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ABSTRACT
The vascular endothelium and smooth muscle form adjacent cellular layers that comprise part of 
the vascular wall. Each cell type can regulate the other’s structure and function through a variety 
of paracrine effectors. Extracellular vesicles (EVs) are released from and transit between cells 
constituting a novel means of cell–cell communication. Here, we characterized the proteome of 
EVs released from each vascular cell type and examined the extent to which these vesicles 
participate in endothelial-vascular smooth muscle cell (VSMC) communication. EVs were collected 
by ultracentrifugation from media of rat aortic endothelial and smooth muscle cells cultured 
under serum-free conditions. Vesicle morphology, size and concentration were evaluated by 
transmission electron microscopy and nanoparticle tracking analysis. Western blot as well as 
shot gun proteomic analyses revealed sets of proteins common to both endothelial- and smooth 
muscle-derived EVs as well as proteins unique to each vascular cell type. Functionally, endothe-
lial-derived EVs stimulated vascular cell adhesion molecule-1 (VCAM-1) expression and enhanced 
leukocyte adhesion in VSMCs while smooth muscle EVs did not elicit similar effects in endothelial 
cells (ECs). EVs from ECs also induced protein synthesis and senescence in VSMCs. Proteomic 
analysis of VSMCs following exposure to EC-derived EVs revealed upregulation of several proteins 
including pro-inflammatory molecules, high-mobility group box (HMGB) 1 and HMGB2. 
Pharmacological blockade HMGB1 and HMGB2 and siRNA depletion of HMGB1 in smooth muscle 
cells attenuated VCAM-1 expression and leukocyte adhesion induced by EC EVs. These data 
suggest that EC-derived EVs can enhance signalling pathways which influence smooth muscle 
cell phenotype.
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Introduction

Cells release variously sized vesicles to the external 
environment under both physiological and pathophy-
siological conditions. These vesicles can be generated 
through shedding and/or outward fission of the plasma 
membrane proper resulting in vesicles measuring 50 to 
1,000 nm in diameter. Other vesicles form through the 
endosomal network during maturation of multivesicu-
lar bodies (MVB). Generally, 50–150 nm in diameter, 
these vesicles are released into the extracellular envir-
onment upon MVB fusion with the plasma membrane 
and termed exosomes. Each vesicle type carries cytosol, 
lipid, protein, DNA and RNA cargo that reflects the 

physiological state of the parent cell. Once released, 
these vesicles have the capacity to interact with recipi-
ent cells through protein–protein mediated surface 
binding, fusion with the target cell plasma membrane 
or endocytosis of the vesicle itself [1,2]. These events 
initiate signal transduction pathways and deliver vesicle 
contents which can influence recipient cell phenotype.

Cardiovascular disease (CVD) is a leading cause of 
death globally and encompasses a large group of dis-
orders such as hypertension and arteriosclerosis [3]. 
The progression to CVD involves the disruption of 
homoeostatic interactions both within and between 
the cells that form the vasculature [4–6]. The arterial 
wall consists of three main layers, the intima, media 
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and adventitia, which are composed mainly of 
endothelial, smooth muscle and fibroblast cells, respec-
tively. The interaction between the endothelial cells 
(ECs) of the intima and vascular smooth muscle cells 
(VSMCs) of the media is especially relevant since per-
turbations in communication can lead to endothelial 
dysfunction, inflammatory cell infiltration and pheno-
typic switching of VSMCs, all of which contribute to 
the development of hypertension and/or atherosclero-
sis [7]. Although general processes through which ECs 
and VSMCs interact, such as nitric oxide signalling, are 
well described, the extent to which ECs and VSMCs 
utilize extracellular vesicle (EVs) as a means of com-
munication is in an early stage of exploration [8].

Recent in vivo and in vitro studies demonstrate that 
endothelial and VSMC EVs can contribute to processes 
that regulate both vascular homoeostasis and propaga-
tion of pathophysiology. Circulating levels of EVs are 
increased in individuals at risk for cardiovascular 
events [9], such as those with hypertension [10] or 
type 2 diabetes mellitus [11,12]. Moreover, 
a population of these vesicles are reported to be of 
EC origin [13]. Cell culture studies show that both 
ECs and VSMCs enhance their release of EVs in 
response to cardiovascular risk factors, such as tumour 
necrosis factor- α (TNF-α) [14] and angiotensin II [15]. 
More importantly, the RNA contents of these vesicles 
are often quite different from EVs derived from 
unchallenged cells. For example, VSMC overexpressing 
Kruppel-like factor 5, a cellular model designed to 
mimic a pro-atherogenic VSMC phenotype, release 
EVs that are enriched in miR-155. These vesicles trans-
fer miR-155 to ECs which reduce expression of tight 
junction proteins and enhance permeability [16]. 
Similarly, expression of Kruppel-like factor 2 or expo-
sure to laminar shear stress enhances release of EC EVs 
which contained miR-143/145. Whether injected in an 
atherogenic apolipoprotein E-/- mouse or incubated 
with VSMC cultures, these EVs protected against pla-
que formation and expression of de-differentiation- 
associated genes, respectively [17].

While these studies demonstrate that vesicle- 
mediated transfer of functional miRNAs occurs 
between these vascular cell type, information regarding 
functional protein transfer is rather limited [18]. Here, 
we profiled the protein content of EVs isolated from 
rat aortic EC and VSMC cultures using an unbiased 
approach [19–21]. Through proteomic analysis, we 
report that EVs released from EC and VSMC carry 
unique protein cargo. Additionally, we tested whether 
these EVs influence respective vascular cell phenotype. 
EC-derived EVs induced a pro-inflammatory, hyper-
trophic and senescent VSMC phenotype through 

a mechanism that involves high-mobility group box 
proteins (HMGB) while VSMC EVs had little effect 
on the endothelium. These findings signify that EC- 
derived EVs are modulators of VSMC phenotype.

Materials and methods

Reagents and antibodies

The sources and concentrations of the reagents and 
antibodies utilized in the present studies are described 
in Online Table I.

Animals

All animal procedures were performed with prior 
approval of the Temple University Institutional 
Animal Care and Use Committee and in accordance 
with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. To obtain rat 
aortic VSMC, 8-week old male Sprague-Dawley rats 
(Charles River) were anaesthetized under sodium pen-
tobarbital (65 mg/kg) and thoracic aortas were har-
vested and processed for cell isolation. For aortic 
organ culture, 8–10 weeks old male C57BL/6 J mice 
(Jackson Laboratory) were utilized. The C57BL/6 mice 
were sacrificed by CO2 asphyxiation followed by 
removal of thoracic aortas.

Cell culture

Primary aortic ECs derived from 6 to 8 week Sprague- 
Dawley rats (Passage 4–8, purchased from Cell 
Biologics RA-6052) were cultured in DMEM with 
1 g/L D-glucose, 1 mmol/L sodium pyruvate and 10% 
FBS supplementation. Primary aortic VSMCs derived 
from 8-week Sprague-Dawley rats were isolated and 
cultured in DMEM with 4.5 g/L D-glucose, 1 mmol/L 
sodium pyruvate and 10% FBS supplementation as 
previously described [22]. The VSMCs from three rat 
aortas were combined and utilized for experiments 
from passage 4 to 10. Stocked VSMCs were not used 
in any experiment due to an observed enhancement in 
proliferation and phenotype switch upon reconstitu-
tion of these cells in culture. Both cell types were 
cultured on 10 cm dishes until approximately 80–90% 
confluent and washed once with Hank’s balanced salt 
solution prior to replacing with EV production media 
which consisted of serum-free DMEM (10 mL/dish). In 
some experiments, ECs were incubated with media 
containing EV-depleted serum. EV-depleted FBS was 
either produced in-house by ultracentrifugation of 
serum at 110,000xg for 16 hours followed by sterile 
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filtration through a 0.2 µm filter or purchased from 
Thermo Scientific (A2720803). EV-depleted serum was 
added to DMEM at a final serum concentration 
of 10%.

Isolation of vascular cell-derived EVs

Ultracentrifugation was employed to concentrate EVs 
[23] released from rat aortic EC and VSMC. Media 
were collected after 48 (ECs) or 72 (VSMCs) hour 
incubations. Based on pilot studies, we found the rate 
of EV production from VSMCs was lower than that of 
ECs. Therefore, additional time was required to gather 
enough vesicles from VSMCs for characterization and 
experimentation. Also, we observed that EC viability 
under serum-free conditions declined at 72 h, limiting 
the use of these cells to the 24–48-h time period. 
Overall, we found that these collection time points 
allowed for the greatest accumulation of vesicles in 
culture media for each cell type without compromising 
the cells integrity.

To control for non-specific effects that might be 
attributed to general components contained in/on 
any EV, EVs were collected from neonatal cardiac 
fibroblasts and used in a subset of functional studies. 
Briefly, fibroblast (passage 1) were cultured in 
serum-free DMEM for 48 h to allow for the produc-
tion of EVs.

In each case, the collected media was centrifuged at 
300 × g for 10 min, followed by 2000 × g for 20 min to 
remove cellular debris. EV-containing media were then 
subjected to ultracentrifugation using an MLS 50 
swinging bucket rotor loaded into a Beckman Coulter 
Optima MAX-XP Ultracentrifuge at 12,000 × g for 
40 min to remove larger vesicles and apoptotic bodies. 
Supernatant was subsequently ultracentrifuged at 
1100,000 × g for 70 min to pellet EVs. Pellets were 
washed with phosphate buffer saline (PBS), passed 
through a 0.2 µm filter (VWR International), recentri-
fuged at 110,000 × g for 70 min and processed for 
transmission electron microscopic or mass spectro-
scopic analyses. For mass spectroscopy, EV pellets 
were re-suspended in 100 µL urea lysis buffer (8 mol/ 
L urea, 50 mmo//L NH4HCO3, 1:100 dilution of pro-
tease inhibitor mix from GE Healthcare). EV pellets 
used in the functional studies were not filtered 
but underwent two additional ultracentrifugations 
(110,000 × g for 70 min) to wash (PBS) and concen-
trate EVs. The final EV pellets were re-suspended in 
50–100 µL PBS for subsequent applications. In some 
experiments, cells were treated with vehicle alone (0.1% 
DMSO) or the neutral sphingomyelinase inhibitor 
GW4869, which blocks exosome release.

Isolation of serum EVs

Sprague-Dawley rats, 6–8 week of age, were anaesthe-
tized and euthanized via cervical dislocation. Upon 
euthanasia, blood was collected via cardiac puncture 
of left ventricle and transferred 15 mL Falcon tube. To 
generate sera, tubes were left undisturbed for 60 min to 
allow for clot formation. Tubes were then centrifuged 
at 10,000 rpm for 10 min to pellet the clot. 
Supernatants were collected and centrifuged again at 
10,000 rpm for 10 min. Rat serum was diluted with 
equal volumes of PBS and centrifuged at 12,000xg to 
remove cell debris. Supernatants were then ultracentri-
fuged at 110,000 × g for 120 min. EV pellets were 
washed, re-suspended in PBS and subjected to four 
rounds of washes in PBS and ultracentrifugation to 
remove contaminants before a final re-suspension in 
urea lysis buffer for mass spectroscopy analysis. Unlike 
EVs collected from culture media, serum EVs were not 
filtered due to the small volume of starting blood 
sample size and concern for low EV yield. In lieu of 
filtration, we used an EV isolation protocol that has 
been shown to reduce contaminating serum pro-
teins [24].

Electron microscopy

EV preparations were fixed in 2% paraformaldehyde 
solution and allowed to adhere on Formvar-coated 
carbon grids. Grids were washed with PBS followed 
by fixation in 1% glutaraldehyde and subsequently 
washed with deionized water. Grids were negative 
stained with a solution of 1% uranyl-oxalate and 4%/ 
2% uranyl acetate/methyl cellulose. Following air dry-
ing, grids were placed in a JEM-1400 transmission 
electron microscope (JEOL USA) operating at 80kV 
and EV images were digitally captured at either 
80,000x or 200,000x depending on the preparation, as 
indicated in the Figure Legend. Vesicle diameters were 
directly measured from digital images using the image 
analysis tracing tool and line function.

Nanoparticle tracking analysis

EV preparations were diluted in deionized water prior 
to nanoparticle tracking analysis (NTA) using 
NanoSight NS300 (Malvern Instruments, Malvern, 
UK). Five replicates of 60 sec videos were captured to 
analyse concentration and size distribution of EV pre-
paration at threshold detection of 3–5 depending on 
dilution. After video capture, data analysis was per-
formed using NanoSight analysis software. Particle 
number determined by the NanoSight analysis was 
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used for a normalization between the assays. According 
to pilot studies, final EV concentrations were set at 
0.5–1 × 109 particles/mL, which provides reproducible 
biological responses in vitro and allowed for multiple 
assays in the present study.

Western blot analysis

The concentration of total cellular proteins, prepared 
in standard RIPA buffer, and EV proteins were deter-
mined using a bicinchoninic acid assay (Pierce™ BCA 
Protein Assay Kit, Thermo Scientific). Each prepara-
tion was sonicated, diluted with 5× standard SDS load-
ing buffer containing β-mercaptoethanol and heated at 
95°C for 5 min. Equal protein loading (10 μg) of whole- 
cell and EV proteins were separated via SDS-PAGE on 
10% acrylamide/bis-acrylamide (37.5:1) resolving gel 
and subsequently transferred onto 0.45 µm nitrocellu-
lose membrane overnight at 30 V. Membranes were 
blocked for 2 h in 5% non-fat dry milk and Tris- 
buffered saline pH 7.5 with 0.1% Tween20 (TBS-T). 
To detect proteins, membranes were incubated with 
primary antibody overnight at 4°C, washed with TBS- 
T and incubated with horseradish peroxidase- 
conjugated secondary antibody for 2 h at room tem-
perature followed by enhanced chemiluminescence for 
protein detection and quantification as described [22].

Shotgun proteomics and bioinformatics

For determination of EV proteins, EVs pellets were 
resuspended in the urea lysis buffer and incubated 
with 10 mmol/L dithiothreitol for 1 h at 37°C to pre-
vent disulphide bond formation. The samples were 
then treated with 25 mmol/L 2-iodoacetamide for 
45 min at room temperature to alkylate cysteines. For 
total cell protein analysis, VSMC and EC lysates were 
collected with 100 µL urea lysis buffer (8 mol/L urea, 
50 mmol/L NH4HCO3, 1:100 dilution of protease inhi-
bitor mix from GE Healthcare). Samples were diluted 
fourfold with 50 mmol/L ammonium bicarbonate and 
digested overnight at room temperature with 0.05 µg/ 
mL Trypsin Gold (Promega). Digestion was enzymati-
cally quenched with the addition of 20% trifluoroacetic 
acid and the samples were lyophilized. Protein digests 
(1 μg) were analysed using a mass spectrometry for 
protein identification [25]. For protein and peptide 
identifications, the obtained MS/MS data were sub-
jected to database searches using the MASCOT pro-
gramme (Matrix Science Ltd., London, UK) with the 
following parameters: two missed cleavage sites and 
a peptide and MS/MS mass tolerance setting of ± 5 
ppm and ± 0.05 Da, respectively, for MS/MS Ions 

Search. The database used for this search consisted of 
amino acid sequences of rat proteins, which were 
retrieved from a subset of the UniProtKB/SWISS- 
PROT database (2014_07). Variable modifications 
such as oxidation of methionine, carbamylation and 
acetylation of N-termini, and carbamidomethylation 
of cysteine were taken into consideration for the data-
base searches. We used a 1% overall false discovery rate 
as a cut-off value to export our results from the data-
base search using the MASCOT. Peptides that yielded 
a peptide ion score of greater than or equal to 30, were 
used for relative quantitation. In addition, peptides that 
were either more or less abundant in the comparison 
were extracted using the following parameters in 
Progenesis QI for proteomics (v.4.1, Nonlinear 
Dynamics, Durham, NC, USA): maximum fold change 
≥2 or ≥1.5 and analysis of variance (ANOVA) p < 0.01.

EV release, uptake and trafficking assay

EV dynamics were monitored in either co-culture sys-
tems or direct labelling of isolated EVs. Lipilight dyes 
by Membright were used to label cells and EVs. 
Lipilights contain two amphiphilic groups of zwitter-
ions and alkyl chains which directly and stably insert 
into bilayer lipid membranes [26]. For direct labelling 
experiments, EC EV preparations were mixed with 
200 nM Lipilight (560 nm) for 1 h at room temperature 
in the dark. To control for dye incorporating into 
undefined elements within the medium or formation 
of dye aggregates which could be taken up by cells, 
Lipilight was added to non-conditioned cell culture 
media. Labelled EVs and dye-containing media were 
centrifuged 2 times at 10,000xg for 15 min each at 4°C 
in fixed-angle centrifuge to pellet traces of excess dye. 
The supernatant was retained as labelled EVs or media. 
EC EVs (5×108) or media (10 µL, equivalent volume to 
dilution of EVs) were added to VSMC cultures on 
coverslips and allowed to incubate for 30 min. 
Coverslips were then fixed with 4% paraformaldehyde 
solution, washed 3x with PBS and mounted on glass 
slides with Prolong Gold/Dapi. Images were obtained 
using 20x objective lens on EVOS M5000 microscope 
(Invitrogen). Unstained VSMC were also imaged and 
used as controls to correct for background 
fluorescence.

For the co-culture system, EC and VSMC were 
washed with serum-free media followed incubation 
with 100 nM Lipilight (640 nm for EC and 488 nm 
for VSMC) for 1 h at 37°C. Cells were washed 3x with 
serum-free media to remove excess dye, trypsinized 
and re-seeded at a density of 5 × 104 cells in DMEM 
onto coverslips. Cells were allowed to attach and co- 
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cultured for 4 h in DMEM containing EV-depleted 
FBS. Cells were washed 2x with PBS, fixed in 4% 
paraformaldehyde solution, washed 3x with PBS, and 
mounted onto glass slides with Prolong Gold/Dapi. 
Images were obtained using 20x or 60x-oil objectives.

THP-1 cell adhesion assay

To observe leukocyte attachment to VSMCs, THP-1 
adhesion assay was performed as described [22]. In 
brief, VSMC cultures were challenged with either EC- 
derived EV (5x108), TNF-α (10 ng/mL) or PBS for 
16 h. THP-1 monocytes (American Type Culture 
Collection) cultured in Roswell Park Memorial 
Institute/RPMI 1640 medium with 10% FBS, penicillin 
and streptomycin were suspended in serum-free 
DMEM with 0.2% BSA and 5 μg/mL Hoechst 33342 
(ThermoFisher) for 30 min at 37ºC. These cells (104 

cells per cm2) were then applied to VSMC cultures for 
30 min at 37ºC. In some experiments, anti-VCAM-1 
antibody or rabbit IgG were added at 1 µg/mL for 1 
h prior to addition of THP-1 cells. VSMC cultures were 
then washed in PBS to remove unattached cells and 
fixed in 3.7% paraformaldehyde for 10 min at room 
temperature. Fixed cells were washed in PBS and sub-
sequently imaged using a fluorescent inverted micro-
scope. Stained THP-1 nuclei were counted to quantify 
adhesion to VSMCs as follows. Five separate fields 
were captured per condition using a 10x objective 
lens. Images were imported into ImageJ where the 
image was processed for background subtraction and 
conversion to a binary image followed by an analysis of 
particle count per visual field. Data were reported as 
the mean value of five fields per condition and com-
pared across groups.

Surface sensing of translation assay for new 
protein synthesis

Analysis of new protein synthesis in EV-treated 
VSMCs was performed using an adapted Surface 
Sensing of Translation (SUnSET) assay protocol, as 
previously described [27]. Briefly, VSMCs were serum- 
starved to synchronize cell cycle and subsequently 
incubated with EC EVs for indicated time points. At 
conclusion of the experiment, cells were pulsed with 5 
µmol/L puromycin for 30 min. Cells were washed twice 
with PBS, harvested and cell lysates prepared for 
Western blotting. Proteins from each sample were 
separated on SDS-PAGE gels followed by transfer to 
nitrocellulose membranes and immunoblotted with 
a monoclonal antibody specific to puromycin. As 
a negative control, cycloheximide (10 µg/mL, 30 min 

treatment) was included in some experiments to inhibit 
protein synthesis.

Cell volume assessment

VSMC volume was measured as we reported [28] with 
a slight modification. In brief, after 3-day incubation 
with EC EVs, PBS, or angiotensin II (100 nM), VSMCs 
were washed twice with Hank’s balanced salt solution, 
detached with trypsin, and re-suspended in PBS. Cell 
volume was then evaluated with the Sceptre Cell 
Coulter Counter (MilliporeSigma).

Senescence-associated β galactosidase assay

Senescence-associated β galactosidase activity was mea-
sured using X-Gal staining system (Goldbio). In brief, 
VSMCs were serum-starved for 48 hours then incu-
bated with EC EV or PBS for an additional 72 h. Cells 
were then rinsed twice with Hanks balanced salt solu-
tion containing calcium, fixed with a 4% paraformal-
dehyde solution in PBS for 10 min, washed again with 
the Hanks solution four times and incubated with 
40 mmol/L phosphate buffer containing 1 mg/mL 
X-Gal in 150 mmol/L NaCl, 2 mmol/L MgCl2, 
5 mmol/L K3Fe(CN)6 and 5 mmol/L K4Fe(CN)6 at 
37°C for 12 h. Cells were washed twice with the 
Hanks solution with calcium and magnesium, and 
counter stained with Hoescht33342 for 5 min to stain 
nuclei. VSMC cultures were examined at 10x magnifi-
cation to identify β galactosidase positive cells. Cells 
were counted in three to six individual wells per con-
dition and values were expressed as a percentage of 
positive cells versus total cell number. Compiled data 
were expressed as fold-change between control and EV 
conditions.

Immunofluorescent staining

VSMC was cultured on glass coverslips until 70–75% 
confluent, followed by serum deprivation for a period 
of 48 h. VSMC was stimulated with EC EVs for a period 
of 24 hs followed by fixation with 3.7% paraformalde-
hyde solution and then washed 3x with PBS. Cells were 
made permeable through incubation with 0.1% Triton- 
PBS and blocked for 2 h at room temperature with 1% 
BSA-PBS-T (0.1% Tween). Cells were incubated with 
a rabbit antibody against Ser139 phosphorylated his-
tone H2AX (γH2Ax) at 1 µg/mL overnight at 4°C. Cells 
were then washed with PBS 3x and incubated with goat 
anti-rabbit IgG Alexa Fluor 488 (Invitrogen A11034) at 
1:1000 for 2 hours in the dark. After washing (3x with 
PBS), cells were mounted on glass slides with Prolong 
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Gold w/Dapi reagent (ThermoFisher P36931). Cells 
were imaged at 40x magnification on EVOS M5000 
microscope (Invitrogen). Accumulation of distinct 
foci within nucleus (>5) indicated a positive cell 
which were then counted as previously described [29].

Pharmacological inhibition of high-mobility group 
box (HMGB)

In some experiments, VSMCs were pretreated with the 
HMGB1 inhibitor, glycyrrhizin [30] (500 µmol/L) or the 
HMGB1/HMGB2 inhibitor, inflachromene [31] (25 µmol/ 
L) for 1 h prior to incubation with EC-derived EVs.

siRNA depletion of HMGB1

In order to deplete HMGB1 in VSMC, cells were 
cultured until 85–90% confluent and then infected 
with either adenovirus encoding HMGB1 siRNA 
(TTGCCTCTCGGCTTC) or control non-silencing 
siRNA (100 MOI) for a period of 72 hours [32]. 
Cells were then exposed to EC EVs for indicated 
times.

Mouse aorta organ cultures

The thoracic aorta was isolated and cleaned of the 
surrounding adipose and connective tissue using 
HEPES buffer solution (400 mmol/L NaCl, 
200 mmol/L KCl, 100 mmol/L MgCl2, 100 mmol/L 
HEPES, 11.5 mmol/L glucose) in 5% penicillin- 
streptomycin. Aortas were opened en face, cut into 
equal size strips and then transferred to DMEM culture 
media containing 4.5 g/L D-glucose, 1 mmol/L sodium 
pyruvate and 10% FBS and incubated at 37◦C with 5% 
CO2 overnight. The medium was replaced with serum- 
free DMEM for 24 h. Aortic organ cultures were incu-
bated with either PBS, 10 ng/mL TNF-α or 109 EVs for 
16 h. Following the conclusion of the experiment, 
aortic strips were SNAP-frozen in liquid nitrogen and 
stored at −80◦C for subsequent Western blot analysis.

Statistical analysis

Data are presented as mean±SEM. Comparisons were 
performed via t test for two groups, or via 1-way 
ANOVA with the post hoc Tukey method for multiple 
groups using Prism software (GraphPad, San Diego, 
CA). Differences were considered statistically signifi-
cant at p < 0.05.

Results

Extracellular vesicles (EVs) are actively released 
from ECs and VSMCs

Differential ultracentrifugation was employed to con-
centrate the population of EVs that are released from 
rat aortic ECs and VSMCs cultured under serum-free 
conditions. Ultrastructural analysis by transmission 
electron microscopy showed the EVs released by each 
cell type were in the size range of 30–300 nm in 
diameter and displayed a cup-shaped morphology, 
which is typical of vesicles isolated by this ultracentri-
fugation technique and having undergone chemical 
fixation (Figure 1(a,b)). Dynamic light scattering ana-
lysis of EVs from both ECs and VSMCs confirmed the 
size distribution and showed that the majority of vesi-
cles were approximately 150 nm in diameter (Online 
Figure I-A and I-B). There was no significant differ-
ence in size between EC and VSMC EVs. Vesicle pro-
duction rate, as measured by a particular number, was 
lower for VSMCs compared to EC’s with VSMCs 
requiring an additional 24 h of incubation to produce 
roughly equivalent amounts of EVs as ECs (Online 
Figure I-C). Cell viability was approximately 
93 ~ 96% in both cell types during the exosome secre-
tion period (Online Figure I-D). Pretreatment of each 
cell type with GW4869, a neutral sphingomyelinase 
inhibitor reported to block ceramide-mediated inward 
budding of MVBs and the release of mature exosomes 
from MVBs [33,34], reduced the number of EV 
acquired by ultracentrifugation by ~50% (Figure 1(c, 
d)). These data suggest that a substantial portion of the 
EVs released by cultured vascular cells are exosomes.

EVs contain characteristic sets of proteins including 
transmembrane proteins, proteins involved in mem-
brane transport, metabolic enzymes, and cytoskeletal 
proteins [35]. Western blot analysis revealed that EC 
and VSMC EVs display protein markers associated 
with exosomes and other EVs [36] including the lipid 
raft protein, flotillin-1, and proteins involved in multi-
vesicular body biogenesis and trafficking such as 
tumour susceptibility gene-101 and syntenin-1 (EC 
and VSMC, respectively) (Figure 1(e,f)). Preparations 
were devoid of mitochondrial outer membrane protein, 
voltage-dependent anion-selective channel-1, illustrat-
ing a lack of mitochondrial contaminants in the 
isolates.

EVs from EC and VSMC harbour common as well as 
unique proteomic signatures

EVs have been shown to carry unique protein and 
nucleic acid cargo depending on cell type and the 
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cellular milieu in which the parent cell resides [18,35]. 
To further explore the protein content of our EV iso-
lates, LC/MS analysis was performed. Shotgun proteo-
mic analysis identified 194 total proteins in EC-derived 
EVs and 118 proteins in VSMC EVs in which 74 
proteins are common and 120 and 44 proteins appears 
unique to the corresponding EVs (Figure 2(a)). 
Amongst the proteins in common are EV markers 
such as Tetraspanins, CD9 and CD82, membrane bind-
ing Annexins (1, 2, 3, 5, and 6), EV biogenesis/ 

endosomal proteins (Syntenin, Programmed cell death 
6-interacting protein/ALG-2-interacting protein X, 
Ras-related protein Rab-7a), and other cytosolic/signal-
ling proteins (Online Table II). In addition, vascular 
EV proteins were analysed with total cell lysate pro-
teomes from EC and VSMC. There are 30 proteins 
which were identified in EC EVs and 35 proteins 
identified in VSMC EVs that were not detected in 
their respective cell lysates (Figure 2(b,c)). Among 
these EV unique proteins, 9 proteins were present in 

Figure 1. Morphology of EVs released from rat aortic EC and VSMC. Rat aortic EC (a) and VSMC (b) were cultured under serum-free 
conditions. EVs released into the media were isolated by ultracentrifugation, fixed to Formvar carbon-coated copper grids, stained 
and observed under transmission electron microscopy. Images were taken at either 200,000 (a) or 80,000 (b) magnification. (c) ECs 
or (d) VSMCs were cultured with serum-free DMEM containing GW4869 (GW: 20 μmol/L) or the vehicle (vehi: DMSO 0.1%) for 48h. 
EVs were isolated from the culture media and NanoSight (NS300 NTA) analysis was used to determine the ratio of released EV 
particles. The bars in the graphs show the mean±SEM from three independent experiments. (e and f) Immunoblot analysis of equal 
loading of EC and VSMC whole cell lysates (WC) and EV preparations. Tsg 101; tumour susceptibility gene-101, VDAC; voltage- 
dependent anion-selective channel-1. Representative data are shown from three independent experiments. c* indicates p < 0.05.
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both cell populations suggesting common as well as 
cell-type specific protein enrichment into the EVs. 
Interestingly, 54 proteins were also identified that 
were common in both EVs and both cell lysates 
(Online Figure II-A). These proteins represent 
a remarkable interactome with significant numbers of 
potential signalling functions (Online Figure II-B) sug-
gesting common regulatory roles for vascular EVs 
shared by EC and VSMC. Lastly, serum EV analysis 
revealed proteins that were detected in EC EVs (~38%), 

VSMC EVs (~18%) or both EVs (~13%) (Online Figure 
III and Online Table III) suggesting the potential secre-
tion of vascular EVs into circulation.

To further assess cell-type enriched EV proteins, 
proteins expressed greater than twofold in abundance 
(p < 0.05) were characterized with DAVID analysis 
[37]. VSMC enriched EVs possessed proteins which 
are implicated in complex biological processes, mole-
cular functions, and cellular components that include 
cytoskeleton organization, cell adhesion, molecule 
binding and external side of the plasma membrane, 
respectively, whereas EC enriched EVs showed much 
simpler characteristics in Gene Ontology terms (Online 
Figure IV and Online Table IV). Among the identified 
peptide populations, interactome analysis was further 
performed on the cell-type specific populations with 
p values less than 0.01. EC EVs contained 12 associat-
ing proteins while VSMC expressed 30 proteins within 
their EVs. There were five common proteins identified 
with distinct peptide fragments (Online Table V). 
STRING gene interaction analysis illustrates 
a complex web of interactions between the proteins 
enriched in VSMC EVs, while EC analysis produced 
a smaller interactome even with the inclusion of the 
five common proteins (Online Figure V). Western blot 
analysis was performed to verify protein expression of 
the peptide fragments which were significantly 
enriched in the proteome analyses. The analysis con-
firmed that Clathrin heavy chain (Cltc) and Hsc70 
(Hspa8) were indeed present in EC EVs and Enolase 
1 (Eno1) and Calmodulin (Calm1) were present in 
VSMC EVs, respectively (Online Figure VI).

Endothelial EVs initiate vascular inflammation, 
protein synthesis and senescence in smooth muscle 
cells

The communication between the endothelium and vas-
cular smooth muscle of the artery is critical in the 
maintenance of vascular homoeostasis as well as pro-
gression to pathology [7]. First, we verified that EC 
EVs can be internalized by VSMCs when the EVs 
were applied exogenously or in a paracrine manner 
when both cells were co-cultured. VSMCs were incu-
bated with DMEM containing EC EVs labelled with 
Lipilight. VSMCs rapidly accumulated Liplight signal 
whereas no signal was detected when VSMCs were 
incubated with DMEM plus Lipilight alone (Online 
Figure VII-A). To observe EV uptake in a more phy-
siological environment, VSMCs and ECs were prela-
beled with different Liplight fluorescent colours prior 
to co-culture. Upon co-culture, cell reattached and 
spread as early as 2 hours and the Liplight fluorophore 

Figure 2. Proteomic identification of EV proteins common and 
unique to EC and VSMC. Shotgun proteomic analyses were 
performed in EV and whole-cell lysates (Lys) from serum- 
deprived rat aortic EC and VSMC cultures. Each population 
was analysed with four samples prepared from distinct culture 
plates. Numbers without brackets are the numbers of peptides 
detected in at least one sample. Numbers with brackets are the 
numbers of peptides detected in all four samples.
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used to label ECs was detected, together with the fluor-
ophore label from VSMC, within VSMCs by 4 hours 
(Online Figure VII-B). These observations suggest 
active uptakes of available vesicles including EVs that 
were secreted into the medium by ECs.

Next, we examined whether EC and VSMC derived 
EVs could initiate change in cell phenotype. The altera-
tion in the expression of vascular cell adhesion mole-
cule 1 (VCAM-1) was initially investigated since 
enhanced VCAM-1 expression in ECs and/or VSMCs 
has been implicated in vascular pathologies [38,39]. We 
found that EVs derived from ECs cultured under 
serum-free conditions were able to induce the expres-
sion of VCAM-1 in VSMC, whereas EVs derived from 
ECs cultured with media containing EV-depleted 
serum had little effect on altering VCAM-1 expression 
(Figure 3(a)). Similarly, rat cardiac fibroblast EVs did 
not enhance VCAM-1 expression in ECs (Figure 3(b)), 
indicating that upregulation of VCAM-1 protein 
expression in VSMCs was specific to EVs derived 
from serum starved ECs. Interestingly, VSMC EVs 
did not have a reciprocal effect of enhancing VCAM- 
1 expression in ECs (Online Figure VIII). Functionally, 
EC EVs enhanced leukocyte adhesion to VSMC that 
was comparable to that induced by TNF-α in VSMC 
(Figure 3(c)). Pretreatment with a VCAM-1 neutraliz-
ing antibody markedly attenuated EV-induced leuko-
cyte adhesion compared with control IgG treatment 
(Figure 3(d)), indicating that VCAM-1 plays a major 
role in inflammatory cell adhesion following EV chal-
lenge. In an in situ model, VCAM-1 induction by EC 
EVs was preserved in mouse aortic segments (Figure 3 
(e)) lending further support to the pathophysiological 
relevance of EC-derived EVs in mediating vascular 
inflammation.

Since enhanced protein synthesis in VSMC has been 
implicated in pathological vascular hypertrophy [40], 
we further investigate whether EC EVs can stimulate 
protein synthesis. Here, we used the SUnSET assay 
[27], which relies on the ability of puromycin to func-
tion as a structural analog of aminoacyl tRNAs with 
incorporation into newly synthesized polypeptides and 
terminate elongation. Detection of puromycin is per-
formed via Western blot using anti-puromycin anti-
body and the enhanced incorporation reflect the rate 
of protein synthesis [41]. We found that EC-EVs sti-
mulate protein synthesis in VSMCs maximally at 
3 hours (Figure 4). Given that enhanced protein synth-
esis is associated with VSMC hypertrophy, VSMC size 
was evaluated after a 72-h incubation with EC EVs. We 
observed a strong trend towards cellular enlargement 
in VSMC treatment with EC EVs (Online Figure IX- 
A), which neared the effect of the pro-hypertrophic 

molecule, angiotensin II [42]. In addition, expression 
of early growth factor-1 (EGR-1), an important tran-
scription factor implicated in VSMC hypertrophy [43] 
and proliferation [44] was significantly elevated upon 
EC EV stimulation of VSMCs at 3 hours (Online 
Figure IX-B).

Given that hypertrophic factors such as angiotensin 
II is known to cause premature vascular cell senescence 
[45], we further examined the effects of EVs released 
from serum-deprived ECs on VSMC senescence. We 
found that these EVs significantly increased the popu-
lation of VSMC expressing β-galactosidase activity 
(Figure 5(a)). As a second measure of cellular senes-
cence, we examined γH2AX which is a sensitive mar-
ker of double-stranded DNA breaks and telomere 
shortening. Similar to our findings with β- 
galactosidase activity, γH2Ax positive cells increased 
in VSMCs following EV challenge (Figure 5(b)).

EC EVs induce altered proteome in VSMC

To gain a broader view of the effects of EC-derived EV 
on VSMC phenotype, we performed unbiased mass 
spectroscopy analysis on VSMCs following incubation 
with the EVs derived from ECs. Using a cut-off for 
peptide fold-change at 1.5, we identified several pep-
tides that were up-regulated in VSMC upon EC EV 
incubation (Figure 6, Online Figure X and Online 
Table VI). Gene ontology analysis and interactome 
analysis suggest that EC EVs induce VSMC proteins 
involved in metabolic regulations including those 
involved in mitochondrial respiration and response to 
stress. Of note, among these altered proteins were the 
pro-hypertrophy molecule, ribosomal protein S6, and 
pro-inflammatory molecules, HMGB1 and HMGB2 on 
the peptide level. On the protein level, 4 proteins 
(Srprb, Maoa, Rhot2 and Kdelr2) were up-regulated 
(Online Table VII). Signal recognition particle receptor 
β (Srprb) is necessary for sorting secretory and mem-
brane proteins to the endoplasmic reticulum mem-
branes, suggesting up-regulation of membrane protein 
synthesis and excretion [46].

Of the VSMC proteins encoded by the peptides 
which showed significant changes in response to EC- 
derived EVs, HMGB1 [47] and HMGB2 [48] play 
a prominent role in inflammation. To examine the 
extent to which EC EVs signal through these mole-
cules to induce an inflammatory phenotype in 
VSMCs, VSMCs were pretreated with the HMGB1 
inhibitor, glycyrrhizin [30] or the HMGB1/HMGB2 
inhibitor, inflachromene [31]. Pharmacological inhi-
bition of these HMGBs attenuated the induction of 
VCAM1 expression and adhesion of leukocytes in 
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VSMCs exposed to EC-derived EVs (Figure 7(a,b)). In 
a separate set of experiments, VSMC were pretreated 
with HMGB1 siRNA prior to incubation with EC EVs. 
We confirmed that EC EVs up-regulated HMGB1 
protein expression in VSMCs and both basal and 
stimulated expressions of HMGB1 was reduced by 
~50% in HMGB1 siRNA treated cells. Moreover, 
depletion of HMGB1 attenuated VCAM1 induction 
and adhesion of THP1 cells in VSMCs exposed to 
EC EVs (Figure 8(a,b)).

Discussion

In the present study, we have demonstrated that cul-
tured endothelial and VSMCs release EVs. EVs from 
each cell type displayed physical characteristics (size 
and shape) consistent with vesicles and exosomes iso-
lated by differential centrifugation [49]. Immunoblot 
analysis of EVs identified proteins considered to be 
“classical” markers of EVs, including exosomes. EC- 
derived vesicles were positive for flotillin-1 and 
tumour susceptibility gene-101 (TSG-101), while 

VSMC EVs were positive for flotillin-1 and syntenin- 
1. Curiously, the signal for syntenin-1 was only 
detected in the EV fraction and not in the whole cell 
lysate sample. The failure to detect this protein in the 
host cell likely relates to conditions that influence the 
sensitivity of the assay, such as the concentration of 
the total protein loaded into the SDS-PAGE gel which 
may have been below detection limits for that particu-
lar protein. Such findings have been observed in pre-
vious studies where ADAM10 and flotillin-1 were 
detected in EVs and not in the host cell [50] leading 
the authors to speculate that these proteins are greatly 
enrichmed in EVs relative to the whole cell. However, 
whether our findings indicate a similar enrichment of 
particular proteins in EC and VSMC EVs or a nuance 
of the Western blotting protocol requires further 
evaluation.

While we were unable to detect certain “canonical” 
transmembrane marker of EVs and exosomes: the tet-
raspanins, CD9, CD63, CD81 and CD82 [23] with 
immunoblotting (See Online Table I for these antibo-
dies), mass spectroscopy revealed the presence of CD9 

Figure 3. Pro-inflammatory effects of EC EVs on VSMCs. (a and b) Serum starved (48 h) rat aortic VSMCs were incubated with vehicle 
(vehi: PBS), EC EVs (5x108 particles) from either serum-free conditions or EV-depleted serum conditions (a) or serum-free fibroblast 
EVs (5 x 108 particles, b) for 6 hours and expression of VCAM-1 and GAPDH was determined by Western blotting (n = 5–8). (c) 
Serum starved VSMCs were incubated with vehicle, EC-derived EVs (5 x 108 particles) or TNF-α (TNF: 10 ng/mL) for 16 hours, washed 
and then incubated with THP-1 monocytes for 30 min. Adherent THP-1 cells were counted (n = 4). (d) VSMC were serum-starved 
followed by incubation with EC-derived EVs for 16 hours as in 1 C. However, prior to incubation with THP-1 cells, 1.0 µg/mL of either 
rabbit IgG or VCAM-1 antibody was added for 1 hour to block binding through VCAM-1 (n = 3). (e) Mouse aorta organ culture was 
incubated with vehicle, EC-derived EVs (109 particles) or TNF-α (TNF: 10 ng/mL) for 16 hours. Western blotting was performed to 
evaluate expression of VCAM-1 and β-actin (n = 5). The bars in the graphs show the mean±SEM. *, **, *** indicate p < 0.05, 0.01, 
and 0.001, respectively.

Figure 4. EC EVs stimulate protein synthesis in VSMCs. VSMCs were incubated with EC-derived EVs (5 x108 particles) for indicated 
time points. Samples were pulsed with 5 µmol/L puromycin for 30 min at the end of the experiment and processed for Western blot 
analysis using an anti-body against puromycin. Cycloheximide (cyc: 10 µg/mL for 30 min treatment) was used to inhibit protein 
synthesis as control (n = 3 for 1.5 h, n = 4 for remainder). * indicates p < 0.05.
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and CD82 in both VSMC and EC EVs confirming the 
expression of “canonical” tetraspanin molecules in 
these vesicles. A neutral sphingomyelinase inhibitor 
GW4869, which is known to inhibit EV release [33], 
reduced the number of EVs collected from EC and 
VSMC culture media by approximately 50% suggesting 
the active release of endosomal-derived EVs from these 
vascular cell types.

To further analyse the protein content of EVs, we 
performed mass spectroscopy on EVs collected from 
each vascular cell type. In addition to the proteins 
identified to be common to both cell populations, 
several proteins were found to be significantly abun-
dant in either EC or VSMC EVs. This proteomic ana-
lysis marks one of the first direct comparisons of EVs 
from ECs and VSMCs, which provide future directions 
when assessing how endothelial and vascular smooth 
muscle EVs may function. Our analysis detected 
a relatively small number of proteins (<200) found in 
the vascular cell type EVs. It is our opinion that the 
number of proteins identified may be a conservative 
value and potentially underestimate the protein diver-
sity in each vesicle type. The low yield is based partly 
on the processing of EVs (filtration and excessive 
washing to reduce contaminating proteins) which 

may have reduced the diversity of input material for 
mass spec analysis. In addition, we used a relatively 
high threshold level which may have ignored or elimi-
nated certain peptides in the analysis. With this poten-
tial limitation in mind, characterization of both EC and 
VSMC EVs revealed that while 74 proteins were com-
mon between the two populations including many EV 
markers, there were also marked differences between 
them (120 and 44 unique for EC and VSMC, respec-
tively). Of the unique proteins found in EC EVs, some 
include proteins involved in insulin signalling (Insulin- 
like growth factor-binding protein-2/IGFBP2, IGFBP4, 
and Insulin-like growth factor II), Lysyl oxidase homo-
log 2, a known elastin/collagen remodelling protein, 
and Lipolysis-stimulated lipoprotein receptor, 
a protein essential for fatty acid uptake. The presence 
of these proteins suggests several unique possibilities 
for EC EVs in biological function such as insulin sig-
nalling, fatty acid uptake, and matrix remodelling. 
Within the VSMC population, we observed Smooth 
muscle protein 22-alpha/transgelin, a smooth muscle- 
specific protein, and Matrix GLA protein, a protein 
previously identified as a marker of VSMC exosomes 
and involved in vascular calcification [51] as well as 
some adhesion molecules (VCAM-1, CD166, and 

Figure 5. Pro-senescent effects of EC EVs on VSMCs. (a) Rat aortic VSMCs serum starved for 48 hours were incubated with EC EVs 
(109 particles) for 72 h and β galactosidase positive cells were counted (n = 3). (b) Rat aortic VSMC were serum-starved for 48 hours 
followed by incubation with EC EVs for 24 h followed by immunostaining with γH2Ax for DNA damage (n = 3). The bars in the 
graphs show the mean±SEM. ** indicates p < 0.01.
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Neural cell adhesion molecule 1). These proteins sug-
gest potential roles for VSMC EVs in autocrine com-
munication which may participate in the regulation of 
vascular function.

Similar to past reports demonstrating EV mediated 
communication between EC and VSMC [16,17], we 
found that EVs released from each cell type can traffic 
to and be internalized by the reciprocal cell type. 
Functionally, we surmised that the EC EVs could 
activate pathological signalling pathways in VSMCs 
since several proteins known to be involved in vascu-
lar pathology such IGFBP2, IGFBP4 [52], ICAM-1 
[53], HMGB1 [54], Fibronectin [55], and Tissue inhi-
bitor of metalloproteinase 2 [56] are present in these 
vesicles.

In response to EC EVs produced specifically under 
serum-free media conditions, VSMC significantly up- 
regulated the expression of VCAM-1 and concomitant 
increases in monocyte adhesion. This interaction with 
monocytes was seen to be dependent on VCAM-1 to 
some degree through the use of a VCAM-1 blocking 
antibody. The expression of VCAM-1 on VSMC has 
been implicated in several CVDs including athero-
sclerosis [57], hypertension [58] and neointimal forma-
tion [59]. Serum-free culturing of EC seems to be 
integral to the observed inflammatory response in 
VSMCs, as EVs produced from both ECs incubated 
in media containing EV-depleted FBS and cardiac 
fibroblast cultured under serum-free conditions did 
not replicate this response. Given the evidence that 

Figure 6. Proteomic identification of VSMC proteins significantly altered by EC EVs. Shotgun proteomic analyses were performed in 
whole-cell lysates from VSMCs incubated 16 h with EVs derived from serum-deprived ECs. Each population was analysed with 4 
samples prepared from distinct culture plates. Rat gene names denote significantly detected peptide fragments in all 4 samples 
with the abundance more than 1.5 times compared with control vehicle (PBS) incubation (a). Gene ontology analysis for the 31 
VSMC proteins significantly up-regulated by EC EVs (b).
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serum deprivation induces endothelial dysfunction [60] 
and EC dysfunction is a prominent feature of CVD 
[61], it appears that serum starved EC and their EVs 
are associated with pathological conditions. While 
further study will be needed to analyse what mechan-
istically occurs during serum deprivation that causes 
the release of pathological EVs, these finding reinforces 
the notion that the environment with which the cells 
reside affects the function of EVs they release. In addi-
tion to enhancing VCAM-1 expression, EVs from 
serum-deprived ECs increased protein synthesis in 
a time-dependent manner, a process that is likely 

associated with VSMC hypertrophy. We also found 
that induction of EGR-1 coincided with the increase 
in protein synthesis. Given that EGR-1 has been impli-
cated in pathogenesis of atherosclerosis and VSMC 
dysfunction [44,62,63] through its ability to serve as 
a positive regulator of VCAM-1 expression [64,65], our 
findings suggest that EGR-1 might mediate pro- 
inflammatory and hypertrophic VSMC responses to 
EVs from serum-starved ECs.

The analysis of EC EV proteins that may be impli-
cated in inflammation coincide with factors that are 
indicative of the senescence-associated secretory 

Figure 7. EC EVs induce an inflammatory VSMC phenotype via HMGB1 and HMGB2. (a). Serum starved (48 h) rat aortic VSMCs 
pretreated with or without glycyrrhizin (Gly) for 1 hour at 500 µmol/L were incubated with EC EVs (5 x 108 particles) for 6 hours and 
expression of VCAM-1 and GAPDH was determined by Western blotting (n = 4). (b). Serum-starved (48 h) rat aortic VSMCs were pre- 
treated with either DMSO, HMGB1 inhibitor glycyrrhizin (Gly), at 500 µmol/L or HMGB2/HMGB1 inhibitor inflachromene (Inf) at 
25 µmol/L for 1 hour followed by stimulation with PBS or EC EVs (5x108) for 16 h. Cells were then incubated with THP-1 cells and 
adherent cells quantified (n = 3). The bars in the graphs show the mean±SEM. * and ** indicate p < 0.05 and 0.01, respectively.
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Figure 8. HMGB1 silencing in VSMC attenuates EC EV-induced inflammation. (a). VSMC were infected with adenovirus encoding 
either 100 MOI HMGB1 siRNA or 100 MOI control siRNA for a period of 72 h then incubated with EC EVs (5 x 108 particles) for 
6 hours and expression of HMGB1, VCAM-1 and GAPDH was determined by Western blot analysis (n = 5). (b). VSMCs depleted of 
HMGB1 for at least for 48 h as above were incubated with vehicle, EC-derived EVs (5 x 108 particles) or TNF-α (10 ng/mL) for 16 h, 
washed and then incubated with THP-1 monocytes for 30 min. Adherent THP-1 cells were counted (n = 3). The bars in the graphs 
show the mean±SEM. *, **, **** indicate p < 0.05, 0.01, and 0.0001, respectively.
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phenotype [66]. Stress-induced cellular senescence is 
a state that is characterized by increased secretion of 
cytokines, expression of lysosome β galactosidase 
activity, and increased DNA damage [67]. This state 
differs from terminal senescence as stress-induced 
senescence can occur independent of natural telomere 
attrition and inability to perform cell replication 
[68]. From this, it was hypothesized that EVs from 
serum-deprived ECs may serve as a mediator of a 
stress-induced ECs to propagate senescence. Indeed, 
significant increases in senescence-associated β galac-
tosidase and the DNA damage marker γH2Ax were 
observed when VSMC were exposed to EVs from 
serum-starved ECs. These findings are in agreement 
with prior studies [69,70] demonstrating EVs as vehi-
cles to transmit pro-senescent signals. Taken together, 
incubation of VSMC with EC EVs resulted in 
increases in immediate early gene expression (EGR- 
1), VCAM-1 expression, monocyte adherence and 
pro-hypertrophic/pro-senescence hallmarks, indica-
tive of pathological vascular remodelling during dis-
ease progression [71].

To gain a broad view of how EC EVs affect overall 
VSMC phenotype, mass spectroscopy analysis was con-
ducted on VSMC whole cell lysates following their 
exposure to EVs derived from serum-deprived ECs. 
We found several proteins that were significantly up- 
regulated given stringent cut-off analysis. We found 
increased abundance of ribosomal protein S6, a key 
regulator of cellular protein synthesis and cellular size 
[72] and signal recognition particle receptor β, which is 
essential for targeting of proteins to the endoplasmic 
reticulum for secretion or membrane insertion [46]. 
Additionally, many proteins involved in cellular meta-
bolism and mitochondrial function were found up- 
regulated, including ETC Complex IV member Cox5a, 
ATP Synthase members ATP5a1/ATP5b, and regulator 
of mitochondrial movement/division Miro2. Increases 
in these markers may be indicative of increased mito-
chondrial mass and ATP demand, which, along with 
increases in Rps6 (indicative of cellular growth/size) 
are hallmarks found in cellular senescence [73]. 
Although rigorous analysis is warranted to confirm 
these targets, these findings further support a role for 
EC EVs in mediating VSMC protein synthesis, protein/ 
organelle trafficking, and metabolic reprogramming.

Two additional VSMC proteins of particular inter-
est were HMGB1 and HMGB2, which were found 
significantly up-regulated in VSMC by EVs from 
serum-starved ECs. Both act as nuclear proteins that 
control chromatin remodelling but have differing 
roles in inflammatory processes, cellular senescence 

and senescence-associated secretory phenotype 
(SASP), a state characterized with irreversible cell 
cycle arrest and secretion of inflammatory molecules 
[66]. HMGB1 is known to translocate from the 
nucleus to the extracellular space to act as an alarmin 
and is identified as a key member of the SASP [47]. 
HMGB2, while highly similar in amino acid identity 
to HMGB1, is uniquely associated with neointimal 
hyperplasia, pathological cell growth, cancer progres-
sion, and serves as a critical transcription factor for 
driving the gene expression necessary for SASP 
[48,74,75]. In addition, HMGB1/2 are critical non- 
histone chromatin binding proteins and may bind 
many different transcription factors to facilitate tran-
scription or bend DNA themselves to initiate tran-
scription [76]. Here, we found that EC EVs induce an 
inflammatory phenotype in VSMCs via a mechanism 
that includes HMGBs, as pharmacological inhibition 
of HMGB1 and HMGB2 and siRNA depletion of 
HMGB1 attenuated EC EV mediated up-regulation 
of VCAM1 and monocyte adhesion in VSMCs. 
While we observed a relatively weaker VCAM-1 
response in VSMCs in these experiments compared 
to other experiments conducted in this study, 
a phenomenon that is likely due to distinct experi-
mental condition where the inhibitor vehicle, infection 
of adenoviruses or GFP transduction might influence 
certain cellular processes to temper the robustness of 
the EV response, our findings are in agreement with 
past studies demonstrating a role of HMGB1 in acti-
vating VCAM1 through transcription factor binding 
directly to NF-kB family members [77].

The results of the present study enhance our 
understanding of the role that EVs play in the vascu-
lature and marks the relevance of EC-EVs as an 
important means of intravascular communication in 
vascular disease. The extent to which specific proteins, 
or other elements such as miRNA or lipids, contained 
within the EC EVs contribute to the induction of 
VSMC dysfunctional phenotype will require further 
investigation.
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