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ARTICLE INFO ABSTRACT
Keywords: Cardiovascular diseases (CVD) can cause various conditions, including an increase in reactive oxygen species
Physical exercise (ROS) levels that can decrease nitric oxide (NO) availability and promote vasoconstriction, leading to arterial
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Cardioprotection
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Antioxidant activity
Catalytic activity

hypertension. Physical exercise (PE) has been found to be protective against CVD by helping to maintain redox
homeostasis through a decrease in ROS levels, achieved by increased expression of antioxidant enzymes (AOEs)
and modulation of heat shock proteins (HSPs). Extracellular vesicles (EVs) circulating in the body are a major
source of regulatory signals, including proteins and nucleic acids. Interestingly, the cardioprotective role of EVs
released after PE has not been fully described.

The aim of this study was to investigate the role of circulating EVs, obtained through Size Exclusion Chro-
matography (SEC) of plasma samples from healthy young males (age: 26.95 + 3.07; estimated maximum oxygen
consumption rate (VOgmax): 51.22 + 4.85 (mL/kg/min)) at basal level (Pre_EVs) and immediately after a single
bout of endurance exercise (30’ treadmill, 70% heart rate (HR) -Post_EVs). Gene ontology (GO) analysis of
proteomic data from isolated EVs, revealed enrichment in proteins endowed with catalytic activity in Post_EVs,
compare to Pre_EVs, with MAP2K1 being the most significantly upregulated protein. Enzymatic assays on EVs
derived from Pre and Post samples showed increment in Glutathione Reductase (GR) and Catalase (CAT) activity
in Post_EVs. At functional level, Post_EVs, but not Pre_EVs, enhanced the activity of antioxidant enzymes (AOEs)
and reduced oxidative damage accumulation in treated human iPS-derived cardiomyocytes (hCM) at basal level
and under stress conditions (Hydrogen Peroxide (H203) treatment), resulting in a global cardioprotective effect.

In conclusion, our data demonstrated, for the first time, that a single 30-min endurance exercise is able to alter
the cargo of circulating EVs, resulting in cardioprotective effect through antioxidant activity.
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Abbreviations

H,0, Hydrogen Peroxide

PE Physical exercise

CVD Cardiovascular disease

ROS Reactive oxygen species

NO Nitric oxide

PBMCs Peripheral blood mononuclear cell

NRF2 Nuclear factor erythroid 2-related factor 2
AOEs antioxidant enzymes

CAT Catalase

SOD1 Superoxide dismutase 1

HMOX1 Heme Oxygenase 1

NQO1l NAD(P)H quinone dehydrogenase 1
EVs Extracellular Vesicles

VOomax Maximal oxygen consumption

HR Heart rate

SEC Size exclusion chromatography
NTA Nanoparticle tracking analysis

SPRi Surface Plasmon Resonance imaging

hCM human-induced cardiomyocyte

TBARS Thiobarbituric acid reactive substances
GR Glutathione Reductase

GPx Glutathione Peroxidase

G6PD Glucose-6-Phosphate Dehydrogenase
DCF 2’,7’-dichlorofluorescein

DHE Dihydroethidium

Et ethidium

2-OH-E" 2-hydroxyethidium

(023 Superoxide

MAP2K1 mitogen-activated protein kinase kinase 1

CNDP2 Carnosine dipeptidase 2
GCLM  Glutamate-cysteine ligase modifier subunit
MGST2 Microsomal glutathione S-transferase 2

HSPs Heat shock proteins

GO Gene Ontology
MVs Microvesicles
MVBs Multi vesicular bodies

RBCs Red blood cells

1. Introduction
1.1. Physical exercise and redox homeostasis

Physical exercise (PE) has numerous benefits for the cardiovascular
system [1]. Exercise improves heart function, blood circulation, and
blood pressure while promoting healthy weight maintenance [2,3]. Asa
result, PE is a powerful tool for promoting heart health and reducing the
risk of cardiovascular disease (CVD) [4]. Interestingly, the imbalance
between pro-oxidant and antioxidant factors is a major contributor to
the onset and progression of various diseases, including CVD [5]. In-
crease in reactive oxygen species (ROS) can lead to decrement in nitric
oxide (NO) availability with consequent vasoconstriction and promotion
of arterial hypertension [6]. However, even if oxidative stress is an
imbalance between ROS production and/or a decrease in antioxidants,
better to distinguish between two types of oxidative stress: “oxidative
distress” and “oxidative eustress”. The first one leads to molecular
damage, while the second shows central role in redox signalling via
different post-translational modifications [7]. Muscle and other cell
types (e.g., peripheral blood mononuclear cell-PBMCs) can increase ROS
production in response to an acute exercise [8]. On the other hand, a
transient regular exercise can trigger oxidative eustress which can help
maintain redox homeostasis by the activation of trascriptional factors,
such as nuclear factor erythroid 2-related factor 2 (NRF2) [9]. NRF2
nuclear translocation can regulated the expression of antioxidant en-
zymes (AOEs) such as Catalase (CAT), Superoxide dismutase 1 (SOD1),
heme oxygenase-1 (HMOX1), and NAD(P)H quinone dehydrogenase 1
(NQO1) [10-14]. Indeed, it has been demonstrated that regular physical
exercise in healthy people leads to a systemic adaptation to redox ho-
meostasis perturbation, one of the hallmarks of exercise adaptation [15,
16]. Exercise-induced inter-tissue communication is thought to have a
major role on this adaptation. Specifically, PE induces release of pep-
tides and nucleic acids from skeletal muscle and other organs, known as
"exerkines", which play a crucial role in mediating systemic adaptations,
promoting the crosstalk between organs and potentiating the systemic
benefits of exercise [17-19]. However, not all molecules can be released
with a canonical secretion-targeting sequence, or with a
stimulus-dependent pathway. Interestingly, peptides, metabolites, DNA,
mRNA, miRNA, and other RNA species can be transport by extracellular
vesicles (EVs) [20,21].

1.2. Physical exercise and extracellular vesicles

EVs are small, membrane-bound structures that are released from
cells into the bloodstream and play a role in cell-to-cell communication
[22] by transporting and delivering bioactive molecules such as proteins
and RNA that contribute to intracellular signalling pathways and regu-
late functions in recipient cells [23,24]. Studies have shown that PE can
alter the molecular composition of EVs, impacting their ability to
communicate with other cells and modulate physiological processes
[25]. Circulating EVs play a pivotal role in the cardiovascular system,
regulating diverse functions in target cells, maintaining cardiovascular
balance and health, or inducing pathological changes in CVD [26].
Indeed, miRNAs and proteins transferred by EVs play essential roles in
maintaining normal cardiac structure and function under physiological
conditions [27]. On the other hand, it is known that EVs change the
composition of their cargo under different conditions, such as patho-
logical ones, which gives rise to the development of CVD [28]. Inter-
estingly, even PE can modulate extracellular vesicle release and their
cargo [29,30]. Different physiological stimuli during PE led to an
alteration of the EVs landscape in blood. Analysis of the protein cargo of
EVs obtained after PE identified various proteins associated with key
signalling pathways, including angiogenesis, immune signalling, and
glycolysis [31]. Additionally, several studies evidenced an altered
miRNAs panel in EVs in response to exercise bouts or training [29,32,
33]. Some of the miRNAs carried by circulating EVs obtained post-PE
belong to the group of myomiRs, indicating the involvement of EVs in
muscle regeneration processes following exercise [34]. Functional
analysis of these vesicles suggests contribution to cardioprotection in
ischemia/reperfusion injury [35], endothelial function [36], as well as
muscle remodelling and growth [37].

In this study, we hypothesize that PE, understood as a single short-
term acute endurance exercise, can modulate the cargo of circulating
EVs, resulting in an increase in antioxidant proteins that have car-
dioprotective functions.

2. Material and methods
2.1. Subjects’ characteristics
A total of 21 healthy male subjects, matched for the age and body

mass index (26.95 + 3.07 years, body mass index: 23.51 + 2.25), with
an active lifestyle, corresponding to a medium/high fitness level (40.98
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< VO2max < 58.31 mL/kg/min obtained indirectly through the Balke’s
Test) [38], have been recruited for this study at the University of Rome
“Foro Italico” (Supplementary Fig. 1). All the participants were subjects
to Baecke Questionnaire developed for evaluating a person’s physical
activity [39]. The questionnaire is divided into three different areas: the
Work Index concerning the physical activity during working hours
(sedentary, active or heavy); the Sports Index reporting the type of
sports practiced, and the Leisure Index concerning physical activity
during leisure time activities. The scores of the three indexes are sum-
med to obtain the questionnaire’s total score. The lower the score on the
questionnaire, the higher the level of physical activity performed. All
subjects underwent a detailed medical history and physical examination
and provided informed written consent approved by the University of
Rome Ethics Committee “Sapienza” (RIF.CE: 4521). Moreover, each
participant completed a detailed eating habits diary in which they
recorded food and drinks consumed during the 3 consecutive days
before the beginning of the exercise protocol. None of them was an elite
athlete neither reported any illness or ongoing medication. Exclusion
criteria: signs of cardiovascular, metabolic, and pulmonary disease; or-
thopaedic injury or joint disease; and neurological or immunologic
disease.

2.2. Physical fitness level and endurance exercise protocol

Before starting the acute endurance exercise protocol, each partici-
pant performed the Balke Treadmill Test, an incremental test aimed to
estimate indirectly the VOgpax. This continuous incremental test, per-
formed on a treadmill (Skillrun Treadmill, Technogym), assesses the
aerobic capacity of participants. The test began with a warm-up of 5 min
at 5.3 km/h with a slope of 0°; then the operator increased the slope by
1° each minute until the 18th minute, after that the speed was increased
by 0.3 km/h per minute, simultaneously to each increment the HR was
measured via heart rate monitor chest strap (Polar M400) and fatigue
was assessed with the Borg Scale 0-20 [40]. The test was completed
when the participant could no longer walk or run at the slope and speed
reached. The score is estimated using the test time (T - time spent
walking on the treadmill till exhaustion, in minutes) in the following
formula [VOgmax = 1.444 (T) + 14.99]. Average time spent on the
treadmill was between 9 and 15 min. To indirectly target the aerobic
threshold during the test, the 70% of Heart Rate (HR) was estimated
using the Karvonen formula ((220- age of participant) - HR]*70% + HR
at rest). To identify the correct slope and speed required to reach 70% of
the maximum HR, HR was monitored during the Balke test. These pa-
rameters were used to target the aerobic training protocol using the right
workout intensity. The mean value of participant’s 70% HR was 154bpm
7,50 SD.

2.3. Blood sampling

Before (Pre) and immediately after (Post) endurance exercise (30
treadmill, 70% HR) protocol, blood samples were drawn from the
antecubital vein from the volunteers (Supplementary Fig. 1). Plasma
was obtained from whole blood samples collected in EDTA tubes and
centrifugated, 20 min after the sampling, at 1200 g x 10 min, then
divided into 500 pl aliquots and stored at —80C° for further analysis.

2.4. Extracellular vesicles isolation

Plasma EVs were isolated using Size Exclusion Chromatography
(SEC). SEC was performed using commercially available columns ac-
cording to the manufacturer’s instructions (q70nm column-Izon).
Briefly, 500 pl of plasma was centrifuged at 3000 g for 15 min to
remove cells’ debris. The supernatant was added to the top of the col-
umn and then eluted using PBS1X. Fractions 7-8-9-10 enriched in EVs
were collected and used for further experiments.
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2.5. EV characterization: Nanoparticle Tracking Analysis

Nanoparticle Tracking analysis (NTA) measurement was carried out
with Zetaview (Particle Metrix). Shortly, 1 pl of plasma samples, or EVs
isolated from plasma, were diluted in PBS1X to a final volume of 1 ml.
The manufacturer’s default software settings for EVs or nanospheres
were selected accordingly. For each measurement, 11 cell positions with
a cell temperature of 25°C were acquired. After capture, videos were
analysed by the in-build ZetaView Software 8.02.31. Hardware:
embedded laser: 40 mW at 520 nm; camera: CMOS. The number of
completed tracks in NTA measurements was always greater than the
proposed minimum of 1,000 in order to minimize data skewing based on
single large particles. Particle number was expressed in number/ml and
size (diameter) in nm.

2.6. EV characterization: Western blot

Total proteins were extracted from isolated EVs by lysing samples
with ice-cold RIPA buffer supplemented with SIGMAFAST™ Protease
Inhibitors and Phosphatase Inhibitor Cocktail 3 and 2 (all from Sigma).
Proteins were boiled with Laemmli SDS sample buffer 6X (VWR Inter-
national), separated on 4-20% MiniPROTEAN®TGX™ Precast Gel, and
transferred onto a PVDF membrane with a semi-dry transfer system (all
from Bio-Rad Europe, Basel, Switzerland). Membranes were incubated
with ALIX (Abcam ab186429; 1:1000), TSG101 (Abcam ab125011,
1:1000), and Syntenin-1 (Abcam ab19903; 1:1000) and Apolipoprotein
Al (APOA1) (Invitrogen 701239, 1:500) primary antibodies. Secondary
antibodies IRDye® 680RD or 800CW goat anti-mouse or goat anti-rabbit
(LI-COR Biosciences) were used for detection. The infrared signal was
detected using Odyssey CLx Detection System (LI-COR Biosciences).

2.7. EV characterization: Transmission Electron Microscopy (TEM)
analysis

Morphological evaluations of isolated Pre and Post derived-EVs were
performed using Transmission Electron Microscopy (TEM) negative
staining. EVs derived from 200 pl of plasma were diluted 1:100 and
absorbed on a glow-discharged carbon-coated formvar copper grid and
negatively stained with 2% uranyl acetate. EVs pictures were examined
by a Talos L120C (FEI, Thermo Fisher Scientific) operating at 120 kV.
Images were acquired with a Ceta CCD camera (FEI, Thermo Fisher
Scientific).

2.8. EV characterization: Surface plasmon resonance imaging (SPRi)
analysis

In SPRi biochip preparation and experiments, all reagents were
purchased from Merck KGaA (Darmstadt) and used without any further
purification, if not stated otherwise. To detect different subfamilies of
EVs circulating in plasma, the SPRi biosensor was prepared following a
previously optimized procedure [41,42]. Briefly, prior to the ligand
conjugation, the chip surface was cleaned with piranha solution and
rinsed with ultrapure water and ethanol. Then, the SPRi gold chips were
coated with a Self-Assembled Monolayer (SAM) of thiolated PEG mol-
ecules (TH 001-m11.n2 and TH 003-m11.n6; ProChimia Surfaces) for
the conjugation of ligands on the chip, using EDC/NHS chemistry. An
array of antibodies/lectin was conjugated on top of the chip using the
automated spotter iFOUR Dispensing System (M24You) thanks to a
Piezo Driven Micro-Dispenser (PDMD) equipped with a 130 mm long
borosilicate glass capillary and a cylindrical piezo ceramic actuator. The
families of ligands spotted on a chip for the microarray preparation are
the following: anti-CD36 (33621, Biolegend), anti-CD31 (11-0311-82,
Invitrogen), anti-CD106 (MA5-16429, Invitrogen), isolectin B4 (IB4)
from Bandeiraea simplicifolia (L3019, Merck), anti-CD11b (553311, BD
Biosciences, San Jose, CA, USA), Anti-Irisin (MAB9420-100, Bio-
Techne). An anti-rat IgG1 antibody (407402, BioLegend Inc, San Diego,
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CA, USA) was used as a negative control. After ligand immobilization,
the chip was blocked in a solution of ethanolamine (1 M; pH 9) for 30
min, washed with water, and stored at 4 °C until use.

2.9. SPRi measurements

The XelPleX instrument (Horiba Scientific SAS) was used for the
simultaneous detection of multiple subfamilies of EVs. After accurate
instrument calibration (200 pl of sucrose 3 mg/ml at 50 pl/min flow
rate), experiments were performed using PBS1X as the running buffer.
For each sample, the same amount of proteins calculated by BCA assay
(40 pg/ml) was injected in the SPRi flow chamber with a flow rate of 25
pl/min. Detection of the interactions between EVs and each ligand was
performed in real-time through the analysis of SPRi signal intensity at
the end of the association phase. This analysis provided quantitative
information on the relative amount of EVs coming from distinct cells in
the plasma. Data analysis was performed using EzSuite (Horiba) and
Origin2021 (OriginLab) software. The signal obtained on antibody anti-
IgG spots was subtracted from the signals obtained on all the other li-
gands present on the same chip.

2.10. Proteomic analysis: protein extraction and enzymatic digestion

EVs lysis and protein extraction were performed in 4% sodium
dodecyl sulfate (SDS) in 100 mM Tris pH 7.6 by sonication in a Bioruptor
(Diagenode, 15 cycles, 30s on, 30s off, high mode) and incubation at
95°C for 10 min. Proteins were then precipitated overnight in 80% cold
acetone. The next day, proteins were pelleted by centrifugation at
13000 rpm for 20 min at 4°C, washed with 80% cold acetone, and dried
at 40°C. The pellets were then resuspended in 8 M urea in 50 mM
ammonium bicarbonate (ABC) through another sonication in a Bio-
ruptor (same settings). Proteins were reduced with 10 mM dithiothreitol
for 20 min at room temperature and alkylated with 50 mM iodoaceta-
mide for 30 min at room temperature. Protein digestion was performed
with LysC (Wako Fujifilm, 1:100 w/w) for 2 h at room temperature, after
which the digestion buffer was diluted to 2 M urea with 50 mM ABC and
trypsin (Promega, 1:100 w/w) was added for overnight digestion at
room temperature. Digestion was stopped by adding acetonitrile (ACN)
to 2% and trifluoroacetic acid (TFA) to 0.3% and the samples were
cleared by centrifugation for 5 min at maximum speed. The resulting
peptides were purified on C18 StageTips [43], and eluted with 80% ACN
and 0.5% acetic acid. Finally, the elution buffer was evaporated by
vacuum centrifugation, and the purified peptides were resuspended in
2% ACN, 0.5% acetic acid, and 0.1% TFA for single-shot LC-MS/MS
measurements.

2.11. LC-MS/MS analysis

Peptides were separated on an EASY-nLC 1200 HPLC system
(Thermo Fisher Scientific) coupled online via a nanoelectrospray source
(Thermo Fisher Scientific) to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific). Peptides were loaded in buffer A (0.1%
formic acid) on a 75 pm inner diameter, 50 cm length column in-house
packed with ReproSil-Pur C18-AQ 1.9 pm resin (Dr. Maisch HPLC
GmbH) and eluted over a 150-min linear gradient of 5 to 30% buffer B
(80% ACN, 0.1% formic acid) with a 250 nl/min flow rate. The Q
Exactive HF was operated in a data-dependent mode through the Xca-
libur software (Thermo Scientific), with a MS scan range of 300-1,650
m/z, resolution of 60,000 at 200 m/z, maximum injection time of 20 ms,
and AGC target of 3e6. The 10 most abundant ions with charge 2 to 5
were isolated with a 1.8 m/z isolation window and fragmented by
higher-energy collisional dissociation (HCD) at a normalized collision
energy of 27. MS/MS spectra were acquired with a resolution of 15,000
at 200 m/z, a maximum injection time of 55 ms, and an AGC target of
le5. Dynamic exclusion was set to 30 s to reduce repeated sequencing.
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2.12. LC-MS/MS data analysis

MS raw files were processed using the MaxQuant software v.1.6.7.0
(Cox & Mann, 2008). The integrated Andromeda search engine [44] was
employed to search spectra against the Human UniProt database (June
2019) and a common contaminants database (247 entries) to identify
peptides and proteins with a false discovery rate of <1%. Enzyme
specificity was set to “Trypsin/P” with a maximum of 2 missed cleavages
and a minimum peptide length of 7 amino acids. N-terminal protein
acetylation and methionine oxidation were defined as variable modifi-
cations and cysteine carbamidomethylation as a fixed modification.
Match between runs was activated to transfer identifications across
samples based on mass and normalized retention times, with 0.7 min
matching and 20 min alignment time windows. Label-free protein
quantification (LFQ) was obtained with the MaxLFQ algorithm [45]
with a minimum required ratio count of 1. Data analysis was performed
using the Perseus software v.1.6.2.3 [46]. Data were filtered by
removing proteins only identified by site, reverse hits, and potential
contaminants. After the log2 transformation of LFQ intensities, biolog-
ical replicates were grouped. For statistical analysis, missing data points
were replaced by imputation from a normal distribution with 0.3 width
and 1.8 downshift, and a two-sided two-samples t-test was used to
identify significant protein intensity changes.

2.13. Protein enrichment analysis

LC-MS/MS data were uploaded on STRING Protein-Protein Interac-
tion Networks Functional Enrichment Analysis version 11.5 (https://st
ring-db.org/). Proteins uploaded were the upregulated in Post EVs
samples with difference >= 1.5 and strength >= 0.5. Full list of protein
can be found in Supplementary Table 1.

2.14. iPS-cell reprogramming

Induced Pluripotent Stem Cells (iPS) were obtained from the
reprogramming of human cardiac mesenchymal progenitor cells (CPC).
CPC were derived as the cellular outgrowth from atrial tissue explants
using an ex vivo primary tissue culture technique, as described previ-
ously [47]. The study was approved by the local Ethical Committee
(Comitato Etico Cantonale, Bellinzona, Switzerland; Ref. CE 2923). For
cell reprogramming into iPS, cells were infected with Sendai virus car-
rying OCT3/4, SOX2, KLF4, and MYC (CytoTune™-iPS 2.0 Sendai
Reprogramming Kit; Thermo Fisher Scientific), as per manufacturer’s
instructions. A week after transduction, the medium was changed to
StemFlex (Thermo Fisher Scientific). Individual colonies with embry-
onal stem cells (ESC)-like morphology typically appeared after 25-35
days and were transferred and expanded into Matrigel (hESC Qualified
Matrix, Corning) coated wells. Established human iPS cell lines were
maintained in culture in StemFlex medium.

2.15. Differentiation of iPS cells into iPS-derived cardiomyocytes (hCM)

Directed differentiation of human iPS cells into human -car-
diomyocytes (hCM) was performed using StemMACS™ CardioDiff Kit
XF, human (Miltenyi Biotec) as per manufacturer’s instructions. The
medium was changed to a maintenance medium composed of RPMI
1640 with B-27 plus insulin (Thermo Fisher Scientific) at day 7. Meta-
bolic selection of hCM was performed using a selection medium
composed of RPMI 1640 without glucose (Thermo Fisher Scientific), 0.5
mg/ml human recombinant albumin, 0.2 mg/ml r-ascorbic acid 2-phos-
phate, and 4 mM lactate (Sigma-Aldrich) from days 10 to 17. Afterward,
hCM were cultured in a maintenance medium for at least 30 days for
further maturation.
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2.16. hCM in vitro treatment

hCM were plated at a concentration of 60,000 cells/cm?. Two days
after the seeding cells were treated for 1hr with 2.5*10 particles/cm? of
EVs isolated from plasma released before (Pre_EVs) and after (Post_EVs)
exercise. To induce oxidative stress, hCM were treated with H,O5 (150
pM) for 1hr after EVs incubation.

2.17. EVs and hCM biochemical analysis: redox status evaluation

Cells and EVs were resuspended in PBS and sonicated twice for 10 s,
with a 30-sec break, and in ice to prevent the mixture warming, using
the Microson XL Model DU-2000 (Misonix Inc). Total protein content
was estimated with the Bradford method [48]. Thiobarbituric acid
reactive substances (TBARS) were detected as markers of lipids peroxi-
dation, as the TBARS assay predominantly detects the intracellular level
of malondialdehyde, a breakdown product of lipid peroxides [49]. The
TBARS assay solution contained: 26 mM thiobarbituric acid and 15%
trichloroacetic acid (TCA) in 0.25 N HCL 50 pg of total cardiomyocyte
protein were dissolved in 300 pl Milli-Q water and 600 pul of TBARS
solution. The mix was incubated at 95°C for 1 h. The samples were
centrifuged for 2 min at 14000 rpm, and the supernatants were analysed
spectrophotometrically at 532 nm [50]. Cellular antioxidant enzymatic
activity =~ was  determined by assaying Catalase (CAT),
Glucose-6-Phosphate Dehydrogenase (G6PD), Glutathione Reductase
(GR), and Glutathione Peroxidase (GPx) activity. 10 or 50 pg of total
protein (EVs or hCM treated with EVs) were employed. CAT activity was
assayed following the decomposition of H,O with a spectrophotometric
analysis at 240 nm. The assay solution contained: 50 mM phosphate
buffer (pH 7.0) and 5 mM H303 [51]. GR activity was assayed spectro-
photometrically, following the NAPDH oxidation at 340 nm. The assay
solution contained: 100 mM Tris-HCl (pH 7.4), 1 mM EDTA, 5 mM
GSSH, and 0.2 mM NADPH [52]. GPx activity was assayed following the
decomposition of HoO5 with a spectrophotometric analysis at 240 nm.
The assay solution contained: 100 mM Tris-HCI (pH 7.4), 5 mM H0o,
and 5 mM GSH [50]. Since H,0, is also a substrate of catalases, GPx
activity is obtained by subtracting the result of this assay from the
catalase activity values. G6PD activity was assayed following NADP
reduction with a spectrophotometric analysis at 340 nm. The assay mix
contained: 100 mM Tris-HCl (pH 7.4), 0.5 mM NADP, and 10 mM
glucose-6-phosphate [51]. Data for all the assays were normalized on the
sample protein content.

2.18. Western blot on hCM

Western blot methods for cells are the same that the ones reported for
EVs. Membranes were incubated with pHAP27 (Santa Cruz Biotech-
nology sc-166693, 1:300), HSP27 (Santa Cruz Biotechnology sc-13132,
1:300) and GAPDH (Abcam ab181602, 1:5000).

2.19. Immunostaining

After treatment, hCM were washed twice with PBS1X and then fixed
for 5 min at RT using a PFA-4% solution. Cells were then blocked and
permeabilized with a solution of 2% bovine serum albumin (BSA)
(Merck) + 0.3% Triton X (Triton X detergent, Sigma-Aldrich) in PBS for
1 h at RT. Subsequently, they were incubated with PBS1X containing
0.1% Triton X, 1% BSA, and the primary antibody overnight at 4°C. Cells
were stained for NRF2 (Abcam ab62352; 1:200) and cardiac Troponin T
(cTnT) (13-11 Thermo Fisher Scientific; 1:300). Images were acquired
with Lionheart FX automatic microscopy at 10 x magnification and
analysed with Gen5 software (Biotek). A first mask on c¢TnT-positive
cells was created for the identification of cardiomyocytes; then mean
fluorescent intensity (MFI) of the nuclear NRF2 signal was analysed.
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2.20. RNA extraction, reverse transcription and real-time PCR

hCM were treated for 6 h with PBS, Pre_EVs and Post_EVs (hCM +
PBS, hCM + Pre_EVs and hCM + Post_EVs respectively). After treatment,
cells were lysed with TRI Reagent (Sigma), as per manufacturer’s in-
structions. The pellet was air-dried, re-suspended in DEPC water, and
RNA was quantified with NanoDrop™ 2000c (Thermo Fisher Scientific).
RNA (500 ng) was reverse-transcribed using GoScript™ Reverse Tran-
scription System (Promega Madison, Dubendorf, Switzerland). Real-
time analysis was performed on CFX connect Bio-Rad Real-time PCR
detection system (Bio-Rad). Data are shown as 228Ct yalues. Couple of
primers were as follows: Human SODI1 forward: GATGAAGA-
GAGGCATGTT GGAGA reverse: TTCCACCTTTGCCCAAGTCA; Human
HMOX1 forward: TCCTGGCTCAGCCTCAAATG; reverse: CACG-
CATGGCTCAAAAACCA; Human CAT forward: TGGCTTCA-
CAAGGACTACCC; reverse: GCTGGTAGTTGGCCACTCG; Human NQO1
forward: TGAAAGGCTGGTTTGAGCGA; reverse: AGCACTGCCTTCT-
TACTCCG; Human GAPDH forward: TGCACCACCAACTGCTTAGC
Reverse: GGCATGGACTGTGGTCATGAG.

2.21. ROS detection

ROS detection was performed on EVs and cells. In EVs, ROS were
measured using DCF (2’,7’-dichlorofluorescein diacetate) (Thermo
Fischer Scientific). Briefly, EVs were incubated with H2-DCF (2’,7’-
dichlorodihydrofluorescein diacetate) (100 mM) at 37°C 5%CO; for 30
min. The cleavage of the acetate groups by intracellular esterases and
oxidation lead to the formation of DCF, a fluorescent derivative. Fluo-
rescence was measured using a microplate reader (Tecan) at 488 nm
wavelength. In cells, the cell-permeable fluorescent dye dihydroethi-
dium (DHE) (Thermo Fischer Scientific) was used to perform ROS
detection. DHE is a probe that freely permeates cell membrane and is
oxidized by cellular superoxide (O3) to produce two red fluorescent
products, namely ethidium (E™), which is typically formed by a non-
specific redox reaction, and 2-hydroxyethidium (2-OH-E), a specific
adduct of cellular O3 [53]. The fluorescent spectrum of 2-OH-E" (Ex
500-530 nm/Em 590-620 nm) and E* (Ex 520 nm/Em 610 nm) is very
similar. Thus, by measuring the fluorescent signal in treated cells we
estimated the global ROS levels in the sample since we can’t perform a
specific detection of 2-OH-ET (cellular O3 levels) due to overlapping
fluorescence of 2-OH-E* and E*. ROS measurement at basal conditions
(hCM + PBS, hCM + Pre_EVs, and hCM + Post_EVs) was performed by
adding DHE (5 pM) for 30 min (37°C 5%CO; in the dark) after 1hr of EVs
treatment. For ROS measurement in pro-oxidant conditions (H,03) DHE
was added during the 30 min following 1hr of recovery after EVs and
H20; treatment (1hr and 1hr respectively). At the end of the incubation
time, cells were washed with PBS1X, and pictures of live cells, main-
tained at 37°C, were taken with Lionheart FX automatic microscopy
supplemented with a heated chamber. Acquisition was performed using
RFP filter (Ex 530/40 nm Em 593/40 nm) and images analysed with
Genb5 software (Biotek). 100 pM of CCCP (Carbonyl cyanide 3-chloro-
phenylhydrazone) was used as positive control for ROS generation to
set-up the analysis for further experiments. Representative images for
PBS and CCCP treated cells (hCM + PBS and hCM + CCCP respectively)
and schematic representation of fluorescence analysis are reported in
Supplementary Fig. 2.

2.22. CCK8 viability assay

After Post_EVs and H0; treatment (1hr and 1hr respectively) me-
dium was changed, and cells were left to recover overnight (O/N) in
complete medium. Viability was measured the day later using Cell-
Counting Kit-8 (CCK-8, DOJINDO). CCK-8 solution was added to the cell
media and cells were incubated for a further 2-4 h at 37°C. The amount
of formazan dye generated by cellular dehydrogenase activity was
measured using a microplate reader (Tecan) at 450 nm wavelength.
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Fig. 1. A) Schematic representation of the methods B) Particles total number and diameter (nm) in plasma before isolation. Statistical significances were determined
using unpaired t-test (*p < 0.05 and ****p < 0.0001); C) Representative Particle Metrix concentration and size distribution of isolated EVs; D) TEM images of Pre_EVs
and Post_EVs; E) Immunoblot analysis of EVs markers and plasma contaminant; F) SPRi report.

2.23. Glutathione Reductase (GR) assay kit

The level of Glutathione Reductase (GR) activity, in hCM trated with
H20; (Fig. 5D), was measured by ELISA assay (ab83461, Abcam, Cam-
bridge, UK) following the manufacturer’s instructions. Briefly, Post_EVs
and HyO5 treated (1hr and 1lhr respectively) cells were lysed by the
addition of the lysis buffer provided in the kit and centrifuged at
14,000xg for 10 min. The GR in the supernatant reacts with DTNB to
generate 2-nitro-5-thiobenzoic acid. This compound is yellow, and the
sample’s absorbance (405 nm) was measured by a microplate reader
(TECAN). The results were normalized to total protein, measured by
BCA (as previously described).

2.24. Statistical analyses

Results are shown as mean + SEM (standard error of the mean) from
>3 independent experiments. Statistical analyses of differences between
3 groups were performed by one-way ANOVA followed by post-hoc
Tukey’s multiple tests, and those of differences between 2 groups were
performed using unpaired t-test with Prism Version 9 GraphPad

Software. Statistical significance was defined as p < 0.05.
3. Results
3.1. Baseline characteristics of subjects

Young (26.95 =+ 3.07 years old) and healthy males were recruited for
the following study. The average estimated VOzpax Of the volunteers was
51.22 + 4.85 of mL/kg/min; this fitness level falls within the range of 38
< VOgzmax > 56 commonly seen in most of the physically active pop-
ulations that regularly participate in nonelite sports/recreational ac-
tivities [54]. All participants reported similar eating habits regarding the
percentage of macro- and micronutrients consumed daily following the
mediterranean diet (data not shown). Baecke Questionnaire was used to
analyse daily physical activity of participants. The study protocol and
the anthropometric and fitness levels of the experimental group are
shown in Supplementary Fig. 1.
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Fig. 2. A) PCA of Pre_EVs and Post_EVs; B) Vulcano plot of differential expressed protein from Post EVs vs Pre_EVs; C) Enrichment analysis of Post_EVs upregu-

lated proteins.

3.2. A single bout of endurance exercise endurance induces changes in
EVs release and cargo

Plasma collected from the 21 volunteers was cleaned from cell debris
and analysed by Nanoparticle Tracking Analysis (NTA) (Fig. 1A).
Collectively, all the subjects show an exercise-related decrease in the
number of circulating particles with a parallel increase in size (Fig. 1B).
These changes in particle number and size, prompted us to better
investigate and characterize plasma-derived EVs. EVs isolated by SEC

were characterized following MISEV guidelines [55]. NTA and Electron
Microscopy (EM) confirmed the presence of EVs in the classically
described size range (70-200 nm; Fig. 1C-D) [56,57]. Presence of small
EVs (such as exosomes) in both, Pre_EVs and Post_EVs, was also
confirmed by positivity for ALIX, TSG101, and Syntenin-1, well-known
exosomal markers (Fig. 1E) [58]. Apolipoprotein A1 (APOA1) antibody
was used to confirm the absence of contaminant lipoprotein in the EVs
preparations (Fig. 1E) [59]. Finally, SPRi biosensor was used to detect
multiple subpopulations of EVs in the considered plasma samples [60].
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Table 1

GO analysis: molecular functional pathways.
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#term ID

Term description

Observed
gene count

Background
gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

G0:0008137

G0:0051117

G0:0019899

G0:0003824

NADH
dehydrogenase
(ubiquinone)
activity

ATPase binding

Enzyme binding

Catalytic activity

25

48

46

89

2239

5486

1.35

1.07

0.37

0.26

0.0072

0.0356

0.0233

0.0071

9606.ENSP00000322450,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087
9606.ENSP00000248958,9606.
ENSP00000286371,9606.
ENSP00000294785,9606.
ENSP00000332247,9606.
ENSP00000335203
9606.ENSP00000248958,9606.
ENSP00000255194,9606.
ENSP00000258390,9606.
ENSP00000261023,9606.
ENSP00000266085,9606.
ENSP00000274376,9606.
ENSP00000286371,9606.
ENSP00000291294,9606.
ENSP00000294785,9606.
ENSP00000302486,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000340944,9606.
ENSP00000347184,9606.
ENSP00000356972,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000381461,9606.
ENSP00000451261
9606.ENSP00000194530,9606.
ENSP00000216780,9606.
ENSP00000217901,9606.
ENSP00000236959,9606.
ENSP00000242719,9606.
ENSP00000248958,9606.
ENSP00000256412,9606.
ENSP00000258787,9606.
ENSP00000263125,9606.
ENSP00000263212,9606.
ENSP00000266542,9606.
ENSP00000274376,9606.
ENSP00000280346,9606.
ENSP00000283646,9606.
ENSP00000294785,9606.
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000310649,9606.
ENSP00000312311,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000337354,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000359258,9606.
ENSP00000359297,9606.
ENSP00000361245,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.

NDUFV1,MT-ND5,NDUFS2,
NDUFS5,NDUFB2

SDF2L1,ATP1B3,NCSTN,
ATP6VOA2,ATPIF1

SDF2L1,AP3B1,DOCK10,
ITGAV,TIMP3,RASA1,ATP1B3,
PTGIR,NCSTN,MAP2K1,
PSMD1,BRSK1,TMEM173,
ATP6VOA2,ATPIF1,PTPN11,
HTT,NDUFS2,GBF1,GCLM,
DNAJA1,EXOC1,GAPVDI,
PPME1,UBE2J1

STRADB,PCK2,IDH3G,ATIC,
RNF11,SDF2L1,ADAMDECI,
MYO1G,PRKCQ,PPM1F,C1RL,
RASA1,DLAT,RPIA,NCSTN,
GHDC,MAP2K1,BRSK1,
MRPL46,PRMT5,NDUFV1,
ARL4D,CNDP2,LIPA,HUWEI,
PTPN11,PRKAA1,ACSL5,PIGN,
PSMB10,MT-ND5,NDUFS2,
GCLM,NSDHL,HECTD3,
NDUFS5,ALDH4A1,LSS,PPME1,
SEPT9,IMPA1,PCCB,NDUFB2,
XPNPEP1,ALDH6A1,UBE2J1,
FKBP8,MGST2

(continued on next page)
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Table 1 (continued)
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Observed
gene count

#term ID Term description Background Strength

gene count
rate

False
discovery

Matching proteins in your network (IDs) Matching proteins in your

network (labels)

G0:0005515  Protein binding 53 7026 0.2

0.0233

ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000391249,9606.
ENSP00000408526,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639
9606.ENSP00000236959,9606.
ENSP00000248958,9606.
ENSP00000255194,9606.
ENSP00000258390,9606.
ENSP00000258787,9606.
ENSP00000261023,9606.
ENSP00000266085,9606.
ENSP00000270538,9606.
ENSP00000274376,9606.
ENSP00000280346,9606.
ENSP00000281513,9606.
ENSP00000283646,9606.
ENSP00000286371,9606.
ENSP00000291294,9606.
ENSP00000292807,9606.
ENSP00000294785,9606.
ENSP00000296585,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000319169,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000338885,9606.
ENSP00000340944,9606.
ENSP00000343405,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000361245,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000378563,9606.
ENSP00000381461,9606.
ENSP00000384126,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000436049,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

ATIC,SDF2L1,AP3B1,DOCK10,
MYO1G,ITGAV, TIMP3,
TIMM44,RASA1,DLAT,NBAS,
RPIA,ATP1B3,PTGIR,AP2M1,
NCSTN,ITGA2,MAP2K1,VPS41,
PSMD1,BRSK1,PRMT5,
TMEM173,ATP6VOA2,ATPIF1,
C2CD2L,PTPN11,SEC24C,
PRKAA1,HTT,OPHN1,NDUFS2,
S100A9,GBF1,GCLM,HECTD3,
ALDH4A1,HLA-C,DNAJAL,
EXOC1,GAPVD1,PFDNG,
PPME1,LRRC32,SEPT9,STRAP,
IMPA1,XPNPEP1,ABLIMS3,
EIF3M,UBE2J1,FKBP8,MGST2

Specific ligands for vesicles derived from adipocytes (CD36™), endo-
thelial cells (CD31", CD106+), muscle cells (Irisin+), microglia (IB4+),
and activated microglia (CD11b+) were used. Due to the considerable
variability, no statistically significant difference was observed between
the two injected samples. However, Post_EVs showed a trend in the in-
crease of circulating CD31" and CD106+ (p = 0.87) EVs, suggesting the
activation of the vascular system and the release of EVs from endothelial

cells, as well as increase in IB4+ and Irisin+ (p = 0.37 and p = 0.25
respectively) EVs, respectively released by microglia cells and muscles.
On the contrary, a decrease in the circulating CD36" and CD11b+ (p =
0.87) EVs compared to Pre EVs was registered (Fig. 1F). Principal
component analysis (PCA), of proteomic data obtained from Pre and
Post derived-EVs protein cargo, showed a clear separation of the ana-
lysed samples (Fig. 2A). Enrichment analysis for molecular function and
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Table 2

GO analysis: biological process pathways.

Redox Biology 63 (2023) 102737

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate
GO:0006750  Glutathione 3 14 1.65 0.0383 9606.ENSP00000325548,9606. CNDP2,GCLM,MGST2
biosynthetic process ENSP00000359258,9606.
ENSP00000482639
GO:0006120  Mitochondrial 5 49 1.33 0.0371 9606.ENSP00000322450,9606. NDUFV1,MT-ND5,NDUFS2,
electron transport, ENSP00000354813,9606. NDUFS5,NDUFB2
nadh to ubiquinone ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087
G0:0042398  Cellular modified 4 45 1.27 0.0409 9606.ENSP00000236959,9606. ATIC,CNDP2,GCLM,MGST2
amino acid ENSP00000325548,9606.
biosynthetic process ENSP00000359258,9606.
ENSP00000482639
GO0:1903214 Regulation of protein 4 47 1.25 0.0416 9606.ENSP00000335203,9606. ATPIF1,HUWE1,PRKAA1,
targeting to ENSP00000340648,9606. ABLIM3
mitochondrion ENSP00000346148,9606.
ENSP00000425394
G0:0032981  Mitochondrial 5 66 1.2 0.0371 9606.ENSP00000322450,9606. NDUFV1,MT-ND5,NDUFS2,
respiratory chain ENSP00000354813,9606. NDUFS5,NDUFB2
complex i assembly ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087
GO:1903747  Regulation of 5 76 1.14 0.0371 9606.ENSP00000335203,9606. ATPIF1,HUWE1,PRKAAL,
establishment of ENSP00000340648,9606. DNAJA1,ABLIM3
protein localization to ENSP00000346148,9606.
mitochondrion ENSP00000369127,9606.
ENSP00000425394
GO:0002474  Antigen processing 6 96 1.11 0.0371 9606.ENSP00000261023,9606. ITGAV,PSMD1,SEC24C,
and presentation of ENSP00000309474,9606. PSMB10,HLA-C,MFSD6
peptide antigen via ENSP00000343405,9606.
mhc class i ENSP00000351314,9606.
ENSP00000365402,9606.
ENSP00000376141
GO0:0042590 Antigen processing 8 80 1.11 0.0371 9606.ENSP00000261023,9606. ITGAV,PSMD1,PSMB10,HLA-
and presentation of ENSP00000309474,9606. C,MFSD6
exogenous peptide ENSP00000351314,9606.
antigen via mhc class i ENSP00000365402,9606.
ENSP00000376141
G0:0033108  Mitochondrial 6 102 1.09 0.0371 9606.ENSP00000322450,9606. NDUFV1,SAMMS50,MT-ND5,
respiratory chain ENSP00000345445,9606. NDUFS2,NDUFS5,NDUFB2
complex assembly ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087
GO:0019884  Antigen processing 8 182 0.96 0.0371 9606.ENSP00000255194,9606. AP3B1,ITGAV,AP2M1,
and presentation of ENSP00000261023,9606. PSMD1,SEC24C,PSMB10,
exogenous antigen ENSP00000292807,9606. HLA-C,MFSD6
ENSP00000309474,9606.
ENSP00000343405,9606.
ENSP00000351314,9606.
ENSP00000365402,9606.
ENSP00000376141
G0:0045333  Cellular respiration 7 158 0.96 0.0371 9606.ENSP00000217901,9606. IDH3G,DLAT,NDUFV1,MT-
ENSP00000280346,9606. ND5,NDUFS2,NDUFS5,
ENSP00000322450,9606. NDUFB2
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087
G0:0002478  Antigen processing 7 174 0.92 0.0371 9606.ENSP00000261023,9606. ITGAV,AP2M1,PSMD1,
and presentation of ENSP00000292807,9606. SEC24C,PSMB10,HLA-C,
exogenous peptide ENSP00000309474,9606. MFSD6
antigen ENSP00000343405,9606.
ENSP00000351314,9606.
ENSP00000365402,9606.
ENSP00000376141
GO:0048872 Homeostasis of 7 204 0.85 0.0383 9606.ENSP00000258390,9606. DOCK10,SLC39A3,NCSTN,
number of cells ENSP00000269740,9606. ATPIF1,LIPA,PTPN11,MPL
ENSP00000294785,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000340944,9606.
ENSP00000361548

10

(continued on next page)
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Table 2 (continued)

Redox Biology 63 (2023) 102737

#term ID Term description Observed
gene count

Background Strength ~ False
gene count discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

G0:0006091 Generation of 10
precursor metabolites
and energy

G0:0007005  Mitochondrion 11
organization

G0:0051223  Regulation of protein 13
transport

G0:1903827  Regulation of cellular 11
protein localization

GO:0032880  Regulation of protein 15
localization

G0:0001775  Cell activation 16

405 0.71 0.0371

452 0.7 0.0371

617 0.64 0.0371

568 0.61 0.0416

934 0.52 0.0371

1075 0.49 0.0371

11

9606.ENSP00000217901,9606.

ENSP00000280346,9606.
ENSP00000283646,9606.
ENSP00000322450,9606.
ENSP00000335203,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000419087

9606.ENSP00000249442,9606.

ENSP00000255194,9606.
ENSP00000270538,9606.
ENSP00000322450,9606.
ENSP00000335203,9606.
ENSP00000345445,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000359258,9606.

ENSP00000362060, 9606.

ENSP00000419087

9606.ENSP00000263212,9606.

ENSP00000335203,9606.
ENSP00000338885,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347710,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000384126,9606.

ENSP00000425394, 9606.

ENSP00000451261

9606.ENSP00000263212,9606.

ENSP00000292807,9606.
ENSP00000335203,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347710,9606.
ENSP00000359000,9606.
ENSP00000369127,9606.
ENSP00000425394,9606.
ENSP00000451261

9606.ENSP00000263212,9606.

ENSP00000292807,9606.
ENSP00000335203,9606.
ENSP00000338885,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347710,9606.
ENSP00000359000,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000384126,9606.
ENSP00000425394,9606.
ENSP00000451261

9606.ENSP00000258390,9606.

ENSP00000261023,9606.
ENSP00000263125,9606.
ENSP00000294785,9606.
ENSP00000301671,9606.
ENSP00000309474,9606.
ENSP00000319169,9606.
ENSP00000331288,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000351314,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.

IDH3G,DLAT,RPIA,NDUFV1,
ATPIF1,MT-ND5,NDUFS2,
NDUFS5,ALDH4A1,NDUFB2

MTX2,AP3B1,TIMM44,
NDUFV1,ATPIF1,SAMMS50,
MT-ND5,NDUFS2,GCLM,
NDUFS5,NDUFB2

PPM1F,ATPIF1,C2CD2L,
HUWE1,PTPN11,PRKAA1,
OPHN1,DNAJA1,EXOC1,
GAPVD1,LRRC32,ABLIMS3,
UBE2J1

PPM1F,AP2M1,ATPIF1,
HUWE1,PTPN11,PRKAA1,
OPHN1,GBF1,DNAJAI,
ABLIM3,UBE2J1

PPM1F,AP2M1,ATPIF1,
C2CD2L,HUWE1,PTPN11,
PRKAA1,0PHN1,GBF1,
DNAJA1,EXOC1,GAPVDI,
LRRC32,ABLIM3,UBE2J1

DOCK10,ITGAV,PRKCQ,
NCSTN,GHDC,PSMD1,
PRMTS5,TMEM173,HUWE1,
PTPN11,PSMB10,S100A9,
GBF1,GCLM,MPL,HLA-C

(continued on next page)
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Observed
gene count

#term ID Term description

Background
gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

GO0:0060341 Regulation of cellular 15

localization

GO0:0140352 Export from cell 15

Vesicle-mediated 24
transport

G0:0016192

G0:0043085  Positive regulation of 19

catalytic activity

1027

1028

1805

1489

0.48

0.48

0.44

0.42

0.046

0.046

0.0371

0.0409

12

ENSP00000361548,9606.
ENSP0000036540
9606.ENSP00000263212,9606.
ENSP00000292807,9606.
ENSP00000302486,9606.
ENSP00000310649,9606.
ENSP00000335203,9606.
ENSP00000338885,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000359000,9606.
ENSP00000369127,9606.
ENSP00000425394,9606.
ENSP00000451261
9606.ENSP00000258787,9606.
ENSP00000261023,9606.
ENSP00000266085,9606.
ENSP00000286371,9606.
ENSP00000294785,9606.
ENSP00000301671,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000322628,9606.
ENSP00000331288,9606.
ENSP00000340648,9606.
ENSP00000357727,9606.
ENSP00000365402,9606.
ENSP00000370695
9606.ENSP00000255194,9606.
ENSP00000258787,9606.
ENSP00000261023,9606.
ENSP00000266085,9606.
ENSP00000281513,9606.
ENSP00000292807,9606.
ENSP00000294785, 9606.
ENSP00000301671,9606.
ENSP00000309457, 9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000322628,9606.
ENSP00000331288,9606.
ENSP00000340648,9606.
ENSP00000343405,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000357727, 9606.
ENSP00000359000,9606.
ENSP00000365402,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000382379,9606.
ENSP00000386911
9606.ENSP00000194530,9606.
ENSP00000258390,9606.
ENSP00000263125,9606.
ENSP00000263212,9606.
ENSP00000274376,9606.
ENSP00000286371,9606.
ENSP00000294785,9606.
ENSP00000296585,9606.
ENSP00000302486,9606.
ENSP00000340454,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347710,9606.
ENSP00000357727,9606.
ENSP00000359258,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.

PPM1F,AP2M1,MAP2K1,
BRSK1,ATPIF1,C2CD2L,
HUWE1,PTPN11,PRKAA1,
HTT,0PHN1,GBF1,DNAJAL,
ABLIM3,UBE2J1

MYO1G,ITGAV, TIMP3,
ATP1B3,NCSTN,GHDC,
VPS41,PSMD1,BRSK1,ARL4D,
TMEM173,HUWE1,S100A9,
HLA-C,EXOC1

AP3B1,MYO1G,ITGAV,
TIMP3,NBAS,AP2M1,NCSTN,
GHDC,VPS41,PSMD1,BRSK1,
ARL4D,TMEM173,HUWEI1,
SEC24C,HTT,OPHN1,S100A9,
GBF1,HLA-C,EXOC1,GAPVD1,
ANKRD28,ARHGAP25

STRADB,DOCK10,PRKCQ,
PPM1F,RASA1,ATP1B3,
NCSTN,ITGA2,MAP2K1,
RAP1GDS1,PTPN11,PRKAA1,
OPHN1,S100A9,GCLM,
DNAJA1,GAPVDI1,
ARHGAP25,MGST2

(continued on next page)
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Observed
gene count

#term ID Term description Background

gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

GO:0051049  Regulation of 21 1776

transport

G0:0002376  Immune system 27 2481

process

GO0:0050790  Regulation of catalytic 25 2386

activity

0.39

0.36

0.34

0.0414

0.0371

0.046

13

ENSP00000386911,9606.
ENSP00000482639
9606.ENSP00000261023,9606.
ENSP00000263212,9606.
ENSP00000286371,9606.
ENSP00000296585,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000310649,9606.
ENSP00000335203,9606.
ENSP00000338885,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000384126,9606.
ENSP00000425394,9606.
ENSP00000451261
9606.ENSP00000255194,9606.
ENSP00000256412,9606.
ENSP00000258390,9606.
ENSP00000258787,9606.
ENSP00000261023,9606.
ENSP00000263125,9606.
ENSP00000266542,9606.
ENSP00000269740,9606.
ENSP00000286371,9606.
ENSP00000292807,9606.
ENSP00000294785,9606.
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000309474,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000343405,9606.
ENSP00000351314,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000361548,9606.
ENSP00000365402,9606.
ENSP00000370695,9606.
ENSP00000376141
9606.ENSP00000194530,9606.
ENSP00000258390,9606.
ENSP00000263125,9606.
ENSP00000263212,9606.
ENSP00000266085,9606.
ENSP00000274376,9606.
ENSP00000286371,9606.
ENSP00000294785,9606.
ENSP00000296585,9606.
ENSP00000302486,9606.
ENSP00000309474,9606.
ENSP00000335203,9606.
ENSP00000340454,9606.
ENSP00000340944,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000357727,9606.
ENSP00000359258,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.
ENSP00000381461,9606.
ENSP00000386911,9606.

ITGAV,PPM1F,ATP1B3,
ITGA2,MAP2K1,VPS41,
BRSK1,ATPIF1,C2CD2L,
HUWE1,PTPN11,PRKAA1,
HTT,0PHN1,ACSL5,DNAJAL,
EXOC1,GAPVD1,LRRC32,
ABLIM3,UBE2J1

AP3B1,ADAMDEC1,DOCK10,
MYO1G,ITGAV,PRKCQ,C1RL,
SLC39A3,ATP1B3,AP2M1,
NCSTN,GHDC,MAP2K1,
PSMD1,TMEM173,
ATP6VOA2,ATPIF1,HUWEI,
PTPN11,SEC24C,PSMB10,
S100A9,GBF1,MPL,HLA-C,
EXOC1,MFSD6

STRADB,DOCK10,PRKCQ,
PPM1F, TIMP3,RASA1,
ATP1B3,NCSTN,ITGA2,
MAP2K1,PSMD1,ATPIF1,
RAP1GDS1,PTPN11,PRKAAL,
HTT,0PHN1,S100A9,GCLM,
DNAJA1,GAPVD1,PPMEI,
ARHGAP25,PLXNB2,MGST2

(continued on next page)
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#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000409171,9606.
ENSP00000482639

G0:0009987  Cellular process 89 15024 0.09 0.0371 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,ATIC,
ENSP00000216780,9606. RNF11,SDF2L1,MTX2,AP3B1,
ENSP00000217901,9606. DOCK10,MYO1G,ITGAV,
ENSP00000236959,9606. C190rf10,PRKCQ,PPMIF,
ENSP00000242719,9606. TIMP3,SLC39A3,TIMM44,
ENSP00000248958,9606. RASA1,DLAT,NBAS,RPIA,
ENSP00000249442,9606. ATP1B3,PTGIR,AP2M1,
ENSP00000255194,9606. NCSTN,ITGA2,GHDC,
ENSP00000258390, 9606. MAP2K1,VPS41,PSMD1,
ENSP00000258787,9606. BRSK1,MRPL46,EHBP1L1,
ENSP00000261023,9606. PRMT5,NDUFV1,ARL4D,
ENSP00000262947,9606. CNDP2,TMEM173,
ENSP00000263125,9606. ATP6VOA2,ATPIF1,LIPA,
ENSP00000263212,9606. C2CD2L,RAP1GDS1,HUWEI,
ENSP00000266085,9606. ARMCX3,PTPN11,SLC25A15,
ENSP00000269740,9606. SEC24C,SAMMS50,PRKAA1,
ENSP00000270538,9606. HTT,0PHN1,ACSL5,PIGN,
ENSP00000274376, 9606. PSMB10,MT-ND5,NDUFS2,
ENSP00000280346,9606. S100A9,GBF1,GCLM,NSDHL,
ENSP00000281513,9606. HECTD3,MPL,NDUFS5,
ENSP00000283646,9606. ALDH4A1,HLA-C,DNAJA1,
ENSP00000286371,9606. EXOC1,GAPVD1,PFDNG6,LSS,
ENSP00000291294,9606. PPME1,ANKRD28,LRRC32,
ENSP00000292807,9606. ARHGAP25,SEPT9,STRAP,
ENSP00000294785,9606. IMPA1,PLXNB2,PCCB,
ENSP00000296585,9606. NDUFB2,XPNPEP1,ABLIM3,
ENSP00000301671,9606. EIF3M,MARVELD1,ALDH6A1,
ENSP00000302486,9606. UBE2J1,FKBP8,MGST2
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.

14

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.

ENSP00000359297, 9606.

ENSP00000361245,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000378563,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.

(continued on next page)
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Observed
gene count

#term ID Term description Background

gene count

Strength

False
discovery

rate

Matching proteins in your network (IDs) Matching proteins in your

network (labels)

ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000386911,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000409171,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000436049,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

biological process on the most upregulated proteins in Post EVs (dif-
ference >= 1.5 and strength >= 0.5; Fig. 2B; full proteins list Supple-
mentary Table 1), evidenced enrichment in proteins with a function in
the maintenance of cells energetic balance (Table 1 and Table 2;
Fig. 2C). These data were supported by cellular component enrichment
analysis (Table 3) that confirmed upregulation of mitochondrial pro-
teins, in Post_EVs. To note, 48 of the 98 upregulated proteins have cat-
alytic activity, as by Gene Ontology (GO) analysis (Fig. 2C). Among
them, the most significatively upregulated protein is the well-known
mitogen-activated protein kinase kinase 1 (MAP2K1), a kinase with
different known roles, even in oxidative stress damage response [61].
Interestingly, Post_EVs showed significative increased levels of carno-
sine dipeptidase 2 (CNDP2), glutamate-cysteine ligase modifier subunit
(GCLM), and microsomal glutathione S-transferase 2 (MGST2) (Fig. 2B)
three protein essential for the glutathione biosynthetic process (Table 2).
Biosynthesis of glutathione plays a key role in the antioxidant response
[62]. Despite protein expression level of Glutathione Reductase (GR)
and Catalase (CAT), two key antioxidant enzymes, was not signi-
ficatively different between Pre and Post derived-EVs (difference
Post_EVs vs Pre_EVs 0.4 and -0.14 respectively, Supplementary Table 1),
the biochemical assessment of their activity showed that both GR and
CAT were more active in Post_EVs compared to Pre_EVs (Fig. 3A). It is
known that the enzymatic activity of both is upregulated following PE
[63] in order to protect cells against increased HyO, formation [64]. In
agreement with this, Post_EVs showed lower levels of ROS compared to
Pre EVs (Fig. 3B). Globally, these data suggested that Post EVs have
greater antioxidant activity.

3.3. Post EVs induce activation of antioxidant and cardioprotective
pathways on hCM

Isolated Pre_EVs and Post_EVs were then used to perform functional
analysis on human iPS-derived cardiomyocytes (hCM). Vesicles were
added on top of cultured cells. After 1hr of treatment, hCM were
collected to perform analysis of AOEs activity. Both GR and CAT resulted
more active in hCM treated with Post EVs (hCM + Post_EVs) compared
to Pre_EVs treated (hCM + Pre_EVs) and not treated cells (hCM + PBS)
(Fig. 3C). Furthermore, additional analysis showed that hCM + Post_EVs
had increased activity of glutathione peroxidase (GPx) and glucose 6-
phosphate dehydrogenase (G6PD) (Fig. 3C); other two fundamental
players in the antioxidant response [65]. Interestingly, lipid peroxida-
tion was significantly downregulated in EVs-treated hCM, with Post_EVs
resulting more potent than Pre EVs (Fig. 3D). The decrease in global
ROS levels by Post_EVs was also confirmed with DHE (Dihydroethidium)
analysis (Fig. 3E). Among the known signalling pathways involved in
oxidative stress reduction, in cardiomyocytes, activation of HSP27 (Heat

15

shock protein 27) has a central role [66,67]. Interestingly, it has been
previously shown that EVs are able to activate HSP27 phosphorylation
with consequent cardioprotection [68]. In accordance with the previous
data here, we found that Post EVs were able to significantly increase
HSP27 phosphorylation in treated cardiomyocytes (Fig. 4A). Since
Post_EVs showed to be able to induce the activation of different anti-
oxidant enzymes, we decided to perform nuclear translocation analysis
on NRF2 (Nuclear factor erythroid 2-related factor 2). Immunofluores-
cence analysis on hCM treated with Pre- or Post-derived EVs showed an
increase in NRF2 nuclear translocation after Post_EVs treatment
(Fig. 4B). Furthermore, the downstream effect of NRF2 nuclear trans-
location was confirmed by RT-Realtime-PCR analysis on treated hCM, 6
h post EVs exposure. In accordance with the immunofluorescence re-
sults, we found that Post_ EVs were able to significatively increase the
transcription of SOD1 and HMOX1 genes, while only a positive trend was
observed for CAT and NQO1 (Supplementary Fig. 3).

3.4. Post EVs protect cardiomyocytes from oxidative stress

Since Post_EVs resulted to be able to activate protective and anti-
oxidant pathways in cardiomyocytes, we decided to investigate their
protective role in pro-oxidant conditions. hCM were treated with 150
M of Hp0; for 1hr. The selected dose was able to induce a significant
increase in ROS production resulting in hCM cell death of about 50%
(Fig. 5A). Post_EVs were used to treat hCM 1 h before HoO, treatment.
EVs isolated from plasma obtained post-physical exercise decrease ROS
levels in hCM under pro-oxidant conditions (Fig. 5B) and improve cell
viability (Fig. 5C). Furthermore, a biochemical assay on GR activity,
showed an increase in this enzyme functionality following Post_EVs
treatment (Fig. 5D).

4. Discussion

While there are several work showing how EVs, in particular the one
derived from stem and progenitor cells can protect target cells against
oxidative stress [69,70], in this study, we demonstrated, for the first
time, that EVs released in the circulation immediately after a single
endurance exercise have beneficial effect. Specifically, here we showed
that EVs released immediately after a single endurance exercise (Post_-
EVs), by healthy young males with a high average fitness level, exert
antioxidant and cardioprotective effects in human-induced car-
diomyocyte (hCM) in vitro model. It is known that physical exercise
induces EVs release and changes in their cargo [20]. In particular, acute
exercise causes large EVs release in circulation, also known as micro-
vesicles (MVs), which can be a carrier of a huge number of proteins
altered after exercise [21]. In line with that, our NTA analysis showed a
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GO analysis: cellular component.
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#term ID

Term description

Observed
gene count

Background
gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

G0:0005747

G0:1990204

G0:0098798

G0:0031966

G0:0005759

G0:0005739

Mitochondrial
respiratory chain
complex i

Oxidoreductase
complex

Mitochondrial
protein complex

Mitochondrial
membrane

Mitochondrial
matrix

Mitochondrion

14

28

48

107

262

722

479

1611

1.34

1.07

0.85

0.61

0.59

0.56

0.0023

0.0029

0.0023

0.0023

0.0344

1.20E-06

16

9606.ENSP00000322450,9606.

ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087

9606.ENSP00000280346,9606.

ENSP00000322450,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087

9606.ENSP00000249442,9606.

ENSP00000280346,9606.
ENSP00000312311,9606.
ENSP00000322450,9606.
ENSP00000345445,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087

9606.ENSP00000249442,9606.

ENSP00000270538,9606.
ENSP00000312311,9606.
ENSP00000322450,9606.
ENSP00000331288,9606.
ENSP00000340672,9606.
ENSP00000342267,9606.
ENSP00000345445,9606.
ENSP00000348429,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000419087,9606.
ENSP00000476767

9606.ENSP00000216780,9606.

ENSP00000217901,9606.
ENSP00000270538,9606.
ENSP00000280346,9606.
ENSP00000312311,9606.
ENSP00000356972,9606.
ENSP00000364490,9606.
ENSP00000419027,9606.
ENSP00000450436

9606.ENSP00000216780,9606.

ENSP00000217901,9606.
ENSP00000249442,9606.
ENSP00000255194,9606.
ENSP00000270538,9606.
ENSP00000280346,9606.
ENSP00000294785,9606.
ENSP00000302486,9606.
ENSP00000312311,9606.
ENSP00000322450,9606.
ENSP00000331288,9606.
ENSP00000335203,9606.
ENSP00000340454,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000345445,9606.
ENSP00000348429,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000359000,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000369127,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000450436,9606.
ENSP00000476767

NDUFV1,MT-ND5,NDUFS2,
NDUFS5,NDUFB2

DLAT,NDUFV1,MT-ND5,
NDUFS2,NDUFS5,NDUFB2

MTX2,DLAT,MRPL46,NDUFV1,

SAMMS50,MT-ND5,NDUFS2,
NDUFS5,NDUFB2

MTX2,TIMM44,MRPL46,

NDUFV1,TMEM173,ARMCX3,

SLC25A15,SAMMS0,ACSLS,
MT-ND5,NDUFS2,NDUFS5,
NDUFB2,FKBP8

PCK2,IDH3G, TIMM44,DLAT,

MRPL46,NDUFS2,ALDH4A1,
PCCB,ALDH6A1

PCK2,IDH3G,MTX2,AP3B1,
TIMM44,DLAT,NCSTN,
MAP2K1,MRPL46,NDUFV1,

TMEM173,ATPIF1,RAP1GDS1,
ARMCX3,PTPN11,SLC25A15,

SAMMS50,ACSL5,MT-ND5,
NDUFS2,GBF1,NDUFSS,

ALDH4A1,DNAJA1,PCCB,
NDUFB2,ALDH6A1,FKBP8

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False
gene count gene count discovery
rate

Matching proteins in your network (IDs) Matching proteins in your

network (labels)

GO:0098796  Membrane protein 17 1141 0.49 0.0044 9606.ENSP00000249442,9606.
complex ENSP00000255194,9606.
ENSP00000261023,9606.
ENSP00000286371,9606.
ENSP00000292807,9606.
ENSP00000294785,9606.
ENSP00000296585,9606.
ENSP00000309457,9606.
ENSP00000322450,9606.
ENSP00000332247,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000362060,9606.
ENSP00000365402,9606.
ENSP00000419087
9606.ENSP00000249442,9606.
ENSP00000270538,9606.
ENSP00000301671,9606.
ENSP00000312311,9606. MT-ND5,NDUFS2,MPL,
ENSP00000322450,9606. NDUFS5,NDUFB2,FKBPS,
ENSP00000331288,9606. MGST2
ENSP00000340672,9606.
ENSP00000342267,9606.
ENSP00000345445,9606.
ENSP00000348429,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000419087,9606.
ENSP00000476767,9606.
ENSP00000482639
GO:0005789  Endoplasmic 14 1085 0.43 0.043 9606.ENSP00000248958,9606.
reticulum ENSP00000281513,9606.
membrane ENSP00000331288,9606.
ENSP00000338885,9606.
ENSP00000343405,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000359297,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000380837,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639
GO:0031090  Organelle 35 3548 0.31 0.0023 9606.ENSP00000248958,9606.
membrane ENSP00000249442,9606.
ENSP00000255194,9606.
ENSP00000261023,9606.
ENSP00000270538,9606.
ENSP00000281513,9606.

MTX2,AP3B1,ITGAV,ATP1B3,
AP2M1,NCSTN,ITGA2,VPS41,
NDUFV1,ATP6V0A2,SEC24C,
SAMM50,MT-ND5,NDUFS2,
NDUFS5,HLA-C,NDUFB2

G0:0031967 Organelle envelope 17 1213 0.46 0.008 MTX2,TIMM44,GHDC,MRPL46,
NDUFV1,TMEM173,ARMCX3,

SLC25A15,SAMMS0,ACSLS,

SDF2L1,NBAS,TMEM173,
C2CD2L,SEC24C,ACSL5,PIGN,
NSDHL,HLA-C,DNAJA1,LSS,
UBE2J1,FKBP8,MGST2

SDF2L1,MTX2,AP3B1,ITGAV,
TIMM44,NBAS,AP2M1,NCSTN,
VPS41,MRPL46,NDUFV1,
TMEM173,ATP6VOA2,C2CD2L,
ARMCX3,SLC25A15,SEC24C,
SAMMS50,HTT,ACSL5,PIGN,

ENSP00000292807,9606.
ENSP00000294785,9606.
ENSP00000309457,9606.
ENSP00000312311,9606.

MT-ND5,NDUFS2,GBF1,

NSDHL,MPL,NDUFS5,HLA-C,

DNAJA1,LSS,ANKRD28,
NDUFB2,UBE2J1,FKBPS,

ENSP00000322450,9606. MGST2
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000338885,9606.
ENSP00000340672,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000347184,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000362060,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000380837,9606.
ENSP00000382379,9606.
ENSP00000419087,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

GO:0005829  Cytosol 42 5193 0.23 0.0106 9606.ENSP00000194530,9606. STRADB,PCK2,ATIC,DOCK10,
ENSP00000216780,9606. ITGAV,PRKCQ,PPM1F,RASA1,
ENSP00000236959,9606. NBAS,RPIA,PTGIR,AP2M1,
ENSP00000258390,9606. MAP2K1,VPS41,PSMD1,
ENSP00000261023,9606. PRMT5,NDUFV1,CNDP2,
ENSP00000263125,9606. TMEM173,RAP1GDS1,HUWEL,
ENSP00000263212,9606. PTPN11,SEC24C,PRKAA1,HTT,
ENSP00000274376,9606. OPHN1,PIGN,PSMB10,S100A9,
ENSP00000281513,9606. GBF1,GCLM,DNAJA1,EXOC1,
ENSP00000283646,9606. GAPVD1,ANKRD28,
ENSP00000291294,9606. ARHGAP25,STRAP,IMPA1,
ENSP00000292807,9606. PCCB,XPNPEP1,EIF3M,FKBP8
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340944,9606.
ENSP00000343405,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000382379,9606.
ENSP00000386911,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000419027,9606.
ENSP00000421566,9606.
ENSP00000436049,9606.
ENSP00000476767

G0:0012505  Endomembrane 37 4542 0.23 0.026 9606.ENSP00000242719,9606. RNF11,SDF2L1,AP3B1,ITGAV,

system ENSP00000248958,9606. C190rf10,TIMP3,NBAS,AP2M1,

ENSP00000255194,9606. NCSTN,GHDC,MAP2K1,VPS41,
ENSP00000261023,9606. PSMD1,BRSK1,EHBP1L1,
ENSP00000262947,9606. PRMTS5,TMEM173,ATP6V0OA2,
ENSP00000266085,9606. C2CD2L,RAP1GDS1,HUWEL,
ENSP00000281513,9606. SEC24C,HTT,ACSL5,PIGN,
ENSP00000292807,9606. S100A9,GBF1,NSDHL,MPL,
ENSP00000294785,9606. HLA-C,DNAJA1,GAPVD1,LSS,
ENSP00000301671,9606. ANKRD28,UBE2J1,FKBPS,
ENSP00000302486,9606. MGST2
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000343405,9606.
ENSP00000347184,9606.

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.
ENSP00000380837,9606.
ENSP00000382379,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

G0:0032991  Protein-containing 40 5073 0.22 0.026 9606.ENSP00000242719,9606. RNF11,SDF2L1,MTX2,AP3B1,

complex ENSP00000248958,9606. MYO1G,ITGAV,PPM1F,DLAT,

ENSP00000249442,9606. NBAS,ATP1B3,AP2M1,NCSTN,
ENSP00000255194,9606. ITGA2,VPS41,PSMD1,MRPL46,
ENSP00000258787,9606. EHBP1L1,PRMT5,NDUFV1,
ENSP00000261023,9606. ATP6VOA2,ATPIF1,PTPN11,
ENSP00000263212,9606. SEC24C,SAMMS50,PRKAA1,
ENSP00000280346,9606. HTT,PSMB10,MT-NDS5,
ENSP00000281513,9606. NDUFS2,GCLM,NDUFS5,HLA-
ENSP00000286371,9606. C,EXOC1,PFDN6,SEPT9,
ENSP00000292807,9606. STRAP,PLXNB2,NDUFB2,
ENSP00000294785,9606. EIF3M,FKBP8
ENSP00000296585,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000340944,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000359258,9606.
ENSP00000362060,9606.
ENSP00000365402,9606.
ENSP00000370695,9606.
ENSP00000378563,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000409171,9606.
ENSP00000419087,9606.
ENSP00000436049,9606.
ENSP00000476767

G0:0005737  Cytoplasm 83 11428 0.18 4.15E-07 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,ATIC,
ENSP00000216780,9606. RNF11,SDF2L1,MTX2,AP3B1,
ENSP00000217901,9606. DOCK10,MYO1G,ITGAV,
ENSP00000236959,9606. C190rf10,PRKCQ,PPM1F,
ENSP00000242719,9606. TIMP3,TIMM44,RASA1,DLAT,
ENSP00000248958,9606. NBAS,RPIA,ATP1B3,PTGIR,
ENSP00000249442,9606. AP2M1,NCSTN,ITGA2,GHDC,
ENSP00000255194,9606. MAP2K1,VPS41,PSMD1,BRSK1,
ENSP00000258390,9606. MRPL46,EHBP1L1,PRMTS,
ENSP00000258787,9606. NDUFV1,ARL4D,CNDP2,
ENSP00000261023,9606. TMEM173,ATP6VOA2,ATPIF1,
ENSP00000262947,9606. LIPA,C2CD2L,RAP1GDS1,
ENSP00000263125,9606. HUWE1,ARMCX3,PTPN11,
ENSP00000263212,9606. SLC25A15,SEC24C,SAMMS50,
ENSP00000266085,9606. PRKAA1,HTT,OPHN1,ACSL5,
ENSP00000270538,9606. PIGN,PSMB10,MT-ND5,
ENSP00000274376,9606. NDUFS2,5100A9,GBF1,GCLM,
ENSP00000280346,9606. NSDHL,HECTD3,MPL,NDUFS5,
ENSP00000281513,9606. ALDH4A1,HLA-C,DNAJAL,
ENSP00000283646,9606. EXOC1,GAPVD1,PFDNG,
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000286371,9606. ANKRD28,ARHGAP25,SEPT9,
ENSP00000291294,9606. STRAP,IMPA1,PCCB,NDUFB2,
ENSP00000292807,9606. XPNPEP1,ABLIM3,EIF3M,
ENSP00000294785,9606. MARVELD1,ALDH6A1,FKBPS8,
ENSP00000296585,9606. MGST2
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000359297,9606.
ENSP00000361245,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000378563,9606.
ENSP00000382379,9606.
ENSP00000386911,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000436049,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000476767,9606.
ENSP00000482639
G0:0016020  Membrane 60 9072 0.14 0.0335 9606.ENSP00000236959,9606. ATIC,SDF2L1,MTX2,AP3B1,
ENSP00000248958,9606. DOCK10,MYO1G,ITGAV,
ENSP00000249442,9606. PRKCQ,SLC39A3,TIMM44,
ENSP00000255194,9606. RASA1,NBAS,ATP1B3,PTGIR,
ENSP00000258390,9606. AP2M1,NCSTN,ITGA2,GHDC,
ENSP00000258787,9606. MAP2K1,VPS41,PSMD1,
ENSP00000261023,9606. MRPL46,EHBP1L1,NDUFV1,
ENSP00000263125,9606. ARL4D,TMEM173,ATP6V0A2,
ENSP00000269740,9606. C2CD2L,HUWE1,ARMCX3,
ENSP00000270538,9606. SLC25A15,SEC24C,SAMMS0,
ENSP00000274376,9606. PRKAA1,HTT,ACSL5,PIGN,MT-

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate
ENSP00000281513,9606. ND5,NDUFS2,5100A9,GBF1,
ENSP00000286371,9606. NSDHL,MPL,NDUFS5,
ENSP00000291294,9606. TMEM245,HLA-C,DNAJA1,
ENSP00000292807,9606. EXOC1,MFSD6,GAPVD1,LSS,
ENSP00000294785,9606. ANKRD28,LRRC32,ARHGAP25,
ENSP00000296585,9606. PLXNB2,NDUFB2,MARVELD]1,
ENSP00000301671,9606. UBE2J1,FKBP8,MGST2
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000338885,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000363714,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000376141,9606.
ENSP00000377664,9606.
ENSP00000380837,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000386911,9606.
ENSP00000409171,9606.

ENSP00000419087,9606.
ENSP00000441365,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

GO:0005622  Intracellular 88 14276 0.11 0.00021 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,ATIC,
ENSP00000216780,9606. RNF11,SDF2L1,MTX2,AP3B1,
ENSP00000217901,9606. DOCK10,MYO1G,ITGAV,
ENSP00000236959,9606. C190rf10,PRKCQ,PPMIF,
ENSP00000242719,9606. TIMP3,TIMM44,RASA1,DLAT,
ENSP00000248958,9606. NBAS,ZNF385D,RPIA,ATP1B3,
ENSP00000249442,9606. PTGIR,AP2M1,NCSTN,ITGA2,
ENSP00000255194,9606. GHDC,MAP2K1,VPS41,PSMD1,
ENSP00000258390,9606. BRSK1,MRPL46,EHBP1L1,
ENSP00000258787,9606. PRMT5,NDUFV1,ARL4D,
ENSP00000261023,9606. CNDP2,TMEM173,ATP6V0A2,
ENSP00000262947,9606. ATPIF1,LIPA,C2CD2L,
ENSP00000263125,9606. RAP1GDS1,HUWE1,ARMCX3,
ENSP00000263212,9606. PTPN11,SLC25A15,SEC24C,
ENSP00000266085,9606. SAMMS50,PRKAA1,HTT,
ENSP00000270538,9606. OPHN1,ACSL5,PIGN,PSMB10,
ENSP00000274376,9606. MT-ND5,NDUFS2,S100A9,
ENSP00000280346,9606. GBF1,GCLM,NSDHL,HECTD3,
ENSP00000281513,9606. MPL,NDUFS5,ALDH4A1,HLA-
ENSP00000281523,9606. C,DNAJA1,EXOC1,GAPVD1,
ENSP00000283646,9606. PFDNG6,LSS,PPME1,ANKRD28,
ENSP00000286371,9606. LRRC32,ARHGAP25,SEPT9,
ENSP00000291294,9606. STRAP,IMPA1,PCCB,NDUFB2,
ENSP00000292807,9606. XPNPEP1,ABLIM3,EIF3M,
ENSP00000294785,9606.
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000296585,9606. MARVELD1,ALDH6A1,UBE2J1,
ENSP00000301671,9606. FKBP8,MGST2
ENSP00000302486,9606.

ENSP00000309457,9606.

ENSP00000309474,9606.

ENSP00000310649,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000359297,9606.
ENSP00000361245,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.
ENSP00000377664,9606.
ENSP00000378563,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000386911,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000436049,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639
G0:0043227  Membrane- 77 12427 0.11 0.0082 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,ATIC,
bounded organelle ENSP00000216780,9606. RNF11,SDF2L1,MTX2,AP3B1,
ENSP00000217901,9606. DOCK10,MYO1G,ITGAV,
ENSP00000236959,9606. C190rf10,PPM1F,TIMP3,C1RL,
ENSP00000242719,9606. TIMM44,DLAT,NBAS,
ENSP00000248958,9606. ZNF385D,RPIA,ATP1B3,
ENSP00000249442,9606. AP2M1,NCSTN,ITGA2,GHDC,
ENSP00000255194,9606. MAP2K1,VPS41,PSMD1,BRSK1,
ENSP00000258390,9606. MRPL46,EHBP1L1,PRMTS5,
ENSP00000258787,9606. NDUFV1,ARL4D,CNDP2,
ENSP00000261023,9606. TMEM173,ATP6V0A2,ATPIF1,
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#term ID Term description
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gene count

Background
gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

ENSP00000262947,9606.
ENSP00000263212,9606.
ENSP00000266085,9606.
ENSP00000266542,9606.
ENSP00000270538,9606.
ENSP00000280346,9606.
ENSP00000281513,9606.
ENSP00000281523,9606.
ENSP00000283646,9606.
ENSP00000286371,9606.
ENSP00000292807,9606.
ENSP00000294785,9606.

LIPA,C2CD2L,RAP1GDSI1,
HUWE1,ARMCX3,PTPN11,

SLC25A15,SEC24C,SAMMS50,

PRKAA1,HTT,ACSL5,PIGN,
PSMB10,MT-ND5,NDUFS2,
S100A9,GBF1,NSDHL,MPL,
NDUFS5,ALDH4A1,HLA-C,

DNAJA1,GAPVD1,LSS,PPME1,

ANKRD28,LRRC32,STRAP,
PLXNB2,PCCB,NDUFB2,
XPNPEP1,MARVELDI,
ALDH6A1,UBE2J1,FKBPS,

ENSP00000296585,9606. MGST2
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.
ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000392270,9606.
ENSP00000409171,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639
9606.ENSP00000194530,9606.
ENSP00000216780,9606.
ENSP00000217901,9606.
ENSP00000236959,9606.
ENSP00000242719,9606.
ENSP00000248958,9606.
ENSP00000249442,9606.
ENSP00000255194,9606.

GO:0043226  Organelle 81 13515 0.1 0.0101 STRADB,PCK2,IDH3G,ATIC,
RNF11,SDF2L1,MTX2,AP3B1,
DOCK10,MYO1G,ITGAV,
C190rf10,PRKCQ,PPMIF,
TIMP3,C1RL, TIMM44,DLAT,
NBAS,ZNF385D,RPIA,ATP1B3,
AP2M1,NCSTN,ITGA2,GHDC,
MAP2K1,VPS41,PSMD1,BRSK1,

(continued on next page)

23



V. Lisi et al.

Table 3 (continued)

Redox Biology 63 (2023) 102737

#term ID Term description

Observed
gene count

Background
gene count

Strength

False
discovery
rate

Matching proteins in your network (IDs)

Matching proteins in your
network (labels)

ENSP00000258390,9606. MRPL46,EHBP1L1,PRMTS,
ENSP00000258787,9606. NDUFV1,ARL4D,CNDP2,
ENSP00000261023,9606. TMEM173,ATP6VOA2,ATPIF1,
ENSP00000262947,9606. LIPA,C2CD2L,RAP1GDS1,
ENSP00000263125,9606. HUWE1,ARMCX3,PTPN11,
ENSP00000263212,9606. SLC25A15,SEC24C,SAMMSO0,
ENSP00000266085,9606. PRKAA1,HTT,OPHN1,ACSLS5,
ENSP00000266542,9606. PIGN,PSMB10,MT-ND5,
ENSP00000270538,9606. NDUFS2,5S100A9,GBF1,NSDHL,
ENSP00000280346,9606. MPL,NDUFSS5,ALDH4A1,HLA-
ENSP00000281513,9606. C,DNAJA1,GAPVD1,LSS,
ENSP00000281523,9606. PPME1,ANKRD28,LRRC32,
ENSP00000283646,9606. SEPT9,STRAP,PLXNB2,PCCB,
ENSP00000286371,9606. NDUFB2,XPNPEP1,ABLIM3,
ENSP00000292807,9606. MARVELD1,ALDH6A1,UBE2J1,
ENSP00000294785,9606. FKBP8,MGST2
ENSP00000296585,9606.

ENSP00000301671,9606.

ENSP00000302486,9606.

ENSP00000309457,9606.

ENSP00000309474,9606.

ENSP00000310649,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000409171,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate
G0:0043229  Intracellular 76 12528 0.1 0.0233 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,RNF11,
organelle ENSP00000216780,9606. SDF2L1,MTX2,AP3B1,DOCK10,

ENSP00000217901,9606. MYO1G,ITGAV,C190rf10,
ENSP00000242719,9606. PRKCQ,PPM1F,TIMP3,
ENSP00000248958,9606. TIMM44,DLAT,NBAS,
ENSP00000249442,9606. ZNF385D,RPIA,ATP1B3,
ENSP00000255194,9606. AP2M1,NCSTN,ITGA2,GHDC,
ENSP00000258390,9606. MAP2K1,VPS41,PSMD1,BRSK1,
ENSP00000258787,9606. MRPL46,EHBP1L1,PRMTS5,
ENSP00000261023,9606. NDUFV1,ARL4D,CNDP2,
ENSP00000262947,9606. TMEM173,ATP6VOA2,ATPIF1,
ENSP00000263125,9606. LIPA,C2CD2L,RAP1GDS1,
ENSP00000263212,9606. HUWE1,ARMCX3,PTPN11,
ENSP00000266085,9606. SLC25A15,SEC24C,SAMMS50,
ENSP00000270538,9606. PRKAA1,HTT,0OPHN1,ACSL5,
ENSP00000280346,9606. PSMB10,MT-ND5,NDUFS2,
ENSP00000281513,9606. S100A9,GBF1,NSDHL,MPL,
ENSP00000281523,9606. NDUFS5,ALDH4A1,HLA-C,
ENSP00000283646,9606. DNAJA1,GAPVD1,LSS,PPMEL,
ENSP00000286371,9606. ANKRD28,LRRC32,SEPT9,
ENSP00000292807,9606. STRAP,PCCB,NDUFB2,ABLIM3,
ENSP00000294785,9606. MARVELD1,ALDH6A1,UBE2J1,
ENSP00000296585,9606. FKBP8,MGST2
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359297,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000377664,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000425394,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.

(continued on next page)
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Table 3 (continued)

#term ID Term description Observed Background Strength ~ False Matching proteins in your network (IDs) Matching proteins in your
gene count  gene count discovery network (labels)
rate

ENSP00000476767,9606.
ENSP00000482639

G0:0110165  Cellular 94 17788 0.04 0.0107 9606.ENSP00000194530,9606. STRADB,PCK2,IDH3G,ATIC,

anatomical entity ENSP00000216780,9606. RNF11,SDF2L1,MTX2,AP3B1,

ENSP00000217901,9606. ADAMDEC1,DOCK10,MYO1G,
ENSP00000236959,9606. ITGAV,C190rf10,PRKCQ,
ENSP00000242719,9606. PPM1F,TIMP3,C1RL,SLC39A3,
ENSP00000248958,9606. TIMM44,RASA1,DLAT,NBAS,
ENSP00000249442,9606. ZNF385D,RPIA,ATP1B3,PTGIR,
ENSP00000255194,9606. AP2M1,NCSTN,ITGA2,GHDC,
ENSP00000256412,9606. MAP2K1,VPS41,PSMD1,BRSK1,
ENSP00000258390,9606. MRPL46,EHBP1L1,PRMTS5,
ENSP00000258787,9606. NDUFV1,ARL4D,CNDP2,
ENSP00000261023,9606. TMEM173,ATP6VOA2,ATPIF1,
ENSP00000262947,9606. LIPA,C2CD2L,RAP1GDS1,
ENSP00000263125,9606. HUWE1,ARMCX3,PTPN11,
ENSP00000263212,9606. SLC25A15,SEC24C,SAMMS50,
ENSP00000266085,9606. PRKAA1,HTT,OPHN1,ACSL5,
ENSP00000266542,9606. PIGN,PSMB10,MT-ND5,
ENSP00000269740,9606. NDUFS2,S100A9,GBF1,GCLM,
ENSP00000270538,9606. NSDHL,HECTD3,MPL,NDUFS5,
ENSP00000274376,9606. TMEM245,ALDH4A1,HLA-C,
ENSP00000280346,9606. DNAJA1,EXOC1,MFSD6,
ENSP00000281513,9606. GAPVD1,PFDN6,LSS,PPME1,
ENSP00000281523,9606. ANKRD28,LRRC32,ARHGAP25,
ENSP00000283646,9606. SEPT9,STRAP,IMPA1,PLXNB2,
ENSP00000286371,9606. PCCB,NDUFB2,XPNPEP1,
ENSP00000291294,9606. ABLIM3,EIF3M,MARVELD1,
ENSP00000292807,9606. ALDH6A1,UBE2J1,FKBPS,
ENSP00000294785,9606. MGST2
ENSP00000296585,9606.
ENSP00000301671,9606.
ENSP00000302486,9606.
ENSP00000309457,9606.
ENSP00000309474,9606.
ENSP00000310649,9606.

ENSP00000312311,9606.
ENSP00000312671,9606.
ENSP00000319169,9606.
ENSP00000322450,9606.
ENSP00000322628,9606.
ENSP00000325548,9606.
ENSP00000331288,9606.
ENSP00000332247,9606.
ENSP00000335203,9606.
ENSP00000337354,9606.
ENSP00000338885,9606.
ENSP00000340454,9606.
ENSP00000340648,9606.
ENSP00000340672,9606.
ENSP00000340944,9606.
ENSP00000342267,9606.
ENSP00000343405,9606.
ENSP00000345445,9606.
ENSP00000346148,9606.
ENSP00000347184,9606.
ENSP00000347710,9606.
ENSP00000348429,9606.
ENSP00000350263,9606.
ENSP00000351314,9606.
ENSP00000354813,9606.
ENSP00000356972,9606.
ENSP00000357727,9606.
ENSP00000359000,9606.
ENSP00000359258,9606.
ENSP00000359297,9606.
ENSP00000361245,9606.
ENSP00000361548,9606.
ENSP00000362060,9606.
ENSP00000363714,9606.
ENSP00000364490,9606.
ENSP00000365402,9606.
ENSP00000369127,9606.
ENSP00000370695,9606.

(continued on next page)
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Observed
gene count

#term ID Term description Background

gene count

Strength

False
discovery

rate

Matching proteins in your network (IDs) Matching proteins in your

network (labels)

ENSP00000376141,9606.
ENSP00000377664,9606.
ENSP00000378563,9606.
ENSP00000380837,9606.
ENSP00000381461,9606.
ENSP00000382379,9606.
ENSP00000384126,9606.
ENSP00000386911,9606.
ENSP00000391249,9606.
ENSP00000392270,9606.
ENSP00000408526,9606.
ENSP00000409171,9606.
ENSP00000419027,9606.
ENSP00000419087,9606.
ENSP00000421566,9606.
ENSP00000425394,9606.
ENSP00000436049,9606.
ENSP00000441365,9606.
ENSP00000450436,9606.
ENSP00000451261,9606.
ENSP00000476767,9606.
ENSP00000482639

significant slight increase in particle size in plasma obtained immedi-
ately after PE. Together with the size increase, we also showed a
decrease in the total number of particles. This is in contrast with what
was already reported in the literature [20,71]. However, we need to
consider that circulating EVs total number can change in function of PE
protocols and depends also on sex, age, and pathophysiological condi-
tion [72]. Moreover, it has been reported that oxidative stress can lead to
MVBs (multi-vesicular bodies) degradation with consequent release of
exosomes by stressed cells [73-75]. Since PE induces a general reduction
in oxidative stress [76,77], we can hypothesize that our observed in-
crease in size and decrease in the number of circulating particles could
be due to a global decrease in the stress level of producing cells.
Furthermore, it is important to underline that, to avoid any possible
isolation bias, this is the only reported study in which NTA was per-
formed directly on plasma, and not on isolated EVs. Taken together,
these findings confirmed that 30 min of endurance exercise are enough
to modulate the EVs release [21] and induced us to better investigate the
role and cargo of these EVs. Characterization of isolated particles
following the MISEV guidelines [MISEV] confirmed the presence of EVs
in our preparation. SPRi analysis showed a trend in the increase of Irisin
+ EVs, suggesting the activation of skeletal muscle tissue in the release
of EVs, as expected since the previously known paracrine role of muscle
tissue [21,78]. We also observed a slight increase in CD31" and CD106+
EVs, in Post_EVs samples compared to the Pre_EVs, suggesting an active
role of the vascular system in EVs release, following PE [31]. It is known
that one of the major vascular adaptations to exercise training is the
increase in the endothelial cell nitric oxide (NO) synthase (eNOS)
expression [79], a known cardioprotective molecule [80]. Furthermore,
several studies report the cardioprotective role of endothelial
cells-derived EVs [81,82]. However, it is important to underline that
99.8% of EVs in circulation are derived from blood cells and just 0.2%
from other tissue [83]. In particular, studies based on large-EVs cell--
specific antigens showed that EVs produced during physical exercise
were mainly released by PBMCs, platelets, and red blood cells (RBC) [84,
85]. Interestingly, RBC-derived EVs are enriched in AOEs [86]. Since our
proteomic analysis showed the presence of AOEs and the biochemical
assays demonstrate an increase in GR and CAT activity on EVs obtained
from plasma after PE, we can speculate that plasma obtained immedi-
ately after acute exercise is enriched in EVs released by RBC. Enrichment
analysis on the most upregulated proteins in EV_Post highlights the
enrichment in protein with catalytic, enzyme binding, and ATPase
binding activity, as reported by GO. Moreover, we found significative

27

increase of CNDP2, GCLM, and MGST2 presence, three proteins essential
in the glutathione biosynthetic process. Globally, our enzymatic and
proteomic data, suggested a greater reducing potential of Post EVs,
compared to Pre_EVs. These data were confirmed by Post_EVs decreased
ROS levels. The hypothesis of a reducing effect exerted by Post EVs was
also supported by functional tests using isolated EVs to treat hCM, in
vitro. hCM treated for 1 h by Post_ EVs showed significant increase in
CAT, GR, G6PD, and GPx activity, compared to both untreated and
Pre_EVs treated cells. Greater activity of AOEs was also confirmed by a
decrease of ROS and TBAR levels in Post_EVs treated cells. To note, in
this work, we wanted to demonstrate a general modulation in ROS
levels, without focusing on a specific species. As a matter of fact, the use
of DHE probe to evaluate ROS levels through fluorescent analysis does
not allow to fully distinguish between different ROS species. Indeed,
2-OH-E', the product of DHE following reaction with 03, and E*, the
product of DHE following non-specific redox reaction, have a similar
fluorescent spectrum, that can’t be separated using our analysis. Further
studies, using more specific readout techniques, such as liquid chro-
matography-mass spectrometry (LC-MS), could allow accurate quanti-
fication of 2-OH-E" and consequently of O3 levels in the analysed cells
[87]. Taken together all these results confirm that EVs released post
aerobic PE were able to modulate the mechanism involved in redox
homeostasis maintaining in hCM.

Interestingly, treatment with Post_EVs was also able to induce a fast
and significative phosphorylation of HSP27 on treated hCM. HSP27 is a
small HSPs well known for its cardioprotective role [64] that was
demonstrated to function as antioxidant protein during oxidative stress
[67]. Furthermore, we demonstrated that Post_EVs treatment was able
to induce NRF2 nuclear translocation in hCM. NRF2 is one of the main
transcription factors of AOEs expression [88]. It is important to specify
that the fast antioxidant effect that we observed on hCM treated with
Post EVs was mainly due to the catalytic activity exerted by the EVs’
protein cargo and not by de novo synthesis of AOEs induced by NRF2
nuclear translocations [89]. However, our analysis on hCM, 6hr after
Post_EVs treatment, showed significant increase in mRNA levels of SOD1
and HMOX1, two well-known NRF2 target gens [90]. These data confirm
that NRF2 nuclear translocation induced by Post EVs treatment can
modulate oxidative homeostasis in target cells activating their defence
mechanisms through the increase of antioxidant enzymes expression
[91,92]. Finally, the antioxidant effect of Post EVs was also demon-
strated in pro-oxidant conditions. hCM treated with a sublethal dose of
Hy0, showed a significant decrease in ROS concentration with
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Fig. 3. A) Analysis of GR and CAT activity on Pre_EVs and Post_EVs; B) ROS concentration (measured as DCF fluorescent signal) on Pre_EVs and Post_EVs; Statistical
significances were determined using unpaired t-test (***p < 0.001, ****p < 0.0001). C) analysis of GR, CAT, GPx and G6PD activity in hCM + PBS, hCM + Pre_EVs
and hCM + Post_EVs; D) TBARS levels in hCM + PBS, hCM + Pre_EVs and hCM + Post_EVs; E) ROS concentrations (measured as DHE fluorescent signal) in hCM +
PBS, hCM + Pre_EVs and hCM + Post_EVs; Statistical significance were determined using one-way anova (*p < 0.05,****p < 0.0001).

consequent improvement in cell viability when pre-treated with Post -
EVs. Taken together these data confirmed a general cardioprotective
effect of Post_EVs in both basal and stress conditions.

5. Conclusions

In conclusion, given all the results, with the limitation that the study
was conducted on EVs derived only from male subjects, here we hy-
pothesize that EVs released immediately after an acute bout of aerobic

28

exercise have redox capacity in the short term, with the direct transfer of
their antioxidant cargo as well as antioxidant enzymes. Proteomic
analysis on EVs showed significant upregulation of MAP2K1 in Post_EVs
which can explain the rapid phosphorylation of HSP27. However,
further studies are needed to evaluate the long-term effect of EVs
treatment in cardioprotection. With our data, we can only hypothesize a
beneficial effect on hCM, in the long term, due to NRF2 nuclear trans-
location that leads to de novo synthesis of AOEs.
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pHSP27/HSP27
Fold Change

hCM+PBS hCM+Pre_EVs hCM+Post_EVs

200 pm.

Nuclear/Cyto NRF2
Fold Change

Fig. 4. A) pHSP27 immunoblot analysis on hCM + PBS, hCM + Pre_EVs and hCM + Post_EVs. B) Representative images of hCM + PBS, hCM + Pre_EVs, hCM +
Post_EVs and Ctrl+ (hCM treated with H202) immunostained for NRF2 (red), cardiac-troponin T (cTnT-green) and DAPI; On the right panel, quantification of NRF2
nuclear translocation. Statistical significance were determined using one-way anova (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. A) ROS concentrations (measured as DHE fluorescent signal) and Viability (measured as CCK8 activity) analysis on hCM + PBS vs hCM + H,0,; B) ROS
concentrations (measured as DHE fluorescent signal) in hCM + H0, vs hCM + H20,+Post_EVs; C) Vitality (measured as CCK8 activity) analysis in hCM + Hy04 vs
hCM + H;0,+Post_EVs; D) GR activity in hCM + H,05 vs hCM + H,0,+Post_EVs; Statistical significances were determined using unpaired t-test (*p < 0.05, **p <

0.01,****p < 0.0001).
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