in human plasma after an 

exercise bout. A 200% Wmax HIIE cycling protocol was adopted in order to induce 

high levels of physiological stress to provoke a similar exercise sEV response as 

B 

Figure 8. Ionomycin (IM) stimulation of myotubes induces secretion of sEVs 
which is reflected by increases in ANXA6+, CD44+ and TSG101+ sEVs in vitro. 
(A) IM caused a 4-fold increase in secreted EVs. Particle concentrations were 
determined by nanoparticle tracking analysis (NTA) comparing IM and CTL 
conditions from n = 3. (B) IM treatment resulted in an increase in the abundance of 
sEV markers ANXA6, CD44 and TSG101. C2C12 myotubes were exposed to either 
IM treatment or control (CTL) vehicle (ethanol; ETOH) for 24 hours. Quantitative 
data produced from immunoblot images were subject to two-tailed unpaired t-test 
from n = 3 (10ml conditioned media from 5 x 10cm dishes were pooled to produce 
50ml total, per n) per condition. Representative blots are shown below their 
respective quantifications.  Data is presented as fold change relative to CTL for 
each protein marker. Individual data points and the mean ± SD are shown; * = P < 
0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001.  
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previously reported (Vanderboom et al., 2021). As a conformation of protocol, pre- and 

post-exercise plasma was analyzed by ExoView; a single EV microarray capture 

technique by which CD9+, CD63+ and CD81+ sEVs are bound to on chip antibodies 

and fluoresced through the additions of secondary antibodies (CD9, CD63 and CD81) 

(Figure S3A). From this, individual counts for CD9+, CD63+ and CD81+ sEVs were 

totaled across all three capture spots for both pre and post exercise analysis (Figure 

9A; Figure S3B). As expected, quantification and statistical analysis of pre- and post-

exercise plasma showed a significant increase in the number of CD9+ (P < 0.05, 

28.28%), CD63+ (P < 0.05, 68.64%) and CD81+ (P < 0.05, 13.16%) sEVs immediately 

post exercise. This indicates that the exercise protocol elicits an increase in circulating 

sEVs like that of previous studies (Fruhbeis et al., 2015; Whitham et al., 2018; Brahmer 

et al., 2019; Vanderboom et al., 2021; Kobayashi et al., 2021). Next, plasma was 

subject to either IMP or UC isolations pre- and post-exercise from the same protocol 

to investigate whether ANXA6+ and CD44+ sEVs are exercise responsive, in vivo 

(Figure 9B). Quantification of immunoblotting from sEVs isolated by UC in exercise 

plasma highlights an increase in circulating CD44 (33.82%) pre-post exercise protocol, 

however, it did not reach statistical significance (P = 0.1002). No significant changes 

were observed pre-post exercise for ANXA6 or SGCA (P = 0.7138 and P = 0.8874, 

respectively). IMP isolation highlighted a significant increase pre-post exercise in 

circulating CD44+ (P < 0.05, 879.84%) vesicles with no significant changes in ANXA6 

or SGCA (P = 0.9933 and P = 0.6960, respectively). In conclusion, CD44+ sEVs 

isolated by IMP are exercise responsive under high intensity conditions in vivo in 

human plasma.  
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Figure 9. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. High intensity interval exercise (HIIE) causes an increase in circulating sEV 
markers CD9, CD63, CD81 as well as IMP isolated CD44+sEVs. (A) ExoView analysis 
reveals an increase pre-post exercise in CD9+, CD63+ and CD81+ vesicles typical of the 
exercise sEV response. Pre- and post-exercise plasma samples were exposed to on chip 
ExoView analysis by single EV microarray capture and fluorescence for CD9+, CD63+ and 
CD81+ vesicles. Data was produced from fluorescent counts on an individual EV basis 
from immunoaffinity capture calculating total CD9, CD63 and CD81 expression across all 
3 capture spots. Data is presented as fold change between pre- and post-exercise relative 
to the mean of ‘pre’ of each group (CD9, CD63 and CD81, respectively). (B) IMP and UC 
isolation of pre- and post-exercise plasma reveal that CD44 is an exercise responsive 
marker under purer isolation conditions. Plasma from both conditions was exposed to 
either ultracentrifugation (UC) isolation or immunomagnetic precipitation (IMP) isolation for 
CD9+, CD63+ and CD81+ vesicles. Representative images for immunoblotting are shown 
for both UC and IMP pre- and post-exercise for each target protein. Quantitative data was 
subject to a two-tailed paired t-test comparing pre-post exercise. Data is presented as fold 
change relative to the mean of the ‘pre’ for each marker. Individual data points including 
mean ± SD are shown; * = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P < 0.0001. 
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4. Discussion 

Defined protein markers that allow for the separation of EVs by tissue of origin (muscle 

vs adipose) or method of biogenesis (exosome vs microvesicle) are currently lacking 

in the field. Specifically, those that allow for the detection of skeletal muscle derived 

EVs. Discovery of proteins markers allowing for the clear segregation of EVs between 

various tissues and cells, permitting improved clarifications of their origins and uptake 

in various biological contexts (i.e., exercise, sedentary), would massively improve 

understanding as to their biological relevance. To date, it is inconclusive as to what 

extent skeletal muscle EVs contribute to the circulation. Studies have previously 

incited that changes in skeletal muscle EVs can be characterized by contrasts in the 

expression of SGCA (Guescini et al., 2015; Brahmer et al., 2019; Rigamonti et al., 

2019). Although this may be somewhat true, the fact that myotube derived EVs contain 

hundreds of proteins (Forterre et al., 2015) makes it difficult to determine whether 

SGCA can account for all. Similarly, the fact that exercise causes considerable 

mechanical and metabolic perturbation, which has already been shown to alter the 

circulating EV secretome drastically (Whitham et al., 2018; Vanderboom et al., 2020), 

it is conceivable that the composition of skeletal muscle derived EVs might be modified 

in a similar manner. As such, previous assumptions of skeletal muscle EV protein 

markers which do not take into consideration global analysis and the perturbations of 

exercise, may be limited in discovery of other potential muscle sEV subpopulations.  

 

4.0) Proteomic overlay highlights ANXA6 and CD44 as novel candidate 

markers of skeletal muscle EV secretion with exercise 

To address these issues, the present study utilized publicly available proteomic data 

to evaluate novel candidate protein markers of EVs secreted by skeletal muscle. 
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Through re-analyzing and overlaying current datasets involving skeletal muscle tissue 

proteome, muscle derived EVs, and the influence of an exercise stimulus in vitro and 

in vivo, it was hypothesized that ANXA6 and CD44 were exercise responsive 

candidate markers of skeletal muscle sEV secretion (Figure 5A; Figure 5B).  

 

4.1) Advantages of combining proteomics and targeted methods for skeletal 

muscle EV protein marker discovery 

Previous work has elucidated the potential of SGCA, a highly abundant skeletal 

muscle protein, as a method of detecting skeletal muscle derived EVs (Guescini et al., 

2015; Brahmer et al., 2019; Rigamonti et al., 2019). Notably, all these studies assume 

skeletal muscle EV secretion based on the presence of SGCA by immunoblotting 

alone (Guescini et al., 2015; Brahmer et al., 2019; Rigamonti et al., 2019) and a 

fundamental limitation of immunoblotting is its targeted nature, seeing as researchers 

can only identify what they are looking for (Mann, 2008). Fully quantitative proteomics 

on the other hand is adept at detecting a large proportion of proteins underlying 

pathological and physiological mechanisms, making it a much better method of 

biomarker and protein marker detection in biological fluids (Good et al., 2007). 

However, this must be tackled with caution, as the methodological approach of sample 

preparation before mass spectrometry can limit protein detection and affect analysis 

(Garbis, Lubec & Fountoulakis, 2005). As such, the presence or absence of a protein, 

might not be truly reflective of its secretion or uptake from a tissue. However, as 

proteomics rapidly uncovers the vast network of the human protein atlas and how this 

network is affected throughout the body, in response to exercise, cross referencing 

multiple proteomic datasets, as highlighted in the present study, becomes a more 

effective tool for understanding specific protein interactions within different biological 
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contexts. Together, this provides greater confidence for targeted analyses when 

generating hypotheses. Which produced the rational for the present study and should 

be considered by others, should the aim be protein marker identification. In this regard, 

the present studies proteomic overlay informed the targeted methodological 

approaches taken in evaluating ANXA6 and CD44 as markers of skeletal muscle sEV 

secretion with exercise. 

 

Since the proteomic data used in the present analysis concerning both muscle and 

plasma EV bound proteins from Forterre et al., (2015) and Whitham et al., (2018), 

respectively, were both generated via different UC isolation protocols, it was 

conceivable that ANXA6 and CD44 were detected as artifacts or contaminants of 

isolation. Moreover, as previously discussed, different isolation methods enable 

differing results in terms of sEV purity and yield (Brennan et al., 2020). As such, 

confirmation of the incorporation of ANXA6 and CD44 into sEVs was highlighted 

amongst sEVs isolated by UC, SEC, and IMP (Figure 6). In addition, the presence of 

markers ALIX, TSG101, Syntenin-1 and CD9 were adopted to confirm the ability of the 

three methodologies to isolate myotube sEVs.  

 

4.2) SGCA is a highly unique myotube EV marker 

Markedly, SGCA was highly unique to C2C12 myotube derived sEVs when compared 

to EVs isolated from several human derived cell lines, whereas ANXA6 and CD44 

were not (Figure 7). Through an online search of the human protein atlas (Uhlen et al., 

2015), it is evident that ANXA6 and CD44 are ubiquitously expressed in a multitude of 

cells and tissues around the body. ANXA6 and CD44 are involved in membrane 

organization / trafficking and cell-cell interchange by means of regulation of the 
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extracellular matrix (ECM), respectively. Additionally, CD44 is a transmembrane 

glycoprotein (Goodison, Urquidi & Tarin, 1999), whereas ANXA6 participates in 

membrane regulation through calcium-dependent binding mechanisms (Gerke, Creutz 

& Moss, 2005). In combination with an understanding of their functionality, their 

incorporation into EVs is not surprising. Similarly, CD44 has been shown to participate 

in tumor progression, metastasis, and proliferation (Senbanjo & Chellaih, 2017), and 

has been shown to be involved in the progression of osteosarcoma in bone (Gao et 

al., 2015; Mayr et al., 2017; Senbanjo & Chellaiah, 2017; Liu et al., 2018) and cervical 

cancers (Zhang et al., 2019; Abdel-Hamid et al., 2021) and by its very nature its 

detection in U2OS and HELA derived sEVs is not unexpected. Importantly, CD44 and 

ANXA6 have been characterized to be involved in myogenesis (Mylona et al., 2006; 

Meligy et al., 2012; Scimeca et al., 2015; Leng et al., 2019) and muscular plasma 

membrane repair (Demombreun et al., 2016; Demombreun et al., 2019; Croissant et 

al., 2020), respectively. Despite their contribution to other cell derived sEVs, myotubes 

still incorporate ANXA6 and CD44 as part of sEVs (Figure 7) meaning an increase in 

their abundance in circulating sEVs may be reflective of skeletal muscle secretion 

during exercise.  

 

4.3) Syntenin-1 is a better candidate putative marker of exosomes compared 

to canonical tetraspanin marker CD9 

In addition to the detection of ANXA6, CD44 and SGCA, the expression of EV markers 

ALIX, TSG101, Syntenin-1 and CD9 was also examined across the several different 

cell lines. From this, it was evident that ALIX, TSG101 and Syntenin-1 were all more 

ubiquitously expressed across the different cell lines in comparison to classically 

proposed exosomal marker CD9 (Figure 7). Due to their role in ILV formation, the 
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tetraspanin markers CD9, CD63 and CD81 have long been used as biomarkers for 

exosome detection and classification (Kowal et al., 2016; Jeppesen et al., 2019). In a 

recent paper, Kugeratski et al., (2021) adopted super-SILAC-based MS analysis of 

exosomes isolated from 14 human cell lines to identify putative exosome/sEV markers. 

Like that of the present study’s findings, the authors noticed that CD9, CD63 and CD81 

were heterogeneously expressed across exosomes from the 14 different cell lines, 

and as such were not classified as putative exosome markers. From this analysis, it 

was identified that Syntenin-1 was the most abundantly expressed exosomal marker 

throughout all cell lines (Kugeratski et al., 2021). The data presented in the present 

study supports the notion that Syntenin-1 is a universal exosome/sEV marker (Figure 

7) and should be used, in combination with other markers (i.e., ALIX, TSG101), for 

proper clarification of exosome isolation. 

 

4.4) Myotube secretion of sEVs is calcium sensitive in vitro 

Regardless to what extent EVs are secreted locally or within the circulation by muscle, 

the mechanisms by which skeletal muscle regulates EV biogenesis and release, are 

unknown. Although multiple groups report the effectiveness of in vitro muscle 

contraction by EPS on the secretion of myokines, such as IL-6 (Lambernd et al., 2012; 

Gogh et al., 2015; Barlow, Carter & Solomon, 2018; Lautaoja et al., 2021), 

comparatively, this is the first attempt at measuring EV dynamics from C2C12 

myotubes stimulated by EPS. Despite observing alterations in the phosphorylation of 

AMPK, ERK1/2 and p38 (Figure S1A), proteins known to be phosphorylated with 

contraction, this did not translate into changes in the expression of sEV markers ALIX, 

TSG101, Syntenin-1 and CD9 (Figure S1B). Estrada et al., (2021) observed a similar 

response when applying electrical stimulation ex vivo to mouse extensor digitorum 
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longus muscle, from which the abundance of sEVs secreted into the conditioned 

media was not altered by contraction. Similarly, the authors reported that 

pharmacological inhibition of contraction in primary mouse skeletal muscle through 

administration of blebbistatin, an ATPase inhibitor, did not alter the total number of 

sEVs secreted (Estrada et al., 2021). Initially, this warrants questions as to the 

reliability of this methodology to replicate contraction / exercise stimulated EV 

secretion. It would have been beneficial in the present study to investigate EPS on 

human primary muscle to confirm findings by Estrada et al., (2021) and to match the 

proteomic data adopted from the Laurens et al., (2012) paper as a method of 

validation. As such, this is a limitation of the present study. However, this does provide 

evidence that skeletal muscle secretion of EVs may be due to different stimuli and not 

just that of mechanical contraction alone. 

 

Changes in intracellular calcium have previously been shown to contribute to the 

regulation of EV biogenesis and release (Savina et al., 2003; Mallick et al., 2015; 

Catalano & O’Driscoll, 2019; Taylor et al., 2020; Pecan et al., 2020). The concept that 

EV formation and secretion from skeletal muscle during exercise might be in part, due 

to the influx of calcium into the sarcolemma to induce actin-myosin crossbridge 

formation during the process of contraction, is one of interest. Notably, Fujita, Nedachi 

and Kanaki, (2007) identified that 6 hours of EPS at 40V, 1hz, 24ms caused significant 

changes in calcium influx and calpain activity. Similarly, Olsson et al., (2015), 

highlighted that myotubes displayed a distinct lack of fundamental calcium handling 

due to discrepancies in the quantity and organization of calcium handling proteins 

(RyR, DHPR, SERCA1 and SERCA2) in the sarcomere compared to that of intact 

human muscle fibers. As such, the reduced capacity to generate sufficient calcium 
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influx limits the ability of myotubes to contract to the same forces as human myofibers 

in vitro (Olsson et al., 2015). It may be speculated that a lower voltage (11.5V) and 

frequency (1ms), coupled with the use of C2C12 myotubes in the current analysis 

hindered sEVs secretion as a consequence of limited changes in intracellular calcium.  

To understand the potential for calcium as a regulator of EV biogenesis and secretion 

from muscle cells in vitro, the calcium ionophore, IM was adopted to stimulate 

significant changes in intracellular calcium concentrations of C2C12 myotubes in vitro. 

The present study identified a ~4-fold increase in the release of UC isolated sEVs as 

detected by NTA after 24 hour incubation with IM compared to control vehicle (Figure 

8A). In addition to this, increases were also observed in the expression of ANXA6+ 

(~2.6-fold) and CD44+ (~2.8-fold) sEVs (Figure 8B). In this regards, sEV secretion 

from myotubes seems to be in part, calcium sensitive and therefore may present a 

method linking contraction induced calcium influx into the sarcolemma with skeletal 

muscle sEV biogenesis and release in vivo during exercise. However, the present 

study is limited by a lack of sample size (n = 3) and as such conclusions must be made 

with caution of reporting a type 2 error. Similarly, the present study would have profited 

from a confirmation that ionomycin treatment activated intracellular calcium signalling 

such as measurements of the phosphorylation of CAMK-related intracellular signalling 

proteins. Although, previous studies have highlighted the robustness of this 

methodology and is evident in a review by Carter & Solomon (2018). Nevertheless, 

this does permit further research to focus on the role of calcium in sEV biogenesis and 

release from skeletal muscle under contractile and/or exercise conditions.  
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4.5) HIIE causes an increase in circulating tetraspanin positive sEVs  

In line with our hypothesis generated by proteomics, the next step was to measure the 

ability of ANXA6 and CD44 to represent exercise responsive sEV markers in vivo. 

Validation of replication of the acute exercise sEV response previous observed in other 

studies (Fruhbeis et al., 2015; Whitham et al., 2018; Brahmer et al., 2019; 

Vanderboom et al., 2021; Kobayashi et al., 2021) was achieved through the use of 

ExoView analysis, a single EV microarray capture technique that allows for the 

quantification of the expression of CD9+, CD63+ and CD81+ vesicles through 

fluorescence on a singular EV bases (Figure S3A). A useful benefit of this technique 

is the lack of prior purification steps needed before application due the binding of 

specific antibodies. This provides a high purity methodology of detecting sEVs based 

on the three tetraspanin markers, providing details for both particle counts and 

intensity of expression. From this, HIIE caused a significant increase in circulating 

tetraspanin positive sEVs, providing validation of the exercise protocol (Figure 9A; 

Figure S3B).  

 

4.6) The purity of isolation method effects the clarity of observed changes in 

sEV marker dynamics with HIIE in vivo 

Significant increases were only observed in CD44+sEVs isolated by IMP compared to 

UC (Figure 9B). This may be explained by that fact that UC is a cruder method of 

isolation that offers higher yield with lower purity. Due to the similar size, density and 

sedimentation properties of other vesicles (i.e., lipoproteins), protein contaminants 

(i.e., albumin) and aggregates (György et al., 2011), especially in the context of blood 

plasma, immunoblotting alone may not be sensitive enough to detect changes 

amongst EVs, contaminants, and aggregates through this method of isolation. Seeing 
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as the hypothesis was generated through proteomics, a much more sensitive 

technique that is able to distinguish with greater clarity the differences in protein 

abundance between the conditions, the use of immunoblotting in the present study, a 

less sensitive technique, may explain the lack of modification detected in 

ANXA6+sEVs and CD44+sEVs with UC isolation post exercise (Figure 9B). 

 

Comparatively, IMP provides a targeted method of isolation that eliminates a larger 

proportion of co-isolated unwanted contaminants through higher selectivity which 

improves the transparency in the observed effects (Carnino, Lee and Jin, 2019). As 

such, the expression of CD44 that co-isolated with CD9+, CD63+ and CD81+ sEVs in 

human plasma after exercise increased ~8.8-fold (Figure 9B). Interestingly, SGCA 

was detectable through both UC and IMP in exercise plasma (Figure 9B) which agrees 

with previous work by Guescini et al., (2015) and Rigamonti et al., (2019), suggesting 

that SGCA+sEVs do contribute, even if minimally, to the circulation. However, like that 

of findings by Brahmer et al., (2019), exercise did not alter the expression of circulating 

SGCA+sEVs in vivo (Figure 9B).  

 

4.7) SGCA may represent a non-exercise responsive marker of skeletal 

muscle sEV secretion 

SGCA was non-detectable by re-analysis of proteomic data regarding the 39 proteins 

significantly upregulated in the conditioned media after 24 hour EPS stimulation of 

human primary myotubes (Figure 5A; Table S1), nor was it discovered in the 120 

proteins upregulated in EVs isolated from human plasma after exercise (Figure 5A; 

Table S2). In agreement with these findings SGCA was not exercise responsive by 

targeted methods, in vitro (Figure 8) or in vivo (Figure 9). Despite appearing to be 
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largely unique to myotube derived sEVs (Figure 7), the expression of SGCA remained 

constant when in vitro stimulation by IM appeared to significantly upregulate the 

secretion of sEVs detected by NTA (Figure 8A) which corresponded with increases in 

ANXA6, CD44 and canonical marker TSG101 (Figure 8B). From this, it may be 

suggested that, although SGCA is a good marker of muscle sEV secretion in the basal 

state, it is not representative of the potential for skeletal muscle to secrete sEVs with 

exercise. This is also evident in previous reports where groups have failed to identify 

differences in the expression of SGCA+sEVs with acute exercise in vivo by similar 

methods (Brahmer et al., 2019). Although, this hypothesis is limited to the concept that 

if SGCA is ubiquitously expressed across all skeletal muscle derived sEVs then the 

process of normalizing to total protein may be disregarding any changes observed by 

immunoblotting. However, drastic alterations in the expression of CD44+sEVs in vitro 

(Figure 8B) and in vivo (Figure 9B) with an exercise stimulus warrants further 

investigation into its possibility as an exercise responsive muscle derived sEV marker. 

 

4.8) The potential role of ANXA6 and CD44 in sEVs secreted from myotubes 

It is conceivable that the detection of ANXA6 and CD44 in vivo human plasma is still 

representative of skeletal muscle derived sEVs, seeing as they are highly enriched in 

myotube sEVs (Figure 7) and expressed in the proteomic overlay (Figure 5B; Table 

5). However, this is difficult to conclude in the present study due to their lack of 

specificity to myotube sEVs in the basal state compared to other cell lines (Figure 7). 

Yet, regardless of whether they are liberated into the circulation, the cross referencing 

of proteomics from C2C12 myotube sEVs and human myotubes stimulated by 24 

hours of EPS (Figure 1B), reinforced by in vitro stimulation of C2C12 myotubes via the 

calcium ionophore IM, highlighted the release of ANXA6+ and CD44+ sEVs from 
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skeletal muscle into the extracellular space (Figure 8B). Interestingly, CD44 is 

prevalent in early stage myogenin differentiation as well as myoblast proliferation and 

differentiation through motility of myoblasts to fuse and become multinucleated 

myotubes by directing cytoskeletal dynamics in the ECM (Mylona et al., 2006; Meligy 

et al., 2012; Scimeca et al., 2015; Leng et al., 2018). Similarly, it has been suggested 

that ANXA6 is involved in skeletal muscular repair through plasma membrane 

resealing after laser-induced membrane ablation, thought to replicate injury following 

forced contraction (Demombreun et al., 2016; Demombreun et al., 2019; Croissant et 

al., 2020) and is inhibited in muscular dystrophy models (Demonbreun et al., 2016). 

From this, it may be speculated that skeletal muscle releases ANXA6+ and CD44+ 

sEVs as a method that might link the onset of contraction with EVs release to regulated 

ECM dynamics, myogenic activation, and skeletal muscle repair, as previously 

hypothesized by Bittel & Jaiswal (2019). However, this requires further research and 

remains as speculation. Seeing as recombinant ANXA6 treatment has been shown to 

improve membrane repair against muscle injury (Demombreun et al., 2016) it may be 

interesting to compare these results against treatment with muscle sEVs 

overexpressing ANXA6 to see if improvements in membrane repair can be 

recapitulated. A similar approach could be adopted for CD44. This hypothesis agrees 

with recent findings by Mytidou et al., (2020) that skeletal muscle secretes EVs as a 

method of local skeletal muscle crosstalk. As such, they may work as a manner of 

regulating muscle repair. However, seeing as this has not yet been studied in an 

exercise context, the exact functionalities of local skeletal muscle communication are 

not yet clear. 
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4.9) Local and/or distal crosstalk of skeletal muscle derived EVs: A need for 

further research 

Due the lack of methodology allowing for the absolute separation of skeletal muscle 

EVs compared to other cells and tissues in the body, it is still unclear as to what extent 

they contribute to the circulation. The current working hypothesis is that a large portion 

of skeletal muscle secretion is restricted to local communication (Mytidou et al., 2021; 

Estrada et al., 2021). sEVs isolated from the hindlimbs of mice express muscle 

enriched myomiRs, miR-1, -133a, -133b and -206, of which the concentrations of EVs 

incorporating the four myomiRs in plasma, were considerably lower than that of 

endogenously derived EVs from muscle (Mytidou et al., 2021), insinuating limited 

transfer of such sEVs to the circulation. Furthermore, downregulation of miR-133b in 

the tibialis anterior affected miR-133b expression in proximal (gastrocnemius), but not 

distal muscles (triceps), suggesting that transfer of EVs containing miR-133b occurs 

locally. However, much like the detection of a singular protein (i.e., SGCA), it is difficult 

to determine whether a singular miRNA is indicative of all skeletal muscle EV 

populations. In recent work by Estrada et al., (2021), through the breeding of a mice 

colony expressing specific incorporation of mG (membrane target enhanced GFP) into 

skeletal muscle (due to the presence of Cre recombinase) and mT (membrane target 

dimer Tomato) in all other tissues, the authors detected 0.26% of circulating sEVs 

containing mG only, suggestive of skeletal muscles contribution to the circulation. 

Whereas 99.4% of EVs derived from skeletal muscle ex vivo, incorporated mG 

(Estrada et al., 2021). Seemingly, this provides evidence that in the basal state, 

skeletal muscle secretes EVs with the primary function of local communication 

(Mytidou et al., 2021; Estrada et al., 2021). However, seeing as pharmacological and 

mechanical stimulation of muscle in vitro has the capability to alter protein composition 
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of sEVs (Figure 8B) and secreted proteins (Figure 5A, Table S1) it is conceivable that 

this may not be the case with an exercise stimulus. Whitham et al., (2018) reported 35 

EV bound proteins, of which 15 did not contain a signaling peptide, with significant 

rates of release from the exercising limb, as identified by changes in protein 

expression in arteriovenous balance analyzed pre and post exercise. As such, 

measurements of EVs in the basal state, as is the case with many current studies 

(Forterre et al., 2014; Estrada et al., 2021; Mytidou et al., 2021) may not be reflective 

of the potential for skeletal muscle to secrete EVs into the circulation for distal 

communication during exercise. With an understanding that the Estrada et al., (2021) 

model of mG tagging of skeletal muscle sEVs allows for specific detection in the 

circulation, it would be beneficial to apply this to an exercise setting to understand how 

this alters skeletal muscles contribution to the circulation and to help comprehend 

where these EVs may be targeted to. Similarly, the current hypothesis that sEVs 

secreted from muscle are primarily targeted locally is limited to mouse models without 

an understanding of how these finding may translate in humans. An advantage of the 

present study is the identification of in vitro exercise responsive markers that translate 

across species. Therefore, ANXA6 and CD44 may be implemented as markers that 

allow for the measurements of sEV release from primary human myotubes and mouse 

C2C12 myotubes, with an exercise stimulus. 

 

Chronic exercise has been shown to modulate circulating EV bound miRNA content 

through the upregulation of miR-133a, -133b and -206 after a 5-week high intensity 

exercise program, in mice (Castano et al., 2020), of which similar increases have been 

reported to correlate with aerobic fitness in humans (Guescini et al., 2015). Seeing as 

only 6 proteins were significantly upregulated in the circulation with an acute bout of 
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resistance exercise (Vanderboom et al., 2021), in conjunction with the lack of evidence 

as to whether there is an increased release of sEVs from skeletal muscle with aerobic 

exercise, it is plausible that repeated exercise causes gradual changes in skeletal 

muscle derived sEV content independent of absolute changes in the concentration of 

sEVs secreted from the tissue with an acute bout of exercise. In this regards, acute 

modifications in the packaging of proteins (Whitham et al., 2018; Vanderboom et al., 

2021), metabolites (Whitham et al., 2018) and miRNAs (Guescini et al., 2015; Castano 

et al., 2020) in EVs from skeletal muscle, may result in more permanent alterations in 

the EV proteome with chronic exercise, resulting in adaptations in other tissues around 

the body; which has already been shown through the 4-week injection of exercise 

derived EVs isolated from the skeletal muscle interstitial fluid of donor mice into 

sedentary mice which exerted significant improvements in glucose tolerance in 

comparison to EVs isolated from liver under the same conditions (Castano et al., 

2020). As such, chronic modifications in protein and miRNA sorting in exercise derived 

EVs brought about by repetitive exercise is an area that needs investigating for its 

potential implementation in the context of adaptation and disease suppression. 

 

4.10) Conclusion 

There is growing evidence to suggest that skeletal muscle secreted sEVs have the 

capability of interacting locally (Estrada et al., 2021; Mytidou et al., 2021) and distally 

via the circulation (Whitham et al., 2018; Castano et al., 2020) through the transfer of 

proteins and miRNAs that can potentially mediate skeletal muscle repair and 

myogenesis (Forterre et al., 2015; Bittel & Jaiswal, 2019) and improvements in hepatic 

glucose and insulin tolerance (Castano et al., 2020). However, these findings remain 

as speculation due to the lack of methodology allowing for clear separation of myotube 
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derived sEVs from any other cell or tissue in the body. It is inconclusive as to whether 

ANXA6 and CD44 are representative of skeletal muscle derived sEV secretion with 

exercise in vivo due to their lack of specificity to myotube sEVs. Nevertheless, they 

may be good markers of secretion in vitro, and therefore warrant further investigations 

into their role in skeletal muscle sEV secretion with exercise or contraction. More so, 

calcium may act as a stimulant for sEV biogenesis and release from skeletal muscle, 

coupling contraction and secretion of sEVs locally, and potentially distally, during 

exercise. Finally, the present study highlights the advantages of adopting global 

analysis by proteomics to generate hypotheses that inform targeted methods for the 

discovery and validation of protein candidate markers of tissue specific sEV secretion. 

Furthermore, research should aim to continue collecting and advancing proteomic 

data concerning the complexity of skeletal muscle sEVs as well as sEVs derived from 

all other tissues around the body under both basal and exercise conditions. Over time, 

the culmination of proteomic data regarding the EV protein network during exercise 

will allow for a much more in-depth comprehension of tissue specific EV protein sorting 

and protein marker discovery with exercise. Together, this will permit a greater 

understanding of skeletal muscle EV contribution and distribution to local and/or distal 

tissues during exercise induced crosstalk. 
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Figure S2. 

Figure S1. Electrical pulse stimulation (EPS) does not alter the abundance of 
sEVs expressing CD44 or ANXA6 as well as canonical markers CD9, ALIX, 
Syntenin-1 and TSG101. (A) EPS mediates phosphorylation of proteins involved 
in contraction and energy signaling. Conditioned media from C2C12 subject to EPS 
was collected before (PRE), immediately after (0 h) as well as at 3 (3 h) and 24 (24 
h) hours into recovery. Samples were subject to SDS-PAGE and immunoblotting for 
target markers comparing each time point. Representative images are shown. 
Quantitative data represents phosphorylation over total protein and is shown as fold 
change relative to the PRE of each group from n = 1 (2 technical replicate from 
each conditioned at each time point). (B) EPS of C2C12 myotubes does not alter 
the abundance of sEVs expressing CD44, ANXA6 or markers of sEVs. sEVs were 
isolated by ultracentrifugation (UC) from conditioned media of C2C12 myotubes 
subject to 24 hours of either EPS or Control conditions. Conditioned media was 
collected before (PRE), immediately after (POST0) and after 24 hours of recovery 
(POST24). EV lysates were subject to SDS-PAGE and immunoblotting for specific 
antibodies. Quantitative data from immunoblots was analyzed by two-way ANOVA 
from n = 3 (6 technical replicates from each condition at each time point per n) 
Representative images are shown below each quantification. Percentage (%) 
change between time points for cell lysates was produced from difference in raw 
data; for sEV lysates, percentage (%) change was calculated based on fold change. 
Data is presented as fold change relative to the PRE of each condition. Individual 
data points including the mean ± SD are shown; * = P < 0.05, ** = P < 0.01, *** = P 
< 0.001, **** = P < 0.0001.  

Figure S2. Ionomycin (IM) treatment does not alter C2C12 myotube structure. 
Images were taken daily from the start of myoblast differentiation (Day 0) to fully 
differentiation myotubes (Day 6) as well as after 24 hours of IM treatment (Day 7) 
to determine whether IM treatment influenced myotube structure and cell death.  




















