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Abstract Extracellular vesicles (EVs) serve an important
function as mediators of intercellular communication.
Exercise is protective for the heart, although the signaling
mechanisms that mediate this cardioprotection have not
been fully elucidated. Here using nano-flow cytometry, we
found a rapid increase in plasma EVs in human subjects
undergoing exercise stress testing. We subsequently iden-
tified that serum EVs were increased by ~ 1.85-fold in
mice after 3-week swimming. Intramyocardial injection of
equivalent quantities of EVs from exercised mice and non-
exercised controls provided similar protective effects
against acute ischemia/reperfusion (I/R) injury in mice.
However, injection of exercise-induced EVs in a quantity
equivalent to the increase seen with exercise (1.85 swim
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group) significantly enhanced the protective effect. Simi-
larly, treatment with exercise-induced increased EVs pro-
vided additional anti-apoptotic effect in H,O,-treated
HO9C2 cardiomyocytes mediated by the activation of
ERK1/2 and HSP27 signaling. Finally, by treating HOC2
cells with insulin-like growth factor-1 to mimic exercise
stimulus in vitro, we found an increased release of EVs
from cardiomyocytes associated with ALIX and RAB35
activation. Collectively, our results show that exercise-in-
duced increase in circulating EVs enhances the protective
effects of endogenous EVs against cardiac I/R injury.
Exercise-derived EVs might serve as a potent therapy for
myocardial injury in the future.

Keywords Extracellular vesicles - Exercise - Ischemia—
reperfusion injury

Introduction

Extracellular vesicles (EVs) are a heterogeneous group of
lipid encapsulated vesicles (encompassing microvesicles
and exosomes) that have captured the attention of scientists
for their potential roles in cell-cell communication and
cardiovascular biology, disease, and therapeutics [16]. In
the past few years, multiple studies have focused on the
protective effects of stem cell-derived exogenous EVs
against cardiomyocyte apoptosis in the ischemic myo-
cardium [3, 28, 44, 47]. Interestingly, it was recently
reported that endogenous plasma EVs could also protect
the heart from ischemia—reperfusion (I/R) injury, providing
compelling evidence that circulating EVs are able to deli-
ver endogenous protective signals to the heart even in a
physiological condition [46].
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Exercise training is highly recommended by scientists
and clinicians as a key strategy to prevent and treat car-
diovascular and metabolic diseases [6]. Exercise is able to
trigger the release of a variety of “exerkines” into the
circulation that can be contained within EVs [20, 35].
Exercise-derived EVs are hypothesized to be released from
cells to the blood and can confer the systemic benefits of
exercise to distal organs, including the heart [40]. How-
ever, current knowledge about the modulation of circulat-
ing EVs in response to exercise is limited. One study
reported that acute exhaustive exercise can induce rapid
release of EVs into the circulation [18]. However, the
potential relevance of exercise-derived EVs in cardiovas-
cular biology remains largely unknown. As exercise is
widely considered to be protective to the heart, we
hypothesized that exercise would further enhance the
benefits of endogenous circulating EVs upon ischemic
cardiac injury.

In the current study, we investigated the quantity and
characteristics of EVs in the plasma of at-risk subjects
referred for exercise testing and found a significant increase
in the quantity of EVs (without a marked change in the size)
with acute exercise. In parallel, we isolated EVs from the
serum of exercised mice and found that circulating EVs were
increased by ~ 1.85-fold in mice after 3 weeks of swimming
exercise when compared with sedentary ones. Interestingly,
intramyocardial delivery of equal quantity of EVs isolated
from the serum of sedentary mice and exercised mice
showed similar protective effects against myocardial I/R
injury and cardiomyocyte apoptosis. However, 1.85-fold of
exercise-derived EVs further enhanced these cardioprotec-
tive effects, indicating that exercise-induced increase in the
number, but not change of the contents of circulating EVs
was responsible for the additional benefits of exercise. Fur-
thermore, we identified that ERK1/2 and HSP27 activation
was essential to mediate the beneficial effects of exercise-
derived EVs upon myocardial I/R injury. Finally, we found
evidence that exercise-derived EVs may at least in part
derive from cardiomyocytes via activation of ALIX and
RAB35, though EVs from other sources (e.g., skeletal
muscles) deserve further investigation. Taken together, this
study demonstrates that exercise is an efficient way to further
enhance the protective effects of endogenous circulating
EVs to the heart.

Methods

Exercise testing and plasma collection in human
subjects

Patients who were advised exercise stress test for symp-
tomatic or asymptomatic conditions gave their consent
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under an approved Institutional Review Board (IRB) Pro-
tocol. An intravenous cannulation was performed at rest
and three samples of blood, each containing 10 ml were
obtained by percutaneous cubital venipuncture drawn in an
EDTA containing vacutainer (BD Biosciences, Franklin
Lakes, NJ, USA) at three time points (rest, peak exercise,
and 15 min after the completion of exercise stress test, also
termed as recovery). The samples were processed within
60 min of blood draw and centrifuged at 1000xg for
10 min in a clinical centrifuge (Eppendorf Centrifuge 5810
R) at room temperature. The plasma from the EDTA tubes
was carefully removed leaving the buffy coat aside and
transferred to centrifuge tubes (Falcon 15 ml conical cen-
trifuge tubes) and a second spin of 2500x g for 15 min at
room temperature was done to pellet any remaining debris.
After discarding the lipid-rich topmost layer (500-700 pl)
of the plasma, 10 pl was diluted in pre-filtered (through a
0.2 um filter) phosphate buffered saline (PBS; Life Tech-
nologies, Carlsbad, CA, USA) to a final concentration of
1:1000. Plasma diluted in PBS was then transferred in
micro-centrifuge tubes (USA Scientific, 1415-2500) that
showed no significant ‘shed’ of debris recorded by the
instrument in the size range of EVs and indistinguishable
from EVs. Similarly, the sheath fluid from the flow
cytometer was filtered through a built-in 0.2 um filter at
room temperature. All samples were analyzed by nano-
flow cytometry (nano-FCM) within 30 min post-processing
and all procedures were performed at room temperature.

Nano-flow cytometry

Photon correlation spectroscopy (PCS) latex beads (100,
200, 300, and 500 nm; PN 6602336, Beckman Coulter,
Fullerton, CA, USA), and cell-free plasma were analyzed
on the primarily AstriosEQ and also NanoView-equipped
MoFlo XDP cell sorter as previously described using a
70-um nozzle tip with sheath pressure set to 60 PSI [14].
AstriosEQ is equipped with two FSC PMT pathways sep-
arated by a beam splitter where FSC1 is a direct laser beam
pathway and FSC2 is directed at an angle from the beam
splitter. Seven different and unique masks are provided to
optimize particle identification and focus laser light to the
PMTs, aiding the identification of particles from 200 to
30 nm (individually or together). Initial alignment in
AstriosEQ was done by acquiring a bead range of 20 pm
down to and including 100 nm particles (data not shown).
After establishing the dynamic range of the AstriosEQ, the
beam splitter was removed and the instrument was opti-
mized on the FSC1 for small particle detection. All sub-
sequent measurements were acquired with threshold set to
561 nm SSC at 0.002-0.005 with no neutral density filter.
PCS Mixed Kit was acquired to establish differing size
populations and ability to differentiate from noise (signal
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noise and drop drive noise). All seven masks were pro-
cessed to establish best mask for nanoparticle detection.
200 nm polystyrene beads from different manufacturers
were compared to show mask sensitivity. Beckman Coulter
Flow-Check Pro Fluorospheres (cat # A69183) were used
to locate beam spot and peak the 488 nm laser and make
adjustments to the FSC and SSC-related settings, voltage
and threshold (FSC log 425-475 V, SSC log 400-450 V,
FSC or SSC threshold of 0.002%) to optimize the instru-
ment for small particle detection. The threshold parameter
used was based on signal-to-noise ratio of samples being
acquired.

Instrument noise was assessed in the absence of any
loaded sample by lowering the threshold initially to its
minimum of 0.001 and the threshold was then raised to
eliminate the events contributed from this noise population.
We kept the inherent instrument events (instrument noise)
between 800 and 1500 events per second. We next pro-
ceeded by introducing filtered PBS alone, and events
generated were visualized. The filtered PBS should not and
does not contribute additional events as set forth by
defining the background noise (still 800—1500 events per
second). Finally, the experimental samples were measured.
We proceeded by drawing a gate around the events con-
tributed from the noise population and termed it as noise
and or background. Within that region of “non EV events”,
events are therefore primarily instrument noise, although in
the actual samples we cannot exclude that this may contain
EVs that are below our instruments limit of detection. A
second gate was drawn above the initial gate and was
inclusive of all events generated by the experimental
sample, but excluded noise determined as noted above.
This gate was calibrated to latex beads of different sizes
(PCS controls L50, L100, L200, L800, L1000, L1300; cat #
6602784 Beckman Coulter, Inc., 250 S. Kraemer Blvd
Brea, CA 92821, USA) to ensure correct estimation of the
size range of counted EVs. During analysis of all experi-
mental samples, the gates were left the same for consis-
tency and to allow for comparison of the geometric means
(GeoMeans). To normalize the counts of events in the EV
gate of interest, every sample is spiked with 100 pl of
0.5 pum beads at a concentration of 1.0 x 10%ml and each
sample counted for 3 min. The number of beads counted
for 3 min from each sample is consistent across the board
and serves as a standard. Percentages reported are nor-
malized based on the bead counts between samples across
the board. The EVs were reported through the GeoMeans
of the gated populations in the ‘EV’ gate and expressed as
percentage of all counted events.

In order to generate a size distribution curve, PCS latex
beads (100, 200, and 500 nm) were acquired and adjust-
ments were made to the FSC micrometers and the 488 nm
laser micrometers to enhance dynamic range and to

optimize signal-to-noise ratio settings. The beads were
mixed for a final bead size distribution curve. To prevent
bead aggregation, microbeads were diluted in PBS with
0.1% Tween-20 solution, to a final concentration of
1.29 x 10’ beads/ml, and sonicated, and centrifuged at
14,000x g for 20 min to pellet bead aggregates. The top-
most 10 pl was further diluted 1:100 before analysis. All
controls and samples were acquired at a pressure of 60 PSI
and pressure differential of 0.3-0.5 PSI. At this PSI setting
and plasma dilution, EVs were processed at 10k—20k
events per second. For data analysis of EVs, the mean is
chosen due to the scatter properties being logarithmic. The
GeoMean is chosen over the arithmetic mean due to its
robustness and not easily being affected by outliers.
Therefore, to compare the populations of interest generated
on the FSC Log vs. SSC Log, the GeoMeans for both axes
are compared. The change in GeoMean reflects population
shifts and allows for relative size comparisons, while
changes in the percentage of events in the EV-gate nor-
malized to bead counts in the 3-min time-gate allows for
estimation of relative EV counts.

Animals and swimming protocol

Eight-week-old male C57BL/6 mice were purchased from
Cavens Lab Animal (Changzhou, China) and maintained in
SPF laboratory animal facility of Shanghai University
(Shanghai, China). All animal experiments were conducted
under the guidelines on the use and care of laboratory
animals for biomedical research published by National
Institutes of Health (No. 85-23, revised 1996), and
approved by the committee on the Ethics of Animal
Experiments of Shanghai University. To induce physio-
logical cardiac growth, a 3-week swimming protocol was
performed in mice which could lead to increased heart
weight but no alteration in ANP and BNP expressions as
our previously reported [34]. In brief, the exercise training
began with 5 min twice for the first day and 10 min twice
for the second day, and then continued with an increase of
10 min per day until 90 min twice per day was reached.
After 3 weeks of swimming, mice serum was collected for
EV preparation.

Serum EV preparation

At the end of swimming protocol, 250 pl of mice serum
was collected and centrifuged at 3000xg for 15 min at
4 °C. Next, the supernatant was incubated with 63 pul of
ExoQuick™ Exosome Precipitation Solution (System
Biosciences, Mountain View, CA, USA) for 30 min and
centrifuged at 1500x g for 30 min at 4 °C according to the
manufacturer’s instructions. Supernatant was then removed
by aspiration and pelleted fraction was further centrifuged
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at 1500xg for 5 min at 4 °C. Finally, EV pellets were
resuspended with 100 pl of PBS and conserved at —80 °C
for further use.

Transmission electron microscopy and atomic force
microscopy

Extracellular vesicle pellets were resuspended with 100 pl
of PBS, fixed in 2.5% glutaraldehyde for 1 h, and treated
with 1% osmium tetroxide. Section samples at 60 nm were
observed under transmission electron microscopy (Jeol
JEM-1010, Tokyo, Japan). Additionally, 10 pl of PBS-re-
suspended EVs were placed onto a mica plate and observed
with tapping mode under atomic force microscopy (Agilent
5500 ILM, CA, USA) to visualize the three-dimensional
pattern of EVs.

Nanoparticle tracking analysis

Extracellular vesicle pellets were resuspended with 100 pl
of PBS and subjected to Nanoparticle tracking analysis
(NTA) using the NanoSight S300 system (Version 3.1
Build 3.1.54, Malvern, UK). EVs were captured by the
SCMOS Camera at 24.5 °C, followed by the measurement
of EV particle modal size and concentration.

Intramyocardial injection of EVs and animal model
of cardiac ischemia/reperfusion injury

To study the effect of circulating EVs isolated from exer-
cised and sedentary mice, intramyocardial injection of EVs
was performed before mice were subjected to cardiac I/R
injury. Briefly, equal quantity of EVs (10 pg EVs diluted in
25 ul PBS) isolated from sedentary mice (baseline group)
and exercised mice (swim group) were injected in the left
ventricle free wall before I/R surgery. As the number of
circulating EVs was found to be increased by ~ 1.85-fold
after exercise training, intramyocardial injection of 1.85-
fold of circulating EVs isolated from exercised mice (1.85
swim group) was simultaneously performed to clarify
whether exercise-induced increase in the number of EVs
could protect and/or produce better effect against I/R
injury. Control mice were treated with intramyocardial
injection of PBS. After that, mice were subjected to left
anterior descending artery (LAD) ligation for 30 min,
followed by 24 h of cardiac reperfusion as our previously
reported [49]. At 24 h post-I/R injury, 1 ml of 1% Evans
Blue dye was injected into the left ventricle. Heart slices
were stained with 2,3,5-triphenyltetrazolium chloride
(TTC). Infarct size (INF) was measured with TTC staining,
by which the viable tissue was stained red and the infarcted
region was left unstained. Area at risk (AAR) was
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determined by injecting Evans Blue into the circulation
after ligation of the artery, which will be left unstained.
The area at risk/left ventricle weight (AAR/LV) ratio was
calculated to evaluate the homogeneity of surgery. The
infarct size/area at risk (INF/AAR) ratio was calculated to
determine the severity of cardiac I/R injury.

Tunel assay for myocardial apoptosis

To evaluate myocardial apoptosis, 5-um-thick frozen heart
sections were fixed in 4% paraformaldehyde (PFA) for
20 min, permeabilized with 0.2% Triton X-100 in PBS for
20 min, and then blocked with 5% bovine serum album
(BSA) for 1 h at room temperature. To label cardiomy-
ocytes, heart sections were first incubated with mouse anti-
o-actinin (Sigma, A7811, 1:200) at 4 °C overnight. After
incubated with corresponding secondary antibody at room
temperature for 2 h, sections were stained with Tunel FITC
Apoptosis Detection Kit (Vazyme, A111-03) according to
the manufacturer’s instructions. Nuclei were counter-
stained with DAPI. Finally, 20-30 fields/section were
viewed at 400x magnification under confocal microscope
(Carl Zeiss). The percentage of Tunel-positive cardiomy-
ocytes was calculated to determine myocardial apoptosis
upon I/R injury.

Cell culture and treatment

Rat H9C2 cardiomyocytes were cultured in Dulbecco’s
modified eagle’s medium (DMEM, Corning, USA) con-
taining 4.5 g/l glucose supplemented with 10% fetal bovine
serum (Biolnd, Israel) and 1% streptomycin/penicillin at
37 °C with 5% CO,. Treatment of H9C2 cells with
hydrogen peroxide (H,O,) at 600 uM for 2 h was used to
induce apoptosis. To investigate the potential role of EVs
in cardiomyocyte apoptosis, EVs extracted from the serum
of sedentary and exercised mice were divided into groups
as follows: (1) baseline group: EVs (10 pg/ml in culture
medium) from sedentary mice; (2) swim group: EVs
(10 pg/ml in culture medium) from exercised mice; (3)
1.85 swim group: 1.85-fold EVs (18.5 pg/ml in culture
medium) from exercised mice, compared to (4) control
group: no EVs. Briefly, cells were pre-incubated with
serum-derived EVs or control for 24 h, and H,0,
(600 uM) was added 2 h before the end of incubation.
Twenty-four hours after, cells were collected for flow
cytometry or Western blot analysis. To clarify whether
ERK1/2 and HSP27 activation was essential to mediate the
functional role of EVs in the control of cardiomyocyte
apoptosis, H,O,-treated H9C2 cells were pre-incubated
with 1.85 swim EVs, in the presence of either 50 pM
PD98059 (ERK1/2 inhibitor) or 10 pM SB203580
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(p38MAPK inhibitor which leads to reduced HSP27
phosphorylation) treatment. To study the potential mech-
anism how exercise triggers the release of EVs, HOC2 cells
were transfected with either ALIX or RAB35 siRNA
(75 nM) for 48 h, and insulin-like growth factor-1 (IGF-1,
100 ng/ml) was added 24 h before the end of incubation
which mimicked exercise stimulus in vitro. Finally, the
EVs were extracted from the culture medium using Exo-
Quick-TC™ Exosome Precipitation Solution (System
Biosciences), and exosomal protein concentrations were
determined using BCA Protein Assay Kit (TaKaRa).

PKH67 labeling for EVs

To determine whether EVs could be uptaken into HOC2
cells, mouse serum-derived EVs were stained with
PKH67 (Sigma, PKH67GL) to allow for particle detec-
tion. In brief, 100 pl of PBS-resuspended isolated EVs
were dissolved in 1 ml Diluent C containing 4 pl PKH67.
After 4 min, PKH67 labeling was stopped by adding 2 ml
of 0.5% BSA. EVs were then centrifuged at 100,000g for
1 h and resuspended in 100 pl of PBS. Next, 10 pg/ml of
PKH67-labeled EVs were added into the culture medium
of HOC2 cells and incubated for 24 h. One hour before the
end of incubation, Dil dye was added for cell membrane
staining. Nuclei were counterstained with DAPI. Images
were taken at 600x magnification under confocal
microscope (Carl Zeiss). The presence of PKH67-1abeled
EVs within HOC2 cells was examined for validation of
intake of EVs.

Flow cytometry for cell apoptosis

After cells were pretreated with serum-derived EVs for
24 h and stimulated with H,O,, cell apoptosis was ana-
lyzed using Annexin V-FITC/PI Apoptosis Kit (Bioworld,
Nanjing, China) according to the manufacturer’s instruc-
tions. Briefly, cells were trypsinized and washed twice with
PBS. After added with binding buffer and incubated with
2.5 pl of Annexin V-FITC and 2.5 pl of FIPI for 15 min in
the dark, cells were analyzed for apoptosis and necrosis by
flow cytometry (Beckman Coulter, USA).

Western blot analysis

The EV pellets (EV-rich fraction) and supernatants (no-EV
fraction) collected from the last step of EV preparation via
ExoQuick™ Exosome Precipitation Solution (System
Biosciences, Mountain View, CA, USA) were lysed within
RIPA lysis buffer (Beyotime, China). The total protein
concentration was evaluated by BCA Protein Assay Kit

(TaKaRa). Proteins were separated in 10% SDS-PAGE
gels and then transferred onto PVDF membranes. After
blocked with 5% BSA, the membranes were blotted with
rabbit-anti-CD63 (System Biosciences, EXOAB-CD63A-
1, 1:1000) to confirm the presence and purity of isolated
EVs vs. relative supernatants. For rat HOC2 cardiomy-
ocytes cultured in vitro and left ventricle samples from I/R
mouse model in vivo, cells or tissues were lysed within
RIPA lysis buffer (Beyotime, China) complemented with
1% phenylmethylsulfonyl fluoride (PMSF) and Pierce™
protease and phosphatase inhibitor (Thermo, 88668). Equal
amount of proteins were subjected to Western blot analysis
according to a standard protocol as described above. The
membranes were blotted at 4 °C overnight with primary
antibodies as follows: rabbit-anti-Bax (Abclonal, A0207,
1:1000), rabbit-anti-Bcl2 (Abclonal, A2845, 1:1000), rab-
bit-anti-pERK1/2 (Abclonal, AP0472, 1:1000), rabbit-anti-
total ERK1/2 (Abclonal, A0229, 1:1000), rabbit-anti-
pHSP27 (Abcam, abl115891, 1:1000), rabbit-anti-total
HSP27 (Abclonal, A0240, 1:1000), rabbit-anti-ALIX
(Abclonal, A2215, 1:1000), rabbit-anti-HRS (Abclonal,
A1790, 1:1000), rabbit-anti-RAB27B (Abclonal, A10389,
1:1000), rabbit-anti-RAB35 (Abclonal, A8030, 1:1000).
The B-actin (Bioworld, BS13278, 1:1000 dilution) was
used as a loading control. The blots were then incubated
with corresponding secondary antibodies, and finally
visualized with enhanced chemiluminescence (ECL) kit in
ChemiDoc XRS Plus luminescent image analyser (Bio-
Rad).

Quantitative real-time polymerase chain reactions
(qRT-PCRs)

Total RNA was extracted from H9C2 cells using Trizol
(TaKaRa) and reverse transcribed using Bio-Rad iScript™
cDNA Synthesis Kit. A template equivalent of 400 ng of
total RNA was subjected to 40 cycles of quantitative PCR
with Takara SYBR Premix Ex Taq"™ (Tli RNaseH Plus,
Japan) on CFX96™ Real-Time PCR Detection System
(Bio-Rad). 18s was used as an internal control. The primers
used are listed in Table 1.

Statistical analysis

All data were analyzed using SPSS (version 19.0) and
presented as mean £ SEM. A paired-samples ¢ test was
used to compare the circulating EVs in individual patient
during resting state and at peak exercise. Apart from this,
an independent-sample ¢ test was used to compare between
two groups. For the comparison among (more than) three
groups, one-way ANOVA test was performed followed by
Bonferroni’s post hoc test. A P value less than 0.05 was
settled as the limit of statistical significance.
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Table 1 Primer sequences for

ART-PCRs Gene Species Forward primer (5'-3") Reverse primer (5'-3')
ALIX Rat GCAGAGCAGAACCUGGAUATT UAUCCAGGUUCUGCUCUGCTT
HRS Rat TGAGTGGCTGTCGAGTGTTC TCGTGACCTGCTTCTTGACC
STAMI1 Rat ACATCAAGGCATGGGGCTTT TGGTGACACATCGCTTCGAG
TSG101 Rat ATCCTGGCTGTCCTTACCCA TGCTCGAATAGTGTCCTCGC
RABI1 Rat ATTCAGGTGGACGGCAAGAC CACCACGGTAGTACGCAGAG
RAB27A Rat GTTCGACCTGACAAACGAGC CTTTCACAGCCCTCTGGTCT
RAB27B Rat CCGAUACACAGACAAUAAATT CCAUGGGCUUCUUACUAAUTT
RAB35 Rat GCAGCUACAUCACCACAAUTT AUUGUGGUGAUGUAGCUGCTT
18s Rat ATTCGAACGTCTGCCCTATCAA CGGGAGTGGGTAATTTGCG

Results circulating EVs were extracted from the serum. Using

Circulating EVs are increased acutely with exercise
in human subjects

A total of 16 patients were enrolled for the study and
peripheral blood samples were collected at baseline (prior
to starting exercise) and at peak exercise (right at termi-
nation of the protocol). Plasma was processed and analyzed
using nano-flow cytometry (nano-FCM) as previously
described [14]. The mean age of the patients was
54 £ 11 years and the mean body mass index (BMI) was
27 + 4 kg/m*. Among the patients, only 3 were females
and 13 had one or more cardiometabolic risk factors
(Supplementary Table 1). Analysis of the nano-FCM
results demonstrated the presence of a large population of
EVs (Fig. 1a) with some variance of sizes at baseline as has
been previously reported [14]. We observed a significant
increase in the population of EVs in the gate based on
forward and side scatter characteristics (normalized to
standardized spike-in beads) and previously shown to
correspond to EVs during peak exercise in patients com-
pared to their resting state (43.11 & 24.61 vs.
54.65 £+ 25.68%, P < 0.05, paired ¢ test, two tailed)
(Fig. 1b). This shift in the profile of EVs at peak exercise
compared to resting state in patients was noted consistently
throughout individual patient samples (Fig. 1c), although
there was considerable variation in the baseline levels of
EVs as measured by nano-FCM.

Serum EVs are increased by chronic exercise
training

We next sought to determine if chronic exercise would lead
to a sustained increase in circulating EVs, and whether
these exercise-derived circulating EVs have cardioprotec-
tive effects. Male adult mice were subjected to a 3-week
swimming exercise which was able to induce physiological
cardiac growth as previously reported [43], and sedentary
mice were used as controls. At the end of 3 weeks,
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transmission electron microscope and atomic force micro-
scope, we first identified the EVs that were ~ 100 nm in
diameter (Fig. 2a) and 40-50 nm in height (Fig. 2b).
Western blot analysis showed the presence of exosomal
marker CD63 in EV-rich fraction, while the supernatant
fraction barely expressed CD63 (Fig. 2c), confirming that
EVs were correctly and efficiently extracted from the
serum.

Interestingly, based on a nanoparticle tracking analysis,
we further detected that the number of circulating EVs
isolated from the serum was significantly increased by
~ 1.85-fold upon exercise training, though the modal size
of particles was unchanged (Fig. 2d). Meanwhile, CD63
expression level was also found to be elevated in exercise-
derived EVs compared with control ones (Fig. 2e). These
data revealed that circulating EVs can be efficiently
increased upon chronic exercise.

Exercise-derived circulating EVs reduce myocardial
I/R injury in vivo

It was previously reported that plasma EVs isolated from
healthy human and rats were protective against cardiac I/R
injury [46]. However, it is not clear if exercise-derived
circulating EVs could produce the same or even more
beneficial effects. Here, intramyocardial injections of
serum-derived EVs were conducted just before mice were
subjected to myocardial I/R injury (30 min ligation and
24 h reperfusion). As evidenced by TTC staining, the
infarct size was markedly reduced by injection with the
equal quantity of circulating EVs isolated from sedentary
mice (baseline group) and exercised mice (swim group) in
comparison to that of PBS-injected mice (Fig. 3a), sug-
gesting that exercise-derived EVs (when used in the same
quantity as the EVs isolated from sedentary mice) pro-
duced the equivalent (but not better) effect against I/R
injury.

As we have already identified that the number of cir-
culating EVs isolated from the serum was increased by
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Fig. 1 Acute exercise increases extracellular vesicle numbers in
human subjects with cardiometabolic risk factors. a Nano-FCM
demonstrating EV profiles in patients in response to exercise during
exercise stress test. Representative nano-FCM profiles are shown at
baseline (left) and at peak exercise (right). The rectangular gating
(denoted by asterisk) at the right upper quadrant denotes the
fluorescent beads sized at 200 nm. EVs are in the gating denoted by
hash symbol. b Box-and-whisker plot demonstrating EV population

~1.85-fold upon exercise training (Fig. 2d), we continued
to investigate whether the increase in the number of EVs
could account for the cardioprotective effect of exercise
against I/R injury. Interestingly, intramyocardial injection
with 1.85-fold of EVs isolated from exercised mice (1.85
swim group) further reduced the infarct size as compared to
swim group (Fig. 3a). As a hallmark of cellular response
upon I/R injury, myocardial apoptosis was then evaluated
by Tunel staining and Western blot analysis. Our data
demonstrated that both of the baseline group and swim
group had reduced Tunel-positive cardiomyocytes with
increased Bcl-2 but reduced Bax expression level in the
condition of I/R injury, and 1.85 swim group showed fur-
ther enhanced anti-apoptotic effects (Fig. 3b, c). These data
indicate that circulating EVs can protect against myocar-
dial I/R injury and apoptosis, and exercise-induced increase
of circulating EVs further enhances these effects.

o

AL D kD oA DD
T TR

SN T
AR AR A AR AR

(reported through the GeoMeans of the gated populations and
expressed as percentage of the EV-gated population to all counted
events) pooled from all the patient samples. ¢ Bar graph demonstrat-
ing EV population (reported through the GeoMeans of the gated
populations and expressed as percentage of the EV-gated population
to all counted events) in individual patient (Pt) during resting state
and at peak exercise. EVs extracellular vesicles. *P < 0.05 (paired
t test, two tailed)

Exercise-derived circulating EVs reduce
cardiomyocyte apoptosis in vitro

To further clarify the functional effect and molecular
mechanism of exercise-derived circulating EVs on car-
diomyocyte apoptosis, rat HOC2 cardiomyocytes were pre-
treated with serum-derived EVs and then exposed to H,O,
as an in vitro model of apoptosis [49]. As evidenced by
PKH67 immunofluorescent labeling, we confirmed that
serum-derived EVs could be efficiently taken into HOC2
cardiomyocytes after 24 h of incubation (Fig. 4a). More-
over, pre-incubation with serum-derived EVs isolated from
either sedentary mice (baseline group) or exercised mice
(swim group) could markedly reduce cellular apoptosis with
increased Bcl-2 but reduced Bax expression level, and 1.85
swim group produced better anti-apoptotic effect in H,O,-
treated H9C2 cardiomyocytes (Fig. 4b, c¢). These results
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Fig. 2 Increased serum extracellular vesicle level in response to
chronic exercise. a, b Transmission electron microscopy and atomic
force microscopy for EVs isolated from the serum. Scale bar 100 nm.
¢ Western blot for exosomal marker CD63 (n = 3). d Nanoparticle
tracking analysis (NTA) for EVs in diluted mouse serum showed

provide direct evidence that serum-derived EVs can reduce
cardiomyocyte apoptosis in vitro, and exercise-induced
increase of circulating EVs further enhances this effect.

ERK1/2 and HSP27 can be activated by exercise-
derived circulating EVs

The activation of ERK1/2 signaling and subsequent HSP27
phosphorylation has already been well recognized for its
cardioprotective effects [46]. Here we found that ERK1/2
and HSP27 phosphorylation levels were increased in HOC2
cardiomyocytes incubated with serum-derived EVs isolated
from either sedentary mice (baseline group) or exercised
mice (swim group), regardless of H,O, treatment (Fig. Sa,
b). Meanwhile, ERK1/2 and HSP27 activations were further
enhanced in H9C2 cardiomyocytes from the 1.85 swim
group (Fig. 5a, b). As expected, ERK1/2 and HSP27
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Swim

Baseline

increased EVs after exercise while the modal size of EVs was
unchanged (n = 4). e Western blot showed increased CD63 expres-
sion level in EVs extracted from the serum of swum mice (n = 3).
EVs extracellular vesicles. *P < 0.05

phosphorylation levels were also found to be elevated in the
heart samples from I/R mouse model treated with serum-
derived EVs (both baseline group and swim group), and to
be further enhanced in the 1.85 swim group (Fig. 5c¢).

In order to clarify whether ERK1/2 and HSP27 activa-
tions are involved in the protective effect of exercise-
derived EVs against cardiomyocyte apoptosis, PD98059
(ERK1/2 inhibitor) and SB203580 (p38MAPK inhibitor
which leads to reduced HSP27 phosphorylation) were used
to treat H9C2 cardiomyocytes. We first confirmed that
ERK1/2 and HSP27 phosphorylation could be efficiently
reduced by PD98059 and SB203580 in vitro, respectively
(Fig. 6a, b). Of note, ERK1/2 inhibition via PD98059 led to
reduced phosphorylation of HSP27 (Fig. 6¢), while HSP27
inhibition via SB203580 did not alter ERK1/2 phospho-
rylation level (Fig. 6d), confirming that ERK1/2 is an
upstream regulator of HSP27 phosphorylation as
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Fig. 3 Exercise-induced increase in serum extracellular vesicles
reduces cardiac ischemia/reperfusion (I/R) injury. a Heart samples
were stained with 2,3,5-triphenyltetrazolium chloride (TTC) to
examine the infarct size after I/R injury (n = 6). b TUNEL-positive
nuclei in o-actinin-labeled cells were calculated to determine

previously reported [46]. Finally, flow cytometry demon-
strated that inhibition of ERK1/2 or HSP27 could totally
abolish the anti-apoptotic effect of exercise-derived EVs
(1.85 swim) in H,O,-treated cardiomyocytes (Fig. 6e).
These data consistently indicate that exercise-induced
increase of circulating EVs protects against cardiomyocyte
apoptosis via activation of ERK1/2 and HSP27.

IGF-1 induces EV release from cardiomyocytes
via RAB35 and ALIX activation in vitro

Though exercise-derived circulating EVs were proved to
be protective against myocardial I/R injury and apoptosis,
the cellular sources and molecular mechanisms responsible
for exercise-derived circulating EVs remain largely
unclear. In the present study, we first tried to determine
whether the release of EVs could be increased in cultured
cardiomyocytes upon treatment with IGF-1, which mim-
icked the physiological stimulus from exercise. We
detected that IGF-1 was sufficient to increase the release of

PBS Baseline Swim 1.85Swim PBS Baseline Swim 1.85Swim

IIR IR

myocardial apoptosis (n = 6). Scale bar 20 pm. ¢ Western blot for
Bcl-2 and Bax in heart samples (n = 3). AAR area at risk, INF infarct
size, LV left ventricle, CM cardiomyocytes. *P < 0.05 vs. PBS group;
#P < 0.05 vs. swim group

EVs from H9C2 cardiomyocytes into the culture medium
(Fig. 7a).

As the release of EVs was increased in IGF-1-treated
cardiomyocytes, we continued to examine the genes
responsible for EV-formation and secretion. Our results
showed that IGF-1-treated H9C2 cells had upregulated
HRS, ALIX, RAB27B, and RAB35 at mRNA level
(Fig. 7b), while STAM1, TSG101, RAB11, and RAB27A
were unchanged (Supplementary Figure 1). Moreover,
ALIX and RAB35 were also found to be upregulated at
protein level in both IGF-1-treated H9C2 cells and exer-
cised mice hearts (Fig. 7c, d). To further elucidate the role
of ALIX and RAB35 in the release of EVs, siRNAs tar-
geting ALIX and RAB35 were transfected to HOC2 cells to
see if inhibition of these molecules could eliminate IGF-1-
induced release of EVs from cardiomyocytes. Our results
demonstrated that knockdown of ALIX and RAB35 could
significantly reduce the release of EVs from IGF-1-treated
HOC2 cells (Fig. 7e), confirming that ALIX and RAB35
activations were necessary to increase the release of EVs
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Fig. 4 Exercise-derived circulating extracellular vesicles provide
anti-apoptotic effect in cardiomyocytes. a Representative image of
PKHG67 labeling (green) to verify the uptake of EVs by HOC2 cells
after 24 h of incubation. Dil dye (red) was added for cell membrane
staining. Nuclei were counterstained with DAPI (blue). Scale bar

from cardiomyocytes upon IGF-1 treatment, as a surrogate
for exercise in vitro.

Discussion

Extracellular vesicles are released from cells and have been
shown to carry DNA, mRNA, protein, lipid, as well as a
wide range of non-coding RNA, thus serving as important
mediators of intercellular communication [39]. EVs and
composite cargos have been increasingly shown to con-
tribute to the development of cardiovascular diseases [12].
Therapeutic delivery of exogenous EVs, especially stem
cell-derived EVs, have been proposed as a cell-free
approach to provide cardioprotective factors to ameliorate
cardiomyocyte apoptosis and cardiac ischemic injury [4].
Interestingly, endogenous plasma EVs isolated from heal-
thy humans and rats were also demonstrated to mediate
cardioprotection in I/R injury [46]. As exercise can trigger
the release of EVs into the circulation, thereby providing a

@ Springer

20 pum. b, ¢ Flow cytometry analysis for apoptosis (n = 5) and
Western blot for Bcel-2 and Bax (n = 3) in H,O,-treated HOC2 cells
with pre-incubation of EVs or controls. EVs extracellular vesicles.
#P < 0.05 vs. control group; P < 0.05 vs. swim group

possible mechanism for the systemic benefits of exercise
[40], the present study focused on whether physiological
exercise-derived endogenous EVs could further enhance
the cardioprotective effects of EVs. Intriguingly, we found
that circulating EVs were increased in response to an acute
bout of exercise in human subjects with cardiometabolic
risk, and this increase was persistent in a murine model of
endurance exercise. This increase in circulating EVs was
correlated with enhanced protective effect against I/R
injury in vivo and cardiomyocyte apoptosis in vitro via
activation of ERK1/2 and HSP27 signaling.

Despite the great advances that have been achieved in
basic and clinical research for cardiac I/R injury, it still
lacks effective interventions in man [7, 8, 22, 24]. The
protective effects of exercise against cardiac I/R injury
have been well acknowledged [19, 31, 38, 50], which could
be associated with reduced myocardial inflammation,
minimized oxidative and nitric-oxidative stress, decreased
cardiomyocyte apoptosis, and promoted angiogenesis. It
was recently reported that exercise is able to enhance
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Fig. 5 Activation of ERK1/2 and HSP27 by exercise-derived extra-
cellular vesicles. a Western blot for ERK1/2 and HSP27 phospho-
rylation level in HOC2 cells pretreated with EVs or controls (n = 3).
b Western blot for ERK1/2 and HSP27 phosphorylation level in
H,0,-treated H9C2 cells with pre-incubation of EVs or controls

cardiomyocyte renewal [34, 42], which is necessary to
mediate the protective effect of exercise against I/R injury
[5]. Moreover, exercise is efficient in reducing cardiac I/R
injury both at baseline and in obese diabetic condition,
though different molecular mechanisms might be involved
[9, 29]. It was previously reported that acute exercise
(cycling) could trigger rapid release of EVs into the cir-
culation that might be responsible for mediating its sys-
temic beneficial effects also including the heart [18]. We
now have demonstrated that acute running exercise in
patients with cardiac risk factors also increased the quantity
of plasma EVs (but not the relative size distribution).
However, the physiological relevance of exercise-derived
EVs was largely unknown [18]. Based on the nanoparticle
tracking analysis, we found that serum EVs were increased
by ~1.85-fold in mice after a 3-week swimming exercise.
Interestingly, intramyocardial delivery of exercise-derived
EVs and baseline EVs provided similar protective effects
against the murine I/R injury in vivo. However, exercise-
induced increase of EVs (by 1.85-fold) further enhanced
the protective effect. Based on H;O,-induced
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cardiomyocyte apoptosis in vitro model, we found that
serum EVs isolated from sedentary and swum mice had
similar anti-apoptotic effect, and this effect was further
enhanced by exercise-induced increase of EVs. Thus, our
in vivo and in vitro evidence consistently suggests that
endogenous circulating EVs protect against myocardial I/R
injury and apoptosis, and the exercise-induced increase of
EVs further enhances these effects.

The activation of ERK1/2 signaling pathway is known
to confer cardioprotection [23]. The phosphorylation of
ERK1/2 after myocardial I/R injury is thought to be a
compensatory beneficial effect in preventing cardiomy-
ocyte apoptosis [26, 27], likely by inactivation of the cas-
pase cascade [10, 45] and inhibition of conformational
change in Bax [48]. Interestingly, it was previously
demonstrated that plasma EVs could protect against
myocardial I/R injury through an activation of ERK1/2 and
subsequent phosphorylation of HSP27 [46]. In the present
study, we first identified that the ERK1/2 and HSP27 sig-
naling was activated by serum EVs isolated from both
sedentary and swum mice in the I/R heart samples or H,O,-
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Fig. 6 Activation of ERK1/2 and HSP27 is essential for the anti-
apoptotic effect of exercise-derived extracellular vesicles in car-
diomyocytes. a, ¢ Inhibition of ERK1/2 via PD98059 reduced ERK1/
2 and HSP27 phosphorylation level in H9C2 cells (n = 3). b,
d Inhibition of HSP27 via SB203580 reduced HSP27 but not ERK1/2
phosphorylation level, confirming HSP27 as a downstream effector of

treated H9C2 cells. We then found that exercise-induced
increase of EVs could further enhance ERK1/2 and HSP27
phosphorylation levels. Finally, inhibition of ERK1/2 or
HSP27 could totally abolish the anti-apoptotic effect of
exercise-induced increase of EVs in H,O,-treated H9C2
cells, indicating that the activation of ERK1/2 and HSP27
signaling is a pivotal mechanism mediating the beneficial
effect of exercise-derived EVs in preventing cardiomy-
ocyte apoptosis.

Evidence reporting the response of circulating EVs upon
exercise is limited [18], and the cellular source as well as
the mechanisms responsible for exercise-induced EVs are
much less understood. Additionally, the exact identity of
the types of EVs released (microvesicles or exosomes) has
not been clearly determined, as there is no consensus for
precise markers of EV subtypes. Notably, the size distri-
bution does not change significantly with exercise,
although the quantity of EVs increases. The technique of
nano-FCM used here to profile the EVs in the human
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subjects allows for rapid and accurate sizing as well as
counts of EVs within a gate calibrated by different size
beads (and correlates well with atomic force microscopy-
based sizing of EVs). Nonetheless, there are caveats with
this technique including events that are counted in non-EV
gates that may correspond to protein aggregates, hemo-
globin or membrane fragments; we have attempted to
normalize the events in the EV-gate across samples using
time-gated counts of spike-in beads. Nano-FCM cannot yet
be used for sorting of EVs for further downstream analysis
(such as functional assay as was done for the murine
experiments) as the yield of the sorted EVs from mice
blood samples remains low. Hence we had to use Exoquick
reagent (which may not precipitate a pure population of
EVs, but does lead to higher yields) for the murine
experiments.

One study had previously demonstrated a robust release of
EVs into the cardiac extracellular space and vessel lumen
after mice were subjected to endurance exercise [11]. Here,
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Fig. 7 IGF-1 via activating ALIX and RAB35 induces extracellular
vesicles release from cardiomyocytes. a IGF-1-treated HOC2 cells
have increased release of EVs (n = 3). b qRT-PCR for HRS, ALIX,
RAB27B, and RAB35 mRNA levels in IGF-1-treated H9C2 cells
(n = 6). ¢, d Western blot showed that ALIX and RAB35 protein

based on HOC2 cells stimulated by IGF-1 which activates the
same signaling pathway as the physiological stress of exer-
cise in vivo, we found an increased release of EVs from
cardiomyocytes into the culture medium. Among the EV
biogenesis- and secretion-related genes [13, 30, 37], ALIX
and RAB35 were found to be upregulated in IGF-1-treated
HOC2 cells. Moreover, knockdown of ALIX and RAB35
could attenuate IGF-1-induced EV release from HI9C2 cells,
indicating that ALIX and RAB35 activation may be impor-
tant for exercise-induced increase of EVs. However, in
addition to cardiomyocytes, other types of cells could also be
important sources for exercise-induced EVs [40]. Skeletal
muscle has been proposed to contribute to the release of
“exerkines” encapsulated in EVs [2, 17] in response to
exercise. In this regard, exercise-induced EVs derived from
skeletal muscle deserve further investigation [1, 21, 40].
Our findings that exercise-induced increase of EVs further
enhances the protective effects of endogenous circulating EVs
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levels were increased in IGF-1-treated H9C2 cells (n = 3) and heart
samples from swum mice (n = 3). e Knockdown of ALIX or RAB35
via siRNA reduced IGF-1-induced release of EVs from HI9C2 cells
(n = 4). EVs extracellular vesicles. *P < 0.05 vs. control group;
#P < 0.05 vs. IGF-1 group

against cardiac I/R injury are novel. Actually, in addition to
the increase in EVs, the contents of EVs may also change in
response to exercise [11, 32, 41]. However, in our in vivo and
in vitro experiments, we were unable to find an improved
protection from exercise-derived EVs (swim group) com-
pared to baseline EVs (baseline group). Several factors might
be taken into consideration. First, although exercise may
change EV cargos, this may not be sufficient to provide
additional protection in the in vivo I/R injury and in vitro
cardiomyocyte apoptosis models tested in the present study.
Second, the protection from exercise-derived EVs due to the
change of EV cargos may also be dependent on the mode of
exercise [15, 18, 33]. Thus, different types of exercise would
need to be tested and the potential of exercise-derived EVs
deserve further investigation in other types of cardiac injury.
In these cases, it will be of great interest to perform RNA
sequencing, proteomics, and metabolomics to reveal the EV
cargo profiles in response to exercise [25, 36].
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In conclusion, the present study shows that exercise-
induced increase of circulating EVs, via activating the
ERK1/2 and HSP27 signaling, provides enhanced protec-
tion against cardiac I/R injury compared to endogenous
EVs at baseline. Exercise-derived EVs might serve as a
potent therapy for myocardial injury in the future.
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