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Background: Extracellular vesicles (EVs) are nano-sized vesicles that are known to
be powerful mediators of intercellular communication via their microRNA (miR) content.
A paucity of information on EV-mediated communication arising from skeletal muscle
(SkM) in response to exercise-induced muscle damage is present in the published
literature. Lack of such information inhibits our understanding of muscle injury and repair
processes.

Aims: To assess circulating EV levels and selected miR content within them, in response
to two consecutive bouts of muscle-damaging exercise.

Methods: Serum creatine kinase activity (CK) and EVs were analyzed from the blood
of 9 healthy, untrained males at baseline, and at 2 and 24 h post-exercise. The exercise
regimen consisted of a combination of plyometric jumping and downhill running.
Perceived muscle pain (PMP) was assessed on a scale from 1 to 10. Plasma EVs
were isolated using size exclusion columns and visualized with transmission electron
microscopy (TEM). EV size and number were quantified using nanoparticle tracking
analysis (NTA). miR expression was quantified using qPCR, with normalization to an
exogenous control (cel-miR-39).

Results: PMP and CK were significantly elevated post-exercise compared to baseline
levels, providing indirect evidence for muscle damage. EV visualization using TEM
revealed an abundant and heterogeneously sized pool of intact particles within the
exosome size range (30–150 nm). No significant change in mean EV size or number
was seen over time. The SkM-specific miR-206 in EVs was found to be variable among
participants and no significant change occurred in SkM-important miRs; 1, 133a, 133b,
486, and 499a. However, EV miR-31 decreased from baseline to 24 h post-exercise
(p = 0.027).

Conclusion: Mild to moderate exercise-induced muscle damage altered the miR-31
profile of circulating EVs within the first 24 h post-exercise, but not that of myomiRs
in EVs. These data demonstrate that EVs carry selectively packaged cargo which can
be affected by exercise. Future research into the total miR content of EVs in response
to exercise-induced muscle damage may reveal other miRs responsive to this relatively
mild perturbation. More time points post-muscle-damaging exercise would provide a
better understanding of the temporal EV myomiR response.

Keywords: extracellular vesicles, exosomes, microRNAs, blood samples, skeletal muscle, exercise, eccentric
contraction, myomiR
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INTRODUCTION

The regeneration of skeletal muscle (SkM) following injury
is a complex yet vital physiological process. Divergent cell
types such as immune, endothelial and satellite cells must
synchronize communication to ensure regeneration occurs
effectively. The molecular mechanisms that underpin such a
system of communication remain largely unclear. In the past
decade a novel mode of intercellular communication has emerged
in the form of extracellular vesicles (EVs) (Record et al., 2014;
Ratajczak and Ratajczak, 2016) . EVs are nano-sized (30–
1,000 nm), selective mediators of intercellular communication
(Skotland et al., 2017; Xie et al., 2017). Structurally, EVs are
comprised of a spherical, cell-like lipid bilayer that encapsulates
and shuttles biomolecules (i.e., lipids, proteins and RNA) between
cells (Yáñez-Mó et al., 2015). Importantly, EVs are abundant
in biofluids (Andreu et al., 2016), suggesting their potential
as mediators of inter-organ, distant communication. Their
ubiquitous presence and their ability to be both secreted and
internalized by mammalian cells (Ekström et al., 2013; Forterre
et al., 2014a; Madison et al., 2014) highlights the need for more
information on how EVs may play a role in complex physiological
processes such as SkM regeneration.

Of the biomolecules transferred by EVs, RNA, and microRNA
(miR) in particular, have received the most attention from the
scientific community. miRs are small, non-coding RNAs that
transiently repress the translation of mRNA (Filipowicz et al.,
2008). Their potent regulation of translation enables miRs to
have powerful effects on cells that can be as substantial as
the alteration of the recipient cell’s phenotype (Lim et al.,
2005). The encapsulation of miRs within EVs allows for their
protection from abundant RNases as they travel through the
circulatory system (Kosaka et al., 2010; Shelke et al., 2014), which
thus promotes distant yet powerful communication between
cells/organs.

Thousands of miRs have been reported to be present within
EVs isolated from human blood (Huang et al., 2013; Lugli et al.,
2015; Garcia-Contreras et al., 2017; Xie et al., 2017). Both in vivo
and in vitro studies have shown that miRs are selectively packaged
into EVs (Forterre et al., 2014b; Guescini et al., 2015; Garcia-
Contreras et al., 2017). Such a scenario highlights the importance
of studying the miR content of circulating EVs in human biofluids
to better understand potential cross-talk between cells/organs.

Skeletal muscle is the largest internal organ of the human
body, and it is therefore likely that EVs secreted from this tissue
form a large part of the total circulating EV profile during normal
homeostasis. Perturbation of SkM, such as from the occurrence
of injury in response to exercise, may alter circulating EV profiles
and/or their miR content.

Analysis of circulating myomiRs (i.e., muscle-enriched miRs
that are expressed in ≥20-fold abundance then their average
abundance found in other tissues (Lee et al., 2008; McCarthy,
2011) in plasma/serum in response to exercise is not an entirely
new concept. The majority of previous studies did not focus on
EV miR content specifically, but rather, focused on the exercise
response of total circulating miRs (c-miRs) extracted from
whole plasma/serum (Baggish et al., 2011; Banzet et al., 2013;

Uhlemann et al., 2014). However, the miR profile between whole
plasma/serum and EVs has recently been reported to differ,
suggesting that it is important to measure EV miR content
(Xie et al., 2017). There is currently a paucity of information
available in the published literature investigating EV miR content
in response to exercise. To the best of the authors’ knowledge, no
study has yet investigated any potential changes in circulating EV
miR profiles in response to muscle-damaging exercise.

To investigate whether exercise-induced muscle damage can
alter the circulating EV profile, we analyzed the number and
size of EVs, as well as the expression of selected miRs within
EVs pre- and post-two consecutive bouts of muscle-damaging
exercise [i.e., plyometric jumping (PMJ) and downhill running
(DHR)]. These exercise modalities have been shown previously
by our research group to induce muscle damage in untrained
individuals (Van De Vyver and Myburgh, 2012; Macaluso
et al., 2014). The muscle response to damaging exercise is a
process that evolves over a period of time post-exercise (Van
De Vyver and Myburgh, 2012). Banzet et al. (2013) have
previously indicated that selected c-miRs are significantly altered
2–6 h post-downhill walking. Therefore the time points 2 and
24 h post muscle-damaging exercise were selected for this
study.

A total of 8 miRs; miR-1, 31, 133a, 133b, 206, 208b, 486,
and 499a were selected for investigation with regards to their
expression levels in EVs. All 8 miRs have been reported to be
involved in the growth and/or development of SkM (Chen et al.,
2006; Rosenberg et al., 2006; Mccarthy, 2008; Van Rooij et al.,
2009; Small et al., 2010; Crist et al., 2012). Seven of the 8 miRs
(miR-1, 133a, 133b, 206, 208b, 486, and 499a) investigated are
myomiRs. The additional miR selected for investigation, miR-31,
is expressed across many tissues, and is therefore not classified as
a myomiR. However, miR-31 was included in the current study
due to its proposed importance in maintaining quiescence of local
SkM progenitor cells, satellite cells (Crist et al., 2012). This is a
cell type important for the regeneration of muscle in mammals
(Lepper et al., 2011).

Our results provide empirical support that the levels of miR-
31 are altered in circulating EVs during the early-phase response
to muscle damage. Size and number of EVs were not found to be
altered significantly, which highlighted the importance of looking
within EVs to assess biological cargo content.

MATERIALS AND METHODS

Participants
Nine healthy, untrained males between the age of 18 and 30 took
part in this study. Exclusion criteria included; regular exercise
exceeding 2 bouts per week, participation in professional sports,
or the use of anti-inflammatory medication within 3 months
preceding the study. Furthermore, participants were required
to be in good health and were not to have participated in any
strenuous exercise in the 3 weeks preceding the study. This study
was approved by Stellenbosch University’s Health Research Ethics
Committee and was carried out in accordance with the guidelines
of the declaration of Helsinki.
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Muscle-Damaging Exercise Regimen
Each participant performed two consecutive bouts of muscle-
damaging exercise comprising a combination of PMJ and DHR.
The protocol for both modes of exercise were modified from
similar protocols previously used in our lab (Van De Vyver
and Myburgh, 2012; Macaluso et al., 2014). Briefly, participants
arrived at the exercise lab at 10 am, and were guided through a
5 min warm-up regimen that focused on the quadriceps muscles.
Following this, all participants were required to complete 10 sets
of 10 plyometric jumps at 90% of their maximum achievable
jump height, with a 1 min interval between sets. Following this,
a 5 min rest period was given before commencement with the
DHR regimen. Here, participants were required to perform 5 sets
of 4 min bouts of DHR at a speed of 10 km/h. The treadmill was
set at a 10% decline, and a 2 min standing interval between sets
was given.

Indirect Indicators of Muscle Damage
Whole blood was drawn from the antecubital vein by a qualified
phlebotomist at baseline, and at 2 and 24 h post-exercise.
For standardization, participants were given a standard meal
replacement shake post-exercise and requested not to eat until
they returned for the 2 h blood draw. Additionally, participants
were requested not to take part in strenuous activity until they
returned the next day for a 24 h blood draw.

Plasma was isolated from whole blood and stored for
subsequent EV isolation. Briefly, blood was collected into EDTA-
coated tubes and centrifuged at 1,200 × g for 10 min at 4◦C.
Plasma was aliquoted and immediately frozen at −80◦C. An
additional aliquot of whole blood was collected into heparin-
coated tubes for serum creatine kinase analysis (analysis done
by PathCare, South Africa). Additionally, at 2, 24, and 48 h
post-exercise, participants gave a rating of their perceived muscle
soreness, out of 10, upon walking. A score of 0 signified no pain,
with one corresponding to slight pain and 10 signifying extreme
pain.

Extracellular Vesicle Isolation
Extracellular vesicles were isolated from plasma using qEV
size exclusion columns (SEC) (iZon Science) as per the
manufacturer’s protocol. qEV columns result in a predominantly
exosome isolate, with microvesicles appearing infrequently (Lobb
et al., 2015). Plasma was thawed on ice and centrifuged at
15,000 × g for 10 min to remove cellular debris. One milliliter
of plasma was then added to the top of the column, and multiple
500 µl fractions of the resultant eluent were collected. Fractions
7–9 were pooled due to their known high vesicle number and
purity (see qEV column white paper)1. Samples were aliquoted
according to the volume required for subsequent analysis, and
frozen at −80◦C.

Transmission Electron Microscopy
Two hundred-mesh, carbon-coated copper TEM grids (Electron
Microscopy Sciences, United States) were glow-discharged and

1http://izon.com/wp-content/uploads/qEV-WP-1.pdf

incubated on 10 µl of sample for 10 min. Grids were then washed
with dH2O and carefully dabbed onto Whatman paper, and
subsequently incubated atop 10 µl of filtered 2% uranyl acetate
for contrast. Grids were viewed on a Phillips Tecnai TEM.

MicroRNA Analysis
Total RNA was isolated from 600 µl of EV isolate (i.e., pooled
Fractions 7–9) using the Total Exosome RNA and Protein
isolation kit as per the manufacturer’s guidelines (Thermo Fisher
Scientific, Waltham, MA, United States; 4478545). Samples
were immediately frozen at −80◦C. Samples were thawed on ice
and reverse transcribed using the TaqMan Advanced miRNA
cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA,
United States; A28007). qPCR analysis was achieved using
TaqMan Advanced miRNA assays; miR-1 (477820_mir), miR-31
(478015_mir), miR-133a (478511_mir), miR-133b (480871_mir),
miR-206 (477968_mir), miR-208b (477806_mir), miR-486
(478128_mir), and miR-499a (478561_mir) (all obtained from
Thermo Fisher Scientific, Waltham, MA, United States). Five
micro liter of cDNA was loaded into fast optical 96-well plates
and sealed with optical adhesive film. qPCR analysis was
performed in duplicates on a StepOne qPCR thermocycler
(Applied Biosystems).

Additionally, 1 pM of the synthetic C. Elegans oligo, cel-miR-
39 (Sequence: UCACCGGGUGUAAAUCAGCUUG), was added
to the isolated total RNA. This sequence does not exist in humans
and was used as an exogenous control. All qPCR reactions were
normalized to their corresponding cel-miR-39 Ct values.

Nanoparticle Tracking Analysis
Particle size and number were analyzed with nanoparticle
tracking analysis (NTA), using the NanoSight NS500 (Malvern
Instruments). Analysis was performed at the Council for
Scientific and Industrial Research (CSIR, Pretoria, South Africa).
EV isolates were diluted in PBS (1:200) to achieve a suitable
number of particles per frame, and five 30 s videos were used
to determine particle numbers per ml, as well as mean particle
diameters.

Statistical Analysis
All data are represented as mean ± standard error of the mean
(SEM). Parametric data were analyzed by means of a one-way
ANOVA, with a Fisher LSD post hoc test. A mixed-model, one-
way ANOVA was used for matched data with missing data points.
MicroRNA Ct values were normalized to an exogenous control,
cel-miR-39, by subtracting the sample from the control Ct.
Graphs were made using version 5 of GraphPad Prism (GraphPad
Software Inc., United States), and statistical significance was set at
a 5% confidence interval, i.e., p < 0.05.

RESULTS

Participants
Nine healthy male participants between the age of 18 and 30
successfully completed the combined exercise protocol. Mean
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participant height and weight were 76 ± 4 kg and 179 ± 1.86 cm,
respectively.

Indirect Markers of Muscle Damage
Serum CK activity is an indirect marker of muscle damage
(Clarkson and Hubal, 2002) and hence was measured at baseline
(BL), 2 and 24 h post-exercise (Figure 1A). When compared to
BL, CK activity was significantly elevated at 24 h post-exercise
(925.8 ± 196.2 vs. 182.0 ± 29.0 IU/L, p < 0.001). A significant
difference in CK activity was also observed between 2 and 24 h
post-exercise (388.7 ± 57.0 vs. 925.8 ± 196.2 IU/L, p < 0.001),
whereas no change was noted between BL and 2 h post-exercise.

Participants rated their perceived muscle pain (PMP) in the
anterior quadriceps upon walking. Ratings were obtained at 2,
24, and 48 h post-exercise (Figure 1B). PMP during walking
was significantly higher at 24 and 48 h when compared to
2 h post-exercise (5.7 ± 0.8 vs. 2.7 ± 0.5, p < 0.001) and
(5.4 ± 0.7 vs. 2.7 ± 0.5, p < 0.05). The PMP scores observed
here are in alignment with the known timeframe for delayed

onset muscle soreness manifestation (i.e., 24–48 h post-exercise).
Taken together, PMP and CK aided our confirmation that muscle
damage had indeed taken place.

Extracellular Vesicle Characterization
The qEV SEC utilized in this study have previously been
used to isolate EVs from human plasma (Lobb et al., 2015;
Takov et al., 2017). To confirm the presence of EVs in the
pooled fractions (i.e., fractions 7–9) obtained from plasma
pre and post-exercise, an aliquot of the isolated fractions
was visualized using TEM. An abundance of particles with
the expected diameter and morphology of EVs was present
(Figure 2A). The spherical appearance of these particles
suggests that they were isolated in an intact state and had
not been lysed by the isolation or fixation process. Qualitative
assessment of TEM images suggested that the majority of isolated
vesicles fell within the exosome size range (30–150 nm), with
vesicles in the microvesicle size range (100–1,000 nm) appearing
less frequently (Figure 2A yellow arrows). Highly resolved

FIGURE 1 | (A) Serum creatine kinase activity before and after the exercise intervention. Values are represented in international units (IU) per liter. A large increase in
scores is seen at 2 and 24 h post-exercise. (B) Perceived muscle pain of the anterior quadriceps upon walking. A large increase in pain scores is seen at 24 h when
compared to 2 h post-exercise (one-way ANOVA. Mean ± SEM; ∗∗∗p < 0.001; n = 9).

FIGURE 2 | TEM images of EVs at increasing magnifications. (A) A wide-field image revealing the abundance of EVs. EVs within the exosome size range
(30–150 nm) predominate, with microvesicles (100–l,000 nm) appearing less frequently (yellow arrows). (B) Highly resolved images of small exosome-sized particles.
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FIGURE 3 | Nanoparticle tracking analysis results across all time points. No change in particle diameters (A) or particles/ml (B) were noted over time (one-way
ANOVA. Mean ± SEM; n = 9 for BL and 24 h; n = 8 for 2 h).

FIGURE 4 | Raw Ct values for the spike-in control, cel-miR-39. Samples for
all time points are represented as Mean ± SEM.

visualization of ± 50 nm exosome-sized particles was also
achieved (Figure 2B).

In order to obtain quantitative data on the number and
size of EVs obtained using the SEC method, samples were
analyzed with NTA. The pooled fractions were abundant in
vesicles within the exosome size range (i.e., 30—150 nm). No
significant change in vesicle number or size was seen over
time (Figures 3A,B). The combined results of TEM and NTA
demonstrate that successful isolation of EVs from human plasma
had been achieved, with the exercise intervention having no effect
on physical EV dynamics.

MicroRNA Cargo Analysis
microRNA expression was normalized to an exogenous control
(cel-miR-39) and expressed as 1Ct (i.e., sample – control).
Expression of the exogenous control across all samples and time
points is shown in Figure 4.

Based on results regarding SkM in the published literature,
eight miRs were selected for investigation in this study; miR-
1, 31, 133a, 133b, 206, 208b, 486, and 499a. Initial analysis of
the miR data demonstrated that expression levels of the SkM-
specific, miR-206, and miR-499a among individuals and even
between time points for the same individual were very diverse.
In one participant for example, expression of miR-206 was not

detectable at any time point, whilst for another expression was
detectable at every time point. Due to such variation we omitted
miR-206 and miR-499a from statistical analysis. In contrast
to miR-206 and miR-499a, miR-1 was the most abundantly
expressed miR, with strong expression (Ct < 30) detected in all
but one of 26 samples. Quantitative analysis of miR expression
levels showed no significant difference between time points for
miR-1, 133a, 133b, 206, and 486 (Figures 5A,C–F). However,
expression of miR-31 was found to be significantly lower at 24 h
post-exercise when compared to BL (13.8 ± 1.2 vs. 17.1 ± 0.9
1Ct, p = 0.027) (Figure 5B).

DISCUSSION

An acute bout of muscle-damaging exercise is known to stimulate
circulating immune cells and produce elevated circulating levels
of the SkM damage marker, CK (Clarkson et al., 1987; Clarkson
and Hubal, 2002; van de Vyver and Myburgh, 2014). However,
whether changes in circulating EVs occur after muscle-damaging
exercise is not known. Here we show for the first time that
two consecutive bouts of muscle-damaging exercise is capable
of changing the miR profile of circulating EVs in humans, albeit
selectively.

Our investigation of 8 miRs in response to exercise-induced
muscle damage showed that the presence of one miR in
circulating EVs, miR-31, is significantly reduced 24 h post-
performance of a mildly muscle-damaging exercise bout when
compared to baseline levels. While the physiological importance
of such a decrease remains unclear it is noteworthy that miR-31
is known to transiently suppress the translation of the mRNA
of the satellite cell activator Myf5 (Crist et al., 2012). Such
suppression allows satellite cells to maintain a quiescent state.
Satellite cells are endogenous SkM stem/progenitor cells that are
essential for SkM repair following injury (Lepper et al., 2011).
Usually satellite cells, like most adult stem cells, are found in a
quiescent state and hence require a signal to become activated.
Notably, our research group has previously found that satellite
cell activation in humans peaks at 24 h post-exercise when
an exercise intervention similar to the one here is performed
(Van De Vyver and Myburgh, 2012). Based on the difference
in satellite cell numbers comparing individuals who exercise
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FIGURE 5 | Expression of six EV miR levels normalized to the exogenous control, cel-miR-39. (A,C–F) Relative expression of myomiRs, with no changes noted over
time. (B) Decrease in miR-31 at 24 h when compared to BL. Number of subjects for each analysis is noted below the time point. Data are represented as −1Ct per
600 µl EV isolate. An arbitrary negative is assigned to each sample so that samples with lower miR content and thus a higher Ct will be deemed to have a lower bar
graph (one-way ANOVA. Mean ± SEM; ∗p < 0.05).

regularly versus those who are sedentary, Macaluso and Myburgh
(2012) previously suggested that circulating factors affected by
exercise could control basal levels of progenitor cell activation.
The previous findings and the current findings combined suggest
that if satellite cells take up circulating EVs as most mammalian
cells are known to, then EVs may be involved in the control
of satellite cell quiescence versus activation status. Provision of
miR-31 on a regular basis would maintain quiescence. Removal
of this inhibitory regulation of Myf5 translation by miR-31 via
decreased donation of miR-31 to satellite cells by EVs containing
less miR-31 would conversely allow satellite cells to become
activated.

The variability in miR-206 detection observed here mirrors
that found by Banzet et al. (2013), who investigated miR-206
in whole plasma following downhill walking exercise. Here, in
samples that had no detectable miR-206, detectable levels of other
miRs such as miR-1, 31, 133a, 133b, 208b, and 486 were present.
This suggests that miR-206 may be more selectively packaged
into EVs than other miRs, or display a different temporal profile.
The combined findings of variable miR-206 levels in both whole
plasma and EVs is important for future studies that seek to
analyze circulating miR-206 expression in humans, as greater
numbers of participants may be required in different intervention
groups to account for such variability.

Researchers have only recently begun to assess the profiles
of circulating EVs in differing physiological/pathological states,
yet clear correlations between either disease types or stage of
disease has emerged (Melo et al., 2015; Koutsoulidou et al., 2017;
Skotland et al., 2017). In this study, we used two indirect markers

of muscle damage, CK and PMP, to confirm the occurrence
of the physiological stressor, SkM damage. An over fivefold
increase in CK was seen between baseline and 24 h. This large
increase occurred with a concomitant increase in PMP. Taken
together, these data confirmed that perturbation of the non-
injured physiological state had occurred and hence reinforce the
premise that the responses observed in this study in circulating
EV miR-31 may indeed be relevant to muscle-damaging exercise.

The combined exercise modalities utilized in this study were
PMJ and DHR, and were implemented in order to maximize
the potential for mild exercise-induced muscle damage to occur.
Both of these modalities have been shown by our research
group to induce mild muscle damage in humans (Macaluso
et al., 2014; van de Vyver and Myburgh, 2014), and therefore
our intervention is a useful model for the study of changes in
circulating EVs post-mildly muscle-damaging exercise. However,
it should be noted that the DHR portion of the intervention used
here has a relatively large aerobic component, and therefore the
observations cannot be solely attributed to SkM tissue damage.
Previously it has been shown that choice of exercise modality
does appear to influence circulating miRs in plasma (Banzet
et al., 2013). Therefore, pure eccentric/muscle-damaging exercise
should be considered in the future, in order to remove any
influence of aerobic exercise.

We did not observe any significant change in particle size
or number 2 or 24 h post-exercise compared to baseline levels.
Notably, different exercise modalities, e.g., aerobic (Kramers,
2015) or muscle-damaging (our study) appear to have no major
impact on circulating EV number when EV numbers are assessed
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more than 1hr post-performance of the exercise bout. However,
if EV number is assessed immediately post-performance of an
aerobically based exercise intervention a significant increase in
EV number has been reported (Kramers, 2015). We did not assess
EV number immediately post the muscle-damaging exercise
intervention and hence whether the same temporal increase
occurs with muscle-damaging exercise remains to be determined.

CONCLUSION

The most significant finding of the current study was that
the miR-31 cargo of circulating EVs significantly decreased by
24 h post-performance of mild to moderate muscle-damaging
exercise, in the form of PMJ followed by DHR, when compared
to baseline levels. This finding supports the need for more
investigation into the role circulating EVs may play in SkM
regeneration, as miR-31 is a known regulator of translation
for the satellite cell activator Myf5. A more comprehensive
miR analysis of EV content that not only focuses on myomiRs
may yet yield some additional targets to explore for a better
understanding of responses of local and distant stem cells to
muscle-damaging exercise.
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