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Abstract
Aims/hypothesis Individuals with diabetes exhibit increases in
circulating endothelial microparticles (eMPs, also referred to
as endothelial microvesicles), which are associated with endo-
thelial dysfunction and a heightened risk of cardiovascular
complications. We have shown that eMPs are markers and
mediators of vascular injury although their role in diabetes is
unclear. We hypothesised that the composition and biological
activity of eMPs are altered in response to high glucose expo-
sure. We assessed the effects of high glucose on eMP forma-
tion, composition and signalling in cultured HUVECs.
Methods eMPs were isolated from the media of HUVECs
cultured under conditions of normal glucose (eMPNG), high
glucose (eMPHG) or osmotic control of L-glucose (eMPLG).
eMP size, concentration and surface charge were assessed by
nanoparticle tracking analysis and flow cytometry. eMP pro-
tein composition was assessed by liquid chromatography–tan-
dem mass spectrometry, and eMP-mediated effects on coagu-

lation, reactive oxygen species (ROS) production and vessel
function were assessed.
Results Exposure of HUVECs to high glucose for 24 h caused
a threefold increase in eMP formation, increased mean particle
size (269 ± 18 nm vs 226 ± 11 nm) and decreased surface
charge. Compared with eMPNG or eMPLG, eMPHG possessed
approximately threefold greater pro-coagulant activity, stimu-
lated HUVEC ROS production to a greater extent (~250% of
eMPNG) and were more potent inhibitors of endothelial-
dependent relaxation. Proteomic analysis of eMPs identified
1212 independent proteins of which 68 were exclusively
found in eMPHG. Gene ontology analysis revealed that
eMPHG-exclusive proteins were associated with signalling
pathways related to blood coagulation, cell signalling and im-
mune cell activation.
Conclusions/interpretation Our results indicate that elevated
glucose is a potent stimulus for eMP formation that also alters
their molecular composition leading to increased bioactivity.
Such effects may contribute to progressive endothelial injury
and subsequent cardiovascular complications in diabetes.
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HMEC Human dermal microvascular
endothelial cell

LC–MS/MS Liquid chromatography–tandem mass
spectrometry

miRNA microRNA
NTA Nanoparticle tracking analysis
ROS Reactive oxygen species

Introduction

Cells release a variety of extracellular vesicles including apopto-
tic bodies, exosomes andmembrane-derivedmicroparticles (also
referred to as microvesicles) [1–4]. These extracellular vesicles
play an increasingly recognised role in intercellular signalling
through surface interactions, immunemodulation, and horizontal
transfer of protein and nucleic acids. Unique among the various
extracellular vesicles, microparticles (100–1000 nm in size) are
formed from small, outward-facing membrane blebs that are
released into the extracellular compartment. Notably, micropar-
ticles are formed under conditions of cell stress and contain
cytosolic and membrane protein, RNA and microRNA
(miRNA) [1, 2]. Becausemicroparticles are formed at the earliest
stages of cell injury and their composition is reflective of their
source cells, microparticles are emerging as biomarkers of un-
derlying pathology [1, 2].

Among the most widely studied populations of micropar-
ticles are endothelial-derived microparticles (eMPs). eMPs are
released from both activated and apoptotic endothelial cells
and can be found in human plasma samples [5, 6]. Levels of
circulating eMPs are increased in human diseases including
diabetes mellitus, end-stage kidney disease and hypertension
(reviewed in [1]), and such elevations predict adverse cardio-
vascular events [7, 8]. In addition to their utility as biomarkers,
eMPs are also novel mediators of intercellular communication
[9]. In this regard, we and others have shown that eMPs in-
duce intracellular signalling responses leading to oxidative
stress, inflammation, senescence and apoptosis [10–14].

The composition of eMPs and the potency of their effects
on intracellular signalling responses are modulated by several
factors. For example, eMPs formed during endothelial cell
activation are enriched in surface membrane CD51 and
CD54 in comparison with eMPs formed during apoptosis
[6]. Similarly, using a proteomic-based approach, Peterson
et al identified marked changes in composition of eMPs de-
rived from cells exposed to TNFα vs plasminogen activator
inhibitor type 1 [15]. In vivo, eMPs isolated from individuals
with the metabolic syndrome induce vascular dysfunction
when injected into mice, while those from healthy participants
have no effect [16]. Jansen et al reported that eMPs formed
under high glucose conditions increase atherosclerotic lesions
in apolipoprotein E (ApoE) −/− mice: an effect not seen from
eMPs formed under normal glucose conditions [17].

Moreover, eMP miRNA profiles are altered in type 2 diabetes
with reductions in miR-26a (anti-apoptotic in endothelial
cells) and miR-126 (pro-angiogenic) [18]. Collectively these
studies suggest that the diabetic microenvironment may influ-
ence the composition and bioactivity of eMPs; however, the
precise changes to eMPs in response to high glucose are not
well understood.

In the present study, we assessed the impact of high glucose
on the formation, size, protein composition and bioactivity of
eMPs. We hypothesised that high glucose would alter the
composition of eMPs, contributing to increased adverse ef-
fects on endothelial cell function.

Methods

More detailed methods can be found in the electronic supple-
mentary material (ESM) Methods.

Culture of endothelial cells HUVECs and human dermal
microvascular endothelial cells (HMECs) were obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA) and cultured as described previously with modification
[19]. Cells were seeded on attachment factor (ThermoFisher
Scientific, Mississauga, ON, Canada) coated dishes and grown
in a CO2 incubator (5%) at 37°C. Culture medium consisted of
Endomax medium with EMS-18 (Wisent Bioproducts, St
Bruno, QC, Canada), 100 U/ml penicillin/streptomycin
(Wisent Bioproducts) and 10% FBS (ATCC). Cells were veri-
fied to be mycoplasma free using the MycoAlert Mycoplasma
Detection Kit (Lonza, Basel, Switzerland).

eMP generation and isolation eMPs were isolated from the
medium of cultured HUVECs treated with normal glucose
(5.6 mmol/l; eMPNG), high glucose (normal glucose
+19.4 mmol/l D-glucose [ThermoFisher Scientific]; eMPHG)
or an osmotic control (normal glucose +19.4 mmol/l L-glucose
[Sigma Aldrich, Oakville, ON, Canada]; eMPLG). Media were
collected and eMPs were isolated by differential centrifuga-
tion as described previously [12, 13].

Nanoparticle tracking analysis Particle size and concentra-
tion were assessed by nanoparticle tracking analysis (NTA)
using the ZetaView PMX 110 Multiple Parameter Particle
Tracking Analyzer (Particle Metrix, Meerbusch, Germany)
in size mode as described previously [20].

Detection of microparticles by flow cytometry Isolated mi-
croparticles were quantified using a MoFlo Fluorescence
Activated Cell Sorter with Summit software (Dako Canada,
Mississauga, ON, Canada) as described previously [12].
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Measurement of zeta potential Zeta potential is a measure of
particle surface charge, dependent on protein/phospholipid
composition and particle stability. Zeta potential was deter-
mined from the electrophoretic mobility of the vesicles in
solution using the ZetaView PMX 110 Multiple Parameter
Particle Tracking Analyzer (Particle Metrix) in zeta potential
mode using ZetaView software (version 8.02.28). Samples
were suspended in dilute PBS (1:20 PBS, double-distilled
H2O to adjust conductivity to approximately 500 μS/cm)
and zeta potential readings were obtained at 21°C.

eMP pro-coagulant activity eMP pro-coagulant activity was
measured using the ZymuphenMP-Activity Kit (Aniara,West
Chester, OH, USA) as described, with modifications [21].
Pilot experiments were conducted to optimise the working
range of the assay. eMP isolates (100 ng) were loaded into
wells of a 96-well plate. Thrombin generation was quantified
with a proprietary thrombin-specific chromogenic substrate
and used to quantify the pro-coagulant activity. Absorbance
was read on the ELx808 Absorbance microplate reader
(Biotek Instruments,Winooski, VT, USA) and eMP coagulant
activity was expressed as a relative absorbance value (measure
at λ = 405 nm).

Phosphatidylserine content Levels of phosphatidylserine in
eMPs were measured using a human phosphatidylserine
ELISA kit (Elabscience, Beijing, People’s Republic of China)
according to manufacturer’s instructions. Absorbance was read
(λ = 450 nm) on the ELx808 Absorbance microplate reader
(Biotek Instruments) and expressed as phosphatidylserine
equivalents (ng/ml).

Reactive oxygen species production HUVEC superoxide
(O2

−) production following eMP or PBS treatment was
assessed by HPLC using the fluorescent probe dihydro-
ethidium (Invitrogen, Burlington, ON, Canada) as de-
scribed [12, 13, 19]. Cells were exposed to 10 μg/ml of
eMPs for 4 h, a dose we previously identified to induce
intracellular responses in cultured mouse aortic endotheli-
al cells [11–13].

Intracellular reactive oxygen species (ROS) formation was
measured using 7′-dichlorofluorescein diacetate (DCF-DA)
(ThermoFisher Scientific) as described [22]. Briefly, cells
were incubated with 5 μmol/l DCF-DA for 30 min following
eMP and PBS treatments (10 μg/ml, 4 h, determined as
above), and fluorescence was measured on a FLUOstar
Galaxy microplate reader (BMG Lab Technologies,
Ortenberg, Germany) (excitation 485 nm, emission 520 nm).

Myography Mesenteric arteries were isolated from male
C57BL/6 mice (age 3–4 months, 20–30 g; The Jackson
Laboratory, Bar Harbour, ME, USA) following euthanasia
with CO2 asphyxiation. Prior to euthanasia, mice were housed

in a ventilated rack system in standard shoebox cages with
corncob bedding (Harlan Teklad, Indianapolis, IN, USA).
Mice were provided food and water ad libitum and housed
on a 12 h day–night cycle (lights on at 07:00 h); room tem-
perature was 22 ± 1°C and humidity was 50 ± 5%. The study
was approved by the Animal Ethics Committee of the
University of Ottawa and performed according to the recom-
mendations of the Canadian Council for Animal Care.

Endothelium-dependent relaxation was measured in the
presence or absence of eMP populations (1 μg/ml) as de-
scribed [23]. Vessels were randomly assigned to treatment
groups, incubated with eMPNG and eMPHG (1 μg/ml), or
equivalent volume of PBS, for 30 min and subsequently
preconstricted with phenylephrine, as above. Effects of
eMPs on endothelium-dependent relaxation were then
assessed by measuring dilatory responses to acetylcholine
(1 nmol/l; 10 μmol/l). Analysis was performed, in a blinded
fashion, using LabChart 7 Pro software (ADInstruments,
Colorado Springs, CO, USA).

Proteomic and bioinformatics analysis eMPs were isolated
from the medium of cultured HUVECs as described above.
Equivalent eMP protein extracts from normal glucose, high
glucose and osmotic-controlled treatments were separated on
a 4–15% Mini-PROTEAN TGX Gel (Bio-Rad Laboratories,
Hercules, CA, USA) (n = 3 per eMP treatment condition),
bands were excised using a gel excision tool (The Gel
Company, San Francisco, CA, USA) and digested in trypsin
(Promega, Madison, WI, USA) [24]. Samples were purified
by ZipTip (Millipore, Etobicoke, ON, Canada), concentrated
by (Eppendorf Vacufuge; ThermoFisher Scientific) and
re-suspended in 0.1% formic acid.

Peptides were analysed by liquid chromatography–tandem
mass spectrometry (LC–MS/MS). Nanoflow HPLC solvents
contained 0.1% formic acid and 5% DMSO [25]. MS scans
were acquired in Fourier transform MS mode at a resolution
setting of 60,000. MS/MS scans were acquired in ion trap
collision-induced dissociation mode using data-dependent ac-
quisition of the top five ions from each MS scan.

MASCOTsoftware, version 2.5.1 (Matrix Science, Boston,
MA, USA), was used to infer peptide and protein identities
from the mass spectra. Identified MASCOT peptides and pro-
teins were validated with Scaffold (version Scaffold_4.7.3;
Proteome Software, Portland, OR, USA). Proteins with at
least two spectral counts in all three LC–MS/MS samples
(n = 3 per eMP treatment condition) were included in the
ClueGO functional analysis [26, 27]. Cytoscape (3.4.0, Java
version: 1.8.0_121) was used with the ClueGO and CluePedia
plug-ins (v2.3.3 and v1.3.3) [27]. Proteins exclusive to the
eMPHG population were analysed for functional enrichment
of gene ontology biological processes (updated 23 February
2017) and Reactome pathways (updated 1 March 2017).
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Statistical analysisResults are expressed as mean ± SEM and
were analysed using the Mann–Whitney U test or Kruskal–
Wallis test with Dunn’s post hoc test using Prism 5.0 software
(GraphPad Software, La Jolla, CA, USA). A p value <0.05
was considered significant.

Results

High glucose induces eMP formation in vitro Increases in
circulating eMP levels are associated with elevated HbA1c in
diabetic individuals, suggesting a role for glucose in eMP
formation [28]. We examined the effect of high glucose on
eMP release from cultured HUVECs using flow cytometry
and NTA. As shown in Fig. 1, HUVECs cultured under high
glucose conditions exhibited significant increases in eMP re-
lease compared with HUVECs cultured under normal glucose
or osmotic-controlled conditions measured by flow cytometry
(Fig. 1a) and NTA (Fig. 1b). A similar increase in microparti-
cle formation was seen in HMECs exposed to high glucose
(1.4 ± 0.1 × 107 microparticles/μg vs normal glucose 1.0 ± 0.3
microparticles/μg, p < 0.05), while L-glucose controls were
not altered (0.9 ± 0.4 microparticles/μg, p = NS).

High glucose alters the mean size and surface charge of
eMPs We next assessed whether high glucose altered the
physical characteristics of eMPs by NTA and zeta potential.
The mean size of eMPHG was significantly larger than that of
eMPNG and eMPLG (Fig. 2a–d). Similarly, eMPHG from
HMECs were significantly larger than eMPNG (187 ± 14 nm
vs normal glucose 148 ± 3, p < 0.05), while eMPLG were not
(150 ± 3 nm, p = NS). eMPHG had a greater negative surface
charge compared with eMPNG (Fig. 2e). The surface charge of
eMPLG was not significantly different from that of eMPNG

(not shown).

High glucose increases the pro-oxidative and pro-
coagulant effects of eMPs released from HUVECs Pro-co-
agulant capacity is increased in eMPs from diabetic individ-
uals and correlates with HbA1c levels [29]. We therefore

assessed the effect of high glucose on the pro-coagulant and
pro-oxidative effects of eMPs. eMPHG had increased pro-
coagulant activity compared with eMPNG and eMPLG

(p < 0.001 vs eMPNG and eMPLG, n = 4, Fig. 3a). eMP pro-
coagulant activity has been partially attributed to surface
phosphatidylserine [30, 31]. As shown in Fig. 3b, eMPHG

had an approximately threefold increase in phosphatidylserine
content compared with eMPNG and eMPLG.

Intracellular HUVEC ROS production was increased fol-
lowing eMPNG and eMPLG compared with PBS-treated con-
trols (p < 0.001 vs untreated controls, n = 3, Fig. 3c). ROS
production was further increased with eMPHG treatment
(p < 0.001, Fig. 3c). In addition to intracellular ROS produc-
tion, HUVEC O2

− production was increased following
eMPHG treatment (p < 0.05 vs eMPNG and eMPLG, Fig. 3d).

High glucose increases the capacity of eMPs to impair
endothelial-dependent vasorelaxation To determine the ef-
fect of eMPs on endothelium-dependent vasorelaxation, we
assessed acetylcholine-mediated relaxation in phenylephrine-
preconstricted arteries exposed to eMPNG and eMPHG (Fig. 4).
Arteries exposed to eMPNG in the vessel bath displayed a
rightward shift in their relaxation curve and a significant re-
duction in maximal relaxation compared with PBS-treated
arteries (p < 0.05 vs controls). Arteries treated with eMPHG

displayed a further rightward shift with a significant reduction
in both maximal relaxation and sensitivity to acetylcholine,
suggesting a more potent impairment in vascular reactivity.

High glucose alters the protein composition of eMPs re-
leased fromHUVECs To gain insight into changes in protein
composition that may contribute to altered eMP activity we
conducted proteomic analysis of high-glucose-treated eMP
isolates. LC–MS/MS analysis identified 1212 independent
proteins with a minimum of two spectral counts per sample.
Of the 1212 proteins identified, 724 were common to all treat-
ment groups, while 68 were unique to the eMPHG population
and 111 were unique to the eMPLG population (Fig. 5a, ESM
Table 1).

Fig. 1 Effects of high glucose on eMP formation in cultured HUVECs.
Vesicle levels were assessed by (a) annexin V labelling and flow cytom-
etry or (b) NTA. Data have been normalised to total cell protein and are

presented as means ± SEM. *p < 0.05 and **p < 0.01 vs eMPNG and
eMPLG, respectively (n = 5). MPs, microparticles
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To examine the functional nature of protein alterations in
eMPHG, we conducted a functional analysis for enriched bio-
logical processes and downstream pathways using ClueGO
(Fig. 5b). Notably, protein localisation to the membrane was
an over-represented pathway, while nuclear processes were
not enriched, which is consistent with microparticle isolation
with little contamination from larger, apoptotic bodies
(Fig. 5b). Gene ontology biological processes and Reactome
pathways associated with eMPHG-exclusive proteins included
those involved in haemostasis, hexose metabolism, cell sur-
face interactions at the vascular wall and oxidation-reduction
processes (Fig. 5b, ESM Table 2).

Discussion

The purpose of the present study was to assess the impact of
high glucose on the formation, biological activity and compo-
sition of eMPs. Novel findings include: (1) high glucose ex-
posure increases eMP release from cultured HUVECs; (2)
high glucose alters the make-up of eMPs, with an increase in

size, changes in surface charge and enrichment in
phosphatidylserine; (3) eMPs formed in high glucose exhibit
increased pro-coagulant activity, are more potent inducers of
ROS production and exert greater impairment of endothelium-
dependent vasorelaxation compared with eMPs formed in
normal glucose; and (4) eMPs formed in high glucose possess
a distinct molecular composition with proteins associated with
hexose metabolism, haemostasis, cell surface interactions at
the vascular wall, and oxidation-reduction processes.
Together, these results suggest a central role for high glucose
in increasing both formation and bioactivity of eMPs which
could, in turn, contribute to greater vascular dysfunction in
diabetes.

Diabetes induces endothelial dysfunction, an independent
predictor of poor prognosis linked to retinal and renal damage,
myocardial infarction and stroke. While a number of factors
have been implicated in the development of endothelial dys-
function in diabetes, hyperglycaemia is considered to play a
key causative role, since intensive glycaemic control reduces
endothelial dysfunction and improves prognosis in both type 1
and type 2 diabetes [32–34]. Also associated with endothelial

Fig. 2 High glucose increases the size and surface charge of eMPs re-
leased by cultured HUVECs. Distribution of the size of eMP particles: (a)
eMPNG, (b) eMPLG, (c) eMPHG. (d) Mean particle size (nm) of each
vesicle population: eMPNG 226.15 ± 10.60 nm (n = 5), eMPLG

221.18 ± 4.80 nm (n = 6) and eMPHG 268.55 ± 18.02 nm (n = 6);
***p < 0.001 vs eMPNG and eMPLG. (e) Zeta potential was calculated
from electrophoretic mobilities; †††p < 0.001 vs eMPNG (n = 7). Data
are presented as mean ± SEM
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injury/dysfunction is the formation of eMPs. Levels of circu-
lating eMPs are increased in both type 1 and type 2 diabetes
[28, 29, 35]. When glycaemia is controlled, these elevated
levels are reduced [36, 37]. These observations implicate
hyperglycaemia as a critical determinant of eMP levels in
diabetes. In the present study, we observed that 24 h high
glucose exposure results in increased eMP levels from
HUVECs. This effect could not be attributed to osmotic stress,
as L-glucose was without effect. We studied the acute effect of
25 mmol/L-glucose on endothelial cell health to examine the
effects of uncontrolled glucose on vesicle composition. Our

results remain consistent with prior observations of elevated
podocyte microparticle formation in response to high glucose
[38], and increased microparticle release from mesangial cells
exposed to high glucose [39]. Given the variety of cells that
release microparticles in response to high glucose it is possible
that increased microparticle release represents a ubiquitous
response to glucose-induced cell stress. In addition to in-
creased formation, we observed an increase in vesicle size
and zeta potential following high glucose exposure. We
hypothesise that the increase in size is a result of increased
protein packaging into the vesicles and increased surface

Fig. 3 Effect of high glucose on the pro-coagulant activity,
phosphatidylserine content and pro-oxidative activity of eMPs released
from cultured HUVECs. (a) Pro-coagulant activity was assessed in equiv-
alent amounts of eMPs using a Zymuphen MP-Activity Kit according to
manufacturer’s instructions (n = 4). (b) Phosphatidylserine content was
measured by ELISA (n = 4). (c, d) Cells were treated with respective eMP
preparations (10 μg/ml, 4 h), and endothelial cell (EC) ROS production

was assessed by dichlorofluorescein fluorescence (c) or dihydroethidium
(DHE) HPLC (expressed as the ratio of 2-hydroxyethidium [2-HE]/DHE)
(d) (n = 3). *p < 0.05, ***p < 0.001 vs eMPNG and eMPLG; ††p < 0.01,
†††p < 0.001 vs untreated controls (Ctrl); ‡‡‡p < 0.001 vs eMPNG, eMPLG

and untreated controls. Data are presented as mean ± SEM. Abs.,
absorbance

Fig. 4 Effect of high glucose on the vascular effects of eMPs assessed via
ex vivo endothelial-dependent vasorelaxation in isolated arteries. (a)
Concentration–response curve to acetylcholine in untreated control ves-
sels (n = 8; open circles, solid line) or those incubated with eMPNG (n = 6;
black circles, dashed line) or eMPHG (n = 5; black triangles, dashed line)

(1 μg/ml, 30 min). Acetylcholine data are log-transformed (log10).
*p < 0.05 vs control vessels at corresponding dose; †p < 0.05 vs
eMPHG-treated vessels at corresponding dose. (b) Sensitivity to acetyl-
choline, expressed as pD2 (−log10 of half maximal effective concentration
[EC50]). Data are presented as mean ± SEM; *p < 0.05 vs controls (Ctrl)
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phosphatidylserine content. Thus, we looked at the vesicles’
proteomic signature and phosphatidylserine content.
Phosphatidylserine is a negatively charged phospholipid, typ-
ically present on the inner leaflet of the cell membrane.
However, under cellular stress an enzymatic response causes
phosphatidylserine to become externalised, which might have
caused the increased electronegativity in our eMPHG

population.
In the present study, we observed an increase in eMP pro-

coagulant capacity following high glucose exposure. Our data
provide a possible explanation for the observations of Sabatier
and colleagues, who found that the pro-coagulant activity of
circulating microparticles correlated with HbA1c in type 1
diabetic individuals [28]. In the present study, eMPHG were
also enriched in phosphatidylserine (a primary determinant of
microparticle pro-coagulant activity [30, 31]) and were more
electronegative. One possibility is that eMPs may be media-
tors of the coagulation cascade by acting as catalytic surfaces,
whereby coagulation factors (Factor Xa, V and prothrombin)
assemble into a complex and initiate the coagulation cascade
on the negatively charged phosphatidylserine-enriched vesicle
surface. Nevertheless, we cannot rule out a role for additional
protein or lipid mediators contributing to the differential ef-
fects on coagulation, particularly given our proteomic data,
which found that eMPHG contain proteins associated with
blood coagulation.

We also observed a significant increase in the capacity of
eMPHG to stimulate ROS production and impair endothelium-
dependent vasorelaxation. Similarly, Jansen et al have report-
ed that eMPHG induce ROS production in cultured endothelial
cells and impair vasorelaxation in ApoE−/− mice [17]. The
authors found that eMPNG had no effect on ROS production
or vasorelaxation. By contrast, we observed that both eMPNG

and eMPHG were biologically active, with eMPHG possessing

more potent biological effects. Our myography studies were
conducted on healthy vessels, as opposed to ApoE −/− vessels,
which establish that eMPs can exert adverse effects in the
absence of underlying disease. Importantly, our studies also
establish a direct, enhanced and rapid impairment of vascular
function by eMPHG, as treatments and assessment of reactivity
were conducted ex vivo, avoiding any potential immune-
mediated indirect effects on vascular function.

In addition to changes in eMP formation, we observed that
high glucose altered the physical composition of eMPs.
eMPHG were larger than those formed under normal glucose,
and the increase in size was associated with a greater negative
surface charge as determined by zeta potential. The physical
changes in eMPHG suggested an altered protein composition.
In support of this, our proteomic analysis identified 68 pro-
teins exclusive to eMPHG. A functional assessment of eMPHG-
exclusive proteins by ClueGO revealed enrichment in proteins
associated with haemostasis, hexose metabolism, cell surface
interactions at the vascular wall and oxidation-reduction pro-
cesses. The fact that proteins associated with hexose metabo-
lism are enriched in eMPs arising from high glucose-treated
cells is perhaps not surprising and suggests that eMPs are
reflective of their cell of origin’s ongoing response to meta-
bolic stress. Assessment of eMP proteins may therefore rep-
resent a novel molecular signature and potential clinical bio-
marker indicative of subclinical glucose-induced vascular in-
jury. We also observed an enrichment in proteins associated
with haemostasis, oxidation-reduction processes and cell sur-
face interactions at the vascular wall. We have previously
reported that eMPs induce endothelial cell ROS production
and expression of cell adhesion molecules [12], while
Terrisse et al have reported microparticle-mediated activation
of platelet interactions with the vasculature [40]. In addition,
our present assessments of biological activity suggest that

Fig. 5 High glucose changes the proteomic composition of eMPs. (a)
Venn diagram depicts differences in protein composition among eMP
populations. (b) Functional analysis (gene ontology biological processes

and Reactome pathways) of the 68 eMPHG-exclusive proteins using the
ClueGO plug-in for Cytoscape. Functional over-enrichments with
p < 0.05 are presented
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eMPHG possess augmented capacity for induction of coagula-
tion, oxidative stress and impairments in vascular reactivity.
Given the close association between many of the pathways
identified in our proteomic screen and the established biolog-
ical effects of microparticles, further exploration of these pro-
teins may provide insight into the mechanisms of eMP
signalling.

Our proteomic data differ slightly from related work by Zu
et al who also conducted proteomic analysis on endothelial cell-
derived vesicles following high glucose treatment [41]. In their
study, exposure of HUVECs to 22.5 mmol/l glucose for 4 h was
associated with the presence of amyloid beta A4 protein and
other ‘Alzheimer’s disease-related proteins’ in their extracellular
vesicle population. Of the 30 proteins listed by Zu et al, 11 were
also identified in our screen, although nonewere exclusive to our
high glucose population. We did not observe the presence of
amyloid beta proteins in either eMPNG or eMPHG, and our
ClueGO did not identify Alzheimer’s disease proteins as
enriched. A possible explanation for the discrepancy in data
between these two studies could be the differing treatment times.
While Zu et al treated for 4 h prior to vesicle isolation we
assessed changes after 24 h, which may allow for more
transcriptional-related changes in proteins, reflected in eMP con-
tent. Alternatively, differences in vesicle isolation methods may
be responsible, as Zu and colleagues employed a non-selective
vesicle isolation method that would not discriminate microparti-
cles from other extracellular vesicles, such as exosomes and
apoptotic bodies. It is therefore possible that enrichment in
Alzheimer’s disease-related proteins was related to changes in
exosomes/apoptotic body protein content. Ourmethods included
a low speed spin to remove apoptotic bodies, as well as a high
speed (20,000 g) spin that causes microparticles to sediment but
leaves exosomes in the supernatant fraction. While no
centrifugation-based method will completely separate these dis-
tinct vesicle populations [4], our NTA identified >85% of isolat-
ed vesicles as 100–1000 nm in size.

Our study has a number of limitations. First, our experi-
ments were conducted in HUVEC cells. While these cells are
particularly amenable to the large-scale culture necessary for
our experiments, they are also fetal in origin and derive from
the venous system. Thus, they may respond differently than
arterial endothelial cells. Indeed, one must acknowledge that
any endothelial cell population (HUVEC or otherwise) will
undergo phenotypic drift when removed from its natural en-
vironment [42]. Thus, it will ultimately be important to assess
the changes to eMPs in pathology in vivo. Second, these ex-
periments were performed at a single time point. The 24 h
exposure time was chosen to ensure sufficient time for tran-
scriptionally dependent molecular changes in endothelial cells
(and ultimately eMPs) but to avoid any induction of endothe-
lial cell apoptosis. Nevertheless, we acknowledge that the
phenotypic changes seen in eMPHG may be time-sensitive
and that chronic hyperglycaemia may exert different effects.

Similarly, a relatively high concentration of glucose
(25 mmol/l) was used to model hyperglycaemia. This dose
was chosen to ensure that endothelial cell responses over time
would not be affected by glucose depletion and to maximise
glucose-dependent responses in the acute setting. Ultimately,
however, it will be important to confirm the high glucose-
induced changes to eMPs in the in vivo diabetic environment.
Finally, L-glucose was used as an osmotic control in selected
experiments; however, our proteomic data suggest that L-glu-
cose does exert effects on endothelial cells, reflected in a
change in eMP content.

The observation that eMP composition is altered depend-
ing on a cell’s external microenvironment suggests that eMPs
may have value as a diagnostic tool. Traditionally, increases in
plasma levels of eMPs have been used as an early non-
invasive biomarker of vascular injury [7, 8, 43]. Our data
suggest that eMP protein content may provide insight into
the molecular status of the cell from which they originate.
Thus, assessment of eMP protein content could be used clin-
ically to identify dysregulated pathways for therapeutic
targeting. In addition, we observed altered bioactivity of
eMPHG in the form of increased pro-coagulant and pro-
oxidative activity. These data suggest that eMPs may actively
contribute to the progression of vascular disease and that this
process may be accelerated in diseases characterised by
hyperglycaemia. Accordingly, inhibiting eMP-based signal-
ling in the vasculature may represent a novel approach to the
treatment of vascular complications associated with
hyperglycaemia and diabetes.

In summary, we demonstrate that high glucose is a potent
stimulus for eMP formation and that eMPs formed under high
glucose are compositionally and functionally distinct from
those formed under normal glucose conditions. Such changes
may contribute to the accelerated development and progres-
sion of endothelial dysfunction in hyperglycaemia and
diabetes.
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