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Physical exercise induces rapid release of
small extracellular vesicles into the circulation
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Cells secrete extracellular vesicles (EVs) by default and in response to diverse stimuli for the purpose of cell
communication and tissue homeostasis. EVs are present in all body fluids including peripheral blood, and
their appearance correlates with specific physiological and pathological conditions. Here, we show that
physical activity is associated with the release of nano-sized EVs into the circulation. Healthy individuals were
subjected to an incremental exercise protocol of cycling or running until exhaustion, and EVs were isolated
from blood plasma samples taken before, immediately after and 90 min after exercise. Small EVs with the
size of 100—130 nm, that carried proteins characteristic of exosomes, were significantly increased immediately
after cycling exercise and declined again within 90 min at rest. In response to treadmill running, elevation
of small EVs was moderate but appeared more sustained. To delineate EV release kinetics, plasma samples
were additionally taken at the end of each increment of the cycling exercise protocol. Release of small EVs
into the circulation was initiated in an early phase of exercise, before the individual anaerobic threshold,
which is marked by the rise of lactate. Taken together, our study revealed that exercise triggers a rapid release
of EVs with the characteristic size of exosomes into the circulation, initiated in the aerobic phase of exercise.
We hypothesize that EVs released during physical activity may participate in cell communication during
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exercise-mediated adaptation processes that involve signalling across tissues and organs.
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group of membrane-surrounded particles secreted

by cells into the extracellular space (1,2). EVs
recently gained interest with regard to their involvement
in intercellular communication as they can specifically
interact with target cells over long distances and mediate
horizontal transfer of biologically active molecules,
including enzymes, mRNAs and small RNAs. According
to their mode of release, EVs are classified into apoptotic
bodies (>1 pm), microvesicles (MVs) shed from the
plasma membrane (>100 nm) and smaller exosomes
(around 100 nm) secreted from multivesicular endosomes
(3,4). All body fluids contain a heterogeneous mixture of
these vesicles derived from various cells of the body. In

Extracellular vesicles (EVs) comprise a diverse

addition to a set of common EV proteins utilized for their
characterization, EVs carry a pattern of biomolecules
related to their mother cell. Their content includes bio-
logically active enzymes (e.g. the chaperone Hsp70), as
well as nucleic acids, largely in the form of small RNAs.
MYV and exosome secretion occurs in constitutive and
regulated fashion, controlled by Ca®" signalling in response
to extracellular signals such as ATP (monocytes), neuro-
transmitters (oligodendrocytes), depolarization (neurons),
thrombin receptor activation (platelets), lipopolysaccharides
(dendritic cells) or by cell stress (5-13).

Peripheral blood contains a substantial amount of cir-
culating EVs and their amount, composition and molecular
profile reflects the physiological and pathophysiological
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condition of the body. Thus, EVs received recognition as
potential biomarkers in semi-invasive diagnostics (14).
Proteomic profiling of plasma EVs revealed high vari-
ability between individuals in quantitative and qualitative
terms, indicating that EVs in the circulation are contrib-
uted from multiple cell types across tissues and are highly
dynamic (15). The vast majority of plasma EVs originate
from platelets and erythrocytes, which shed MV and
secrete exosomes during their activation and maturation,
respectively (13,16,17). Furthermore, endothelial cells
exposed to shear stress shed EVs that appear elevated
under several pathological conditions (18-21).

Physical exercise is associated with immediate changes
in physiological parameters [such as heart rate, blood
pressure, respiration, lactate levels and circulating cell-free
DNA (cfDNA)] and elicits an acute stress response.
Furthermore, regular exercise initiates long-term adapta-
tion processes of muscle metabolism, the cardiovascular
system as well as immune modulatory effects that are
largely considered beneficial (22-25). Several reports exa-
mined the effect of various exercise protocols on circulat-
ing EVs, mainly focussing on larger particles ( > 500 nm)
reflecting apoptotic bodies and MVs. These studies
revealed that platelet-derived pro-coagulant particles, as
well as monocyte-derived particles transiently increased in
response to strenuous exercise (26—31), while the levels of
endothelial-derived MVs were unchanged (30,32,33) or
only elevated after moderate endurance exercise (30).
However, the impact of physical activity on the level of
small EVs with characteristic features of exosomes in the
circulation has never been addressed. Here, we analyzed
the dynamics of EVs below the size of 200 nm detected in
blood plasma during the acute phase of exercise and the
early recovery period. We found that the levels of small
EVs increased in response to cycling exercise and dropped
during the early recovery phase. Intriguingly, the dynamics
of small EVs in peripheral blood differed between cycling
and running exercise protocols. The results suggest that
small EVs such as exosomes may be implicated in long
distance signalling during exercise-mediated adaptation
processes.

Materials and methods

Ethical approval

All experimental procedures were approved by the Human
Ethics Committee Rhineland-Palatinate in agreement with
the standards of the declaration of Helsinki of the World
Medical Association. We informed all subjects orally and
in written form about the procedures and the purpose of
the study, and they confirmed in writing to take part.

Subjects and exercise setting
Twelve healthy, physically active (physical activity more
than 3 h per week), male volunteers participated in this

study. If subjects had signs of infection or other diseases,
injuries, were taking prescription drugs or anticoagulant
medicine (e.g. Aspirin), they were excluded. Since physical
activity influences physiological pathways, the partici-
pants abstained from exercise 24 h before the test. The
subjects had a standardized breakfast, and all tests were
executed at 9:00 a.m. This ensured that all parameters were
at baseline levels when starting. In the first exercise setting,
the subjects performed an incremental cycling test on an
ergometer (ergoselect 200; Ergoline, Bitz, Germany)
starting at 50 W and increasing power by 50 W every
3 min until exhaustion. In the second setting, the subjects
performed an incremental test on a motorized treadmill
(HP Cosmos, Traunstein, Germany) with starting speed at
6 km/h and increasing velocity by 2 km/h every 3 min with
a constant incline of 1.5% until exhaustion. During both
tests, heart rate, ventilatory and metabolic responses were
monitored. Thirty millilitres of blood was taken from the
medial cubital vein using a Safety-Multifly® needle
(0.8 x19 mm) (Sarstedt, Niimbrecht, Germany) and
collected in tripotassium-EDTA covered Monovettes®
(Sarstedt) before (pre), immediately after (post), 90 min
after (90+) and 360 min (360+, treadmill running only)
after the test. To analyse the kinetics of EV release, blood
samples (7.5 ml) were collected after each increment. For
lactate analysis, 20 pl of capillary blood was collected from
the earlobe prior to the run, at the end of each exercise step,
directly after the run and after 10, 30 and 90 min of
recovery. The samples were measured with the lactate
analyser Biosen 5130 (EKF Diagnostics, Magdeburg,
Germany). The individual anaerobic threshold (IAT)
was calculated for cycling determining the point of
1 mmol lactate increase above baseline and for running
1.5 mmol increase above baseline (34).

EV isolation

Purification of EVs was achieved by differential centri-
fugation as described before with modifications (35).
Directly after blood draw (maximum 5 min delay), blood
was centrifuged at 1,600 x g for 10 min at 4°C in an
Eppendorf FA-45-6-30 rotor (Eppendorf, Hamburg,
Germany). Plasma was always kept on ice. The plasma
fraction was transferred carefully, and 2 ml of the super-
natant was centrifuged at 10,000 x g for 30 min at4°Cina
fixed angle rotor (220.78, Hermle, Wehingen, Germany). The
remaining pellet was washed 2 times with PBS to remove
soluble proteins (MV pellet) and solved in 150 pl standard
SDS-PAGE sample buffer (4 x 100 mM dithiothreitol).
Two millilitres of the 10,000 x g supernatant was fil-
tered through 0.2 pm syringe filters (Millex-GP; Merck
Millipore, Darmstadt, Germany), and 1.4 ml of the filtrate
was centrifuged for 2 h at 47,000 rpm [RCF (avg) 98,963,
RCF (max) 130,000, k-factor 90.4] and 4°C in a Beckman
TLA-55 rotor (Beckman Coulter, Krefeld, Germany) using
1.5 ml Beckman Polyallomer tubes to pellet small EVs.
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For the analysis of cfDNA, 100,000 x g supernatants
were retained (release kinetics). EV pellets were stored at
—20°C before analysis. For Western blotting, 100,000 x g
pellets were washed 2 times with PBS and subsequently
resuspended in 20 ul SDS—PAGE sample buffer (4 x ). For
nanoparticle tracking (NTA) analysis, 100,000 x g pellets
were dissolved in 200 pl PBS.

Western blot analysis

The following antibodies were used: mouse anti-Hsp70
(SC-24; Santa Cruz, Heidelberg, Germany, 1:1,000), rabbit
anti-Flotillin-1 (F1180; Sigma—Aldrich, Taufkirchen,
Germany, 1:1,000), mouse anti-Tsgl01 (4A10; GeneTex,
Irvine, CA, USA), mouse anti-Integrin allb (SC-59923;
Santa Cruz, 1:1,000) and HRP-coupled secondary anti-
bodies (Goat-anti-Mouse-HRP, 115-035-003, 1:10,000;
Goat-anti-Rabbit-HRP, 111-035-003, 1:10,000; Dianova,
Hamburg, Germany).

EV pellets dissolved in sample buffer were subjected to
SDS-PAGE (4-12% Bis-Tris gel) and Western blotting
(NuPAGE; Life Technologies, Darmstadt, Germany). For
analysis of 10,000 x g and 100,000 x g pellets, 20 pl was
loaded on the gel. Proteins were blotted onto a PVDF
membrane. Next, the membrane was blocked with 4% milk
powder, 0.1% Tween in PBS and incubated sequentially with
primary and HRP-coupled secondary antibodies. Proteins
were detected with chemiluminescence reagents (Luminata
Crescendo, Merck Millipore, Darmstadt, Germany) and
X-ray films. X-ray films were scanned and signal intensities
were measured using ImageJ 1.44 h (National Institutes
of Health, Bethesda, MD, USA).

Nanopatrticle tracking

Pellets of 100,000 x g resulting from 1.4 ml blood plasma
were resuspended in 200 ul PBS and 1:10 dilutions were
analyzed using the Nanosight LM10 system (camera
model Hamamatsu C11440-50B/A11893-02) equipped with
the green laser (532 nm) and the syringe pump and the
Nanosight 2.3 software (Malvern, Herrenberg, Germany)
at 23°C (temperature controlled). The following settings
were used: camera control in standard mode (camera level
16), particle detection in standard mode (screen gain 16,
detection threshold 6 and minimum expected particle size
auto). Script control was used (Repeatstart, Syringeload
500, Delay 5, Syringestop, Delay 15, Capture 30 and
Repeat 4). Five 30 s videos were recorded, particles were
tracked (batch process) and average values were formed.
Particle measurements were verified utilizing silica micro-
spheres (Polysciences, Warrington, PA, USA) with a size of
100 and 300 nm as described in Gardiner et al. (36).

Quantification of cfDNA

DNA was purified from 700 pl of the 100,000 x g super-
natants using the QIAamp Circulating Nucleic Acid Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. DNA was eluted in 70 pl of the kit’s AVE
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elution buffer, and samples were stored at —20°C. Con-
centrations were measured within a maximum of 1 week.
Quantification of ¢cfDNA was based on the amplifica-
tion of human long terminal repeat sequences as described
before (37). Samples were analyzed by quantitative real-
time PCR (qPCR) with an iCycler MyIQ Detection
System (Bio-Rad, Munich, Germany) under the following
conditions: 5 min incubation at 95°C, followed by 40 cycles
of denaturation at 94°C for 15 s, annealing at 61°C for 30 s
and extension at 80°C for 30 s. The experiments were
performed in triplicates with a final volume of 15 pl per
reaction including 5 pl of template DNA, 7.5 ul PCR
master mix containing 0.1 U/ul HotStarTaq Plus Poly-
merase (Qiagen), 2 x PCR buffer (Qiagen), 1 mM MgCl,
(Qiagen), 0.4 mM dNTPs (Carl Roth, Karlsruhe,
Germany), 0.28 x SYBR green (Sigma—Aldrich), 5 nM
FITC (Sigma—Aldrich) and 2.5 pl primer mix of a final
concentration of 312 nM. Non-template controls and
positive controls for interplate calibration were also
analyzed in triplicates. Formation of the expected PCR
product was confirmed by melting curve analysis. The
qPCR data were captured with the MyIQS5 Optical System
Software, Version 2.4 (Bio-Rad, Munich, Germany).

Statistical analysis

Data revealed by ImageJ for the various Western blot
analyses were neither normally distributed as determined
by Wilk—Shapiro W-test, nor homogenous in variance as
indicated by the Levene test. Box—Cox transformation of
data succeeded to achieve normal distributed values with
equal variances between groups only for the running but
not for the cycling condition. Values relative to resting
levels in the cycling setting were, therefore, statistically
compared using Kruskal-Wallis testing. For the running
condition, Box—Cox-transformed data were compared
using paired Student’s t-test. For both parametric and
non-parametric testing, data revealing a significant global
test across all points in time followed by a respective
significant post-hoc test on an alpha level of 0.05 and
smaller were considered to be significant. We corrected the
p-value of the post hoc testing for the multiple compari-
sons by applying the Bonferroni correction. Statistical
analysis was performed with JMP 11 (SAS Institute, Inc.,
Cary, NC, USA).

Results

Cycling exercise triggers rapid release of small EVs
To investigate the influence of a single bout of physical
activity on the levels of circulating EVs in plasma, we
recruited 8 healthy, physically active men [mean (SD) age,
41.1 (+14.9) years; IAT, 181.1 (+77.8) W] performing an
incremental cycling test until exhaustion [mean (SD) time
16.6 (+5) min]. We collected venous blood samples
(EDTA-anticoagulated blood) before (pre), immediately
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after (post) and 90 min after cessation of exercise (90+)
and prepared plasma. To analyse the levels of EVs in the
plasma samples, we performed differential centrifugation
at 10,000 x g pelleting larger vesicles including platelet
remnants and apoptotic bodies (here defined as crude
MVs), followed by filtration of the supernatant and
ultracentrifugation at 100,000 x g to collect small vesicles
of a size below 200 nm, which include exosomes (here
defined as small EVs). Pellets of 100,000 x g derived from 2
study participants (age > 30 years) were analyzed by NTA
revealing particles with a mean size of 120 (SEM + 3.6) nm
in diameter (Fig. la). The total amount of particles
increased in average 2.7 times (SEM +0.2) directly after
exercise and returned to baseline levels after 90 min. Next,
we investigated 100,000 x g pellets of 6 subjects by Western
blotting with antibodies against the EV marker proteins

(a)

Flotl, Hsp/Hsc70 and Tsgl01 (Fig. 1b) and quantified
signal intensities (Fig. lc—f). The numbers of these
3 universal EV marker proteins increased on average 5.2
times (SEM =+ 1.3) after exercise. Moreover, we detected
integrin oIIb found on platelets indicating the presence of
platelet-derived small EVs (Fig. 1b and f). The level of this
protein rose 2.9 times (SEM =+ 1.2) upon exercise. Samples
taken in the early recovery phase after exercise (90+)
revealed a decrease in the amounts of EV proteins, but the
levels were not fully reaching the baseline as determined by
NTA. A statistical analysis using the Wilcoxon—Kruskal—
Wallis test revealed that the detected associations between
release of small EVs and exercise were significant for Flotl
(p =0.0125) and Hsp70 (p =0.002) on a global level across
all 3 points in time (pre, post and 90 min after exercise) with
post hoc testing revealing significant increases pre to post
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Fig. 1. Effect of cycling exercise on plasma small EVs. Plasma samples were collected pre, post and 90 min post (90+) ergometer
exercise, and 100,000 x g pellets were prepared. Particle size and concentration were measured by NTA [(a) subjects a and b, age above
30] and protein content was analyzed by Western blotting [(b) subjects 1-6]. Western blot signals of Flotl [(c) pre/post: n =6, 90+
n =5], Hsp/Hsc70 [(d) pre/post: n =6, 90+: n =5], Tsgl01 [(e) pre/post: n =3, 90+: n =2; not detectable in all experiments] and
IntalIb [(f) pre/post: n =6, 90+: n =5] were quantified (**p <0.01, Wilcoxon—Kruskal-Wallis test). Subjects older than 30 years are

marked in red (subject 2, 38 years; subject 5, 58 years).
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(Flotl, p=0.0021 and Hsp/Hsc70, p =0.0021), respec-
tively (Fig. 1c—f). Variances in the amount of small EVs
released during exercise between individual subjects were
noticeable and may depend on the condition of the test
person and age. Individuals above the age of 30 appear to
respond less intensely to exercise (n =2, highlighted by red
symbols in Fig. 1b—f), although this observation certainly
requires further in-depth analysis.

Western blot analysis of 10,000 x g pellets (including
MVs) revealed fluctuations in the levels of Flotl, Hsp/
Hsc70 and Integrin allb across the different time points of
analysis; however, no significant correlation with physical
activity was observed (n =4, Wilcoxon—Kruskal-Wallis
global analysis: Flotl, p=0.32; Hsp/Hsc70, p =0.38;
Intallb, p =0.23, Fig. 2a). Taken together, acute bicycle
exercise triggers the release of small EVs with character-
istic features of exosomes into the circulation followed by a
fast decline in the early recovery phase, while M Vs seem to
be less affected.

Sustained elevation of plasma small EVs after
running exercise

To examine whether stimulation of small EV/exosome
release by physical activity is dependent on the mode of
exercise, we modified the exercise setting and performed
treadmill running, which has a higher eccentric compo-
nent and is commonly associated with higher heart rates at
the same level of subjective load or rate of perceived
exertion. Four healthy, physically active men [mean (SD)
age, 27 (£2.1) years; IAT, 11.8 (£0.8) km/h] performed
an incremental treadmill test until exhaustion [mean (SD),
14.7 (£0.9) min]. Analogous to the cycling experiments,
venous blood was collected (pre, post and 90+ ) with the
implementation of a longer recovery period of 6 h (360+)
in 2 subjects, followed by isolation of crude MVs and EVs
below 200 nm. Analysis of MV pellets by Western blotting
revealed no major changes of MV levels related to exercise
with the exception of Flotl (Fig. 2b, p =0.029), which
decreased immediately after exercise. The 100,000 x g
pellets were analyzed by NTA (Fig. 3a) and Western
blotting (Fig. 3b—e). The amount of small EVs appeared
elevated directly after running exercise [in average 1.5
(SEM =+ 0.2) times more particles detected by NTA, mean
size 164 (SEM +5.5) nm], although to a lower extent as
observed in the cycling setting. The minor rise may be
partly explained by higher baseline levels of small EVs
present already at the pre-exercise stage in some subjects
(see Fig. 3a, subject b). While the EV marker Flotl was
elevated after exercise (p =0.029), Hsp/Hsc70 and Intallb
showed a similar trend (Tsg101 was not detectable in these
experiments). During the early recovery phase, signals for
small EVs were varying but in general stayed elevated 90
min post exercise (90 +, Fig. 3b—e, see also Supplementary
Fig. 1, progression curves). In 2 participants, we assessed a
prolonged follow-up at 6 and 24 h, which indicated a

Circulating extracellular vesicles during exercise

return to baseline of data assessed by NTA as well as by
Western blots. In summary, running exercise is associated
with different dynamics of small EV/exosome release,
characterized by a more moderate increase in EV levels
that are maintained through the early recovery phase.

Release of small EVs is initiated in the aerobic phase
of exercise

To assess the release kinetics of small EVs/exosomes
during exercise, we collected blood samples after every
increment of cycling exercise and purified small EVs as
described above (1 subject and 2 independent experi-
ments). The cycling protocol was chosen, since it allows
convenient blood extraction at the increments and revealed
robust release of small EVs in the previous experiments. By
Western blotting, 100,000 x g pellets were analyzed for
the EV proteins Flotl, Hsc/Hsp70 and platelet-derived
IntodIb (Fig. 4a). The obtained signals were quantified and
plotted against time and power. EV amounts started to
increase after 9 min (150 W), rose more or less constantly
to reach the maximum between 15 and 21 min (250-300 W)
and started to decline 10 min post exercise (Fig. 4b—d).
In addition, we determined lactate concentrations and the
levels of cfDNA, which have been shown to rise during
exercise with release kinetics similar to lactate (38,39).
Lactate levels began to elevate after 15 min (250 W), and
the TAT was reached at 289 (+8) W, demonstrating
that small EV release is initiated before the IAT and the
accumulation of lactate and acidification of blood
(Fig. 4b—e). cfDNA concentrations started to rise after
15 min (250 W) and reached the maximum 10 min after
cessation of exercise (Fig. 4e), providing evidence that
secretion of small EVs and cfDNA release is 2 independent
mechanistic events. Thus, small EV release is triggered
early during exercise and occurs before lactate and cfDNA
release.

Discussion

Exercise is associated with a number of immediate
physiological responses as well as long-range homeostatic
processes. EVs emerge as comprehensive signalling entities
mediating adaptive responses over large distances with
widespread implications in physiology (40,41). In this
study, we asked whether physical activity affects the level of
EVsin the circulation with focus on small EVs. The results
indicate that a single bout of exhaustive exercise triggers
the release of EVs with the size and marker profile of
exosomes, which are cleared from the circulation during
the early recovery period after cycling, but stay elevated
after running exercise. Increasing levels of larger platelet
and endothelial cell-derived microparticles have been
described after strenuous as well as moderate exercise,
focussing on aspects of blood haemostasis (26,28,30,31).
A recent study demonstrated that the dynamic release and
clearance of microparticles during pharmacologically
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Fig. 2. Effect of exercise on plasma microvesicles (MV). Semi-quantitative Western blot analysis of Flotl, Hsp70 and Intallb in
10,000 x g MV pellets isolated from plasma after incremental ergometer cycling (a, n =4) or treadmill running exercise (b, n =4).
Plasma samples were collected pre, post and 90 min post-cycling (a) and in addition 360 min postrunning exercise (b). Overall, no
significant correlation between the detected MV markers and physical activity was observed, with the exception of Flotl, which
revealed lower signals immediately after running exercise (*p <0.05, Wilcoxon—Kruskal-Wallis test).

induced cardiac stress was part of a physiological response, not powerful enough to resolve the dynamics of EV
which was diminished in individuals with vascular disease subpopulations derived from distinct cells.

(42). Looking at a total population of larger EVs by semi- We utilized differential centrifugation and filtration to
quantitative means, we did not find evidence for increased separate circulating EVs in 2 fractions of particles, desig-
total levels of large EVs; however, this analysis is probably nated here as MVs and small EVs/exosomes, respectively.
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Fig. 3. Effect of running exercise on plasma small EVs. Plasma samples were taken pre, post, 90 post (90+) and 360 post (360+)
treadmill exercise. Pellets of 100,000 x g were analyzed for particle size and concentration by NTA [(a) subjects a and b] and for protein
composition by Western blotting [(b) subjects 1-4]. Signal intensities of Flotl (c), Hsp/Hsc70 (d) and Intallb (e) were quantified (pre/

post/90+: n =4, 360+: n =2, *p <0.05, Student’s t-test).

While the MV fraction remained more or less constant in
response to exercise, significant changes were observed in
the exosome fraction by semi-quantitative evaluation of
distinct exosome markers as well as by single particle
analysis (NTA). Consistent with previous reports, we
found that the content of plasma of exosomes in healthy
individuals is low, in particular under resting conditions,
and some genuine exosome markers are difficult to
uncover from the background of prominent plasma
components (15). With regard to the ongoing discussion

in the field about MV and exosome definition (43), it is
important to note that the present study does not provide
information on the origin of these small EVs, whether they
derive from endosomal stores, or stem from shedding
plasma membrane, or represent a mixture of both. The
study adheres to the current best practice of EV classifica-
tion (43,44), which relies on different criteria referring to
the presence of a combination of EV markers as well as the
size distribution profile of the vesicle fraction and, thus, we
propose to use the term exosomes to describe these small
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Fig. 4. Kinetic analysis of small EV release during incremental cycling exercise. Kinetics of exosome, lactate (a—d) and cfDNA (e)
release were recorded during and after an incremental cycling exercise (n =2, same subject). Plasma samples taken after each increment
and post exercise were subjected to differential centrifugation, and small EVs were analyzed by Western blot (a). Western Blot signals
were quantified for Flotl (b, n =2), Hsp/Hsc70 (¢, n =1) and Intallb (d, n =1). The individual anaerobic threshold (IAT) is indicated

as vertical dashed line.

EVs. Quantification of particles in the exosome fraction by
NTA most likely also displays co-isolated lipoprotein
particles (LDL, HDL), which were reported of being
moderately increased after exercise as well (45). However,
the increase in NTA particle count in the exosome fraction
was confirmed by increased representation of genuine EV
and exosome markers in the biochemical analysis.
Examination of the oIIb integrin subunit indicated that
platelet-derived vesicles are among exosomes released in
response to physical activity. Platelets are known to
produce pro-coagulant EVs including exosomes as a result
of different activation stimuli (13,46). It should be noted
that plasma processing affects platelet vesiculation and
fractionation, which may contribute to the recovery of
platelet EVs in MV and small EV fractions (47.48).
However, the pre-analytical parameters were identical for
all subjects and time points compared in this study. Most
likely, other cells such as endothelial cells, red blood cells,
monocytes and neutrophils release exosomes into the
circulation during physical activity. Shear stress is a hall-
mark of exercise and has been suggested to stimulate
secretion and transfer of exosomes from endothelial cells
(HUVECS) to smooth muscle cells, mediating atheropro-
tective functions (49). Further detailed studies are required

(page number not for citation purpose)

to decipher the cellular source and the full complexity of
exosomes released during physical activity. Since EVs are
dynamic structures known to modulate their content in
response to cell stress (12), it is likely that circulating
exosomes after exercise differ from those before exercise
not only in amount but also in their origin and their
individual composition.

Which factors trigger the discharge of EVs into the
circulation? It appears conceivable that the physiological
activation state of the body during exercise provokes
an acute stress response, which facilitates exosome release.
A reliable marker of the acute stress response known to
increase in the circulation depending on exercise is Hsp70
(also designated Hsp72), although the mode of Hsp70
release was still unclear (50-52). A link between the
acute stress response and exosome-dependent release of
Hsp70 into plasma was recently found in rats challenged
by tail shock (53). Our study provides evidence that during
exercise, Hsp70 is released into the human circulation
in association with exosomes. Intriguingly, the release
kinetics of exosomes (and Hsp70) during incremental exer-
cise indicated that exosomes are already liberated during
the aerobic phase of exercise before the IAT and, thus,
independent of metabolic stress associated with lactate
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accumulation and blood acidification. The kinetics of
exosome release is also faster compared with that of the
catecholamine stress hormones epinephrine and norepi-
nephrine (54-56) or the rise of cfDNA levels, which were
suggested to correlate with physical exhaustion (25).
Hence, cfDNA release is definitely not coupled to exosome
release, as also suggested by qPCR determination of
DNA-levels in pellet and supernatant fractions, which
was conducted in parallel (57). Our study thus indica-
tes that physical activity-triggered exosome release occurs
independently of metabolic stress and the induction of
the acute stress response. Potential factors initiating exo-
some release likely act already during the aerobic phase of
exercise.

A remarkable observation was that exosome levels
appeared sustained through the early recovery period after
running, while exosomes after cycling exercise were cleared
from the circulation more rapidly. This difference could
be due to continued exosome generation or restrained
clearance after cessation of treadmill running. Although
the mean age differed significantly between cycling and
running groups, age was not responsible for the observed
divergence. Individuals below the age of 30 years (as
analyzed in treadmill running) exhibited a robust EV
release in response to cycling exercise, which diminished
90 min after exercise. In contrast to cycling, running is
associated with higher heart rates and includes higher
eccentric burden for the muscle, which may be a stronger
challenge of tissue homeostasis requiring a more pro-
nounced cascade of repair. Whether sustained levels of
exosomes after running are somehow linked to these
attributes remains to be addressed. Clearance of EVs
from the circulation is most likely mediated by uptake in
target organs. The present study provides information
about the in vivo clearance kinetics of EVs endogenously
released into the circulation of humans. EV turnover
appears to relate to the nature of the EVs and the body
conditions. In rodents, which have a small blood volume
compared to humans, clearance of ectopically injected
EVs occurs fast within 30 min (58,59) and depends on the
presence of macrophages (60). Phagocytosing cells such as
macrophages and monocytes may be the primary target of
circulating EVs and mediate various immune modulatory
functions. Human body fluid-derived exosomes were
shown to simulate TLR-signalling in monocytic cells
leading to downstream activation of NFxB and STAT3
pathways mediating production of pro-inflammatory
cytokines (61).

What may be the physiological relevance of EVs
released during exercise? Activity-induced platelet-derived
MVs were shown to promote coagulation and, hence, were
correlated with an increased risk of thrombosis after
exercise (26,30). In general, increased levels of EV in the
circulation may reflect the physiological activation state of
the body during exercise. EV discharge into the circulation

Circulating extracellular vesicles during exercise

could aid the disposal of cellular waste products generated
under stress conditions and help the cells to maintain
homeostasis. Furthermore, exosomes have been recog-
nized as powerful signalling vehicles that play versatile
roles in immune modulation (62-65), inflammatory re-
sponses activating tissue repair (52,66) and vascular bio-
logy including angiogenesis and cardioprotection (67—69).
In view of the health-protective effects of regular exer-
cise, it is tempting to speculate that EVs (in particular
exosomes) released into the circulation deliver signals that
are instrumental in regulating physiological adaptation
processes in response to physical activity. Further studies
deciphering the cellular source, targets and signalling
components of exercise-induced EVs are required to reveal
their potential role as mediators of health-promoting
effects associated with physical activity.
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