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Abstract In various diseases, including diabetes, extracellu-
lar vesicles (EVs) have been detected in circulation and tis-
sues. EVs are small membrane vesicles released from various
cell types under varying conditions. Recently, endothelial cell-
derived EVs (EEVs) were identified as a marker of endothelial
dysfunction in diabetes, but the ensuing mechanisms remain
poorly understood. In this study, we dissected the ensuing
pathways with respect to nitric oxide (NO) production under
the condition of type 2 diabetes. Human umbilical vein endo-
thelial cells (HUVECs) were stimulated with glucose alone
and with glucose in combination with angiotensin II (Ang
II) for 48 h. In supernatants from glucose + Ang II-
stimulated HUVECs, release of EEVs was assessed using
Western blotting with an anti-CD144 antibody. EEV release
was significantly increased after stimulation of HUVECs, and
high glucose + Ang II-derived EEVs impaired ACh-induced
vascular relaxation responses and NO production in mice aor-
tic rings. Furthermore, high glucose + Ang II-derived EEVs
induced ERK1/2 signalling and decreased endothelial NO
synthase (eNOS) protein expression in mice aortas.
Furthermore, in the presence of the MEK/ERK1/2 inhibitor
PD98059, high glucose plus Ang II treatment stimulated
EEVs inHUVECs and those EEVs prevented the impairments
of ACh-induced relaxation and NO production in mice aortas.
These data strongly indicate that high glucose and Ang II
directly affect endothelial cells and the production of EEVs;
the resultant EEVs aggravate endothelial dysfunction by

regulating eNOS protein levels and ERK1/2 signalling inmice
aortas.
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Introduction

The prevalence of hypertension is increased in patients with
type 2 diabetes mellitus [38], resulting in increased risk of
cardiovascular complications [46]. This complex and multi-
factorial disease commonly presents with vascular dysfunc-
tion [31], and both macrovascular and microvascular compli-
cations, leading to the development of atherosclerosis [11, 29].

Endothelial dysfunction is a consistent finding in patients
with diabetes [5] and refers to the inability of the endothelium
to regulate vascular homeostasis. These abnormalities in en-
dothelial function are detected early in the development of
cardiovascular complications, often before symptoms are clin-
ically evident [42]. Endothelial dysfunction is commonly
assessed as alterations in endothelial-dependent vascular re-
laxation with concomitant changes in protein expression.
Nitric oxide (NO) is synthesised by endothelial nitric oxide
synthase (eNOS), and as a major mediator of endothelial-
dependent vascular relaxation, it is critically involved in the
regulation of other protective properties of healthy endotheli-
um [24, 47]. Recent evidence supports a central role of the
interaction between eNOS levels and extracellular signal-
regulated kinase (ERK1/2) activation in endothelial cells [12].

Extracellular vesicles (EVs) are lipid bilayer structures that
are shed from surfaces of various cell types, including endo-
thelial cells, leukocytes and platelets [33]. Several classes of
EVs, including exosomes, microvesicles and microparticles,
are produced by different mechanisms [45] and comprise
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cytoplasm and cell membranes from their cells of origin [13,
53]. EVs are released under normal and pathological condi-
tions to mediate cell-cell communication and signalling, and
endothelial cell-derived EVs (EEVs) originating from activat-
ed or apoptotic endothelial cells reportedly contribute to vas-
cular remodelling and repair [3]. Recently, vascular endothe-
lial cadherin (CD144)-positive EVs were identified in type 2
diabetic patients with cardiovascular complications [2, 22].
Because EEVs present CD144 on their membranes, CD144-
positive EVs may reflect endothelial damage [2, 14]. In accor-
dance, Koga et al. showed increased circulating levels of
CD144-positive EVs in patients with type-2 diabetes and vas-
cular disease [22]. However, although it is unknown whether
circulating EEVs cause endothelial dysfunction, diabetic con-
ditions may contribute to the development of endothelial dys-
function via increased production of EEVs and EEVs-related
molecules.

Release of EEVs is dependent on microenvironments, and
is influenced by angiotensin II (Ang II) and glucose concen-
trations. Glucose stimulation alters exocytosis rates and re-
lease of exosomes at high glucose concentrations reflects in-
creased rates of exocytosis, increased EV production or a
combination of these factors [39, 41]. Induction of EEV re-
lease by Ang II has been demonstrated [37], and treatment
with Ang II receptor type 1 blockers and lipid-lowering
agents, such as simvastatin decrease plasma EV levels [23,
34]. Currently, it is unclear whether glucose and/or Ang II
directly influence EV generation. Thus, in the present study
we investigated direct effects of EEVs on vascular endothelial
function and EEV generation in Ang II and/or glucose-
stimulated cells.

Materials and methods

Cell culture and EEVs generation

Human umbilical vein endothelial cells (HUVECs; Kurabo,
Osaka, Japan) were cultured in endothelial growth medium
(Kurabo) and were maintained at 37 °C in a 5% CO2 incuba-
tor. Cells from passages 4–7 were used in all experiments and
were seeded onto 12-well plates at 3 × 105 cells/well. Then the
cells were treated at approximately 80% confluence. Ang II
(10−7 mol/L) was diluted in a complete cell culture medium
containing 5- or 22- × 10−3 mol/L glucose (low and high
glucose) and was added to the cells and incubated for 48 h.
Subsequently, culture mediumwas collected and cells and cell
debris were precipitated by centrifugation at 5000 g for
10 min. Supernatants were then centrifuged at 100,000 g for
2 h to yield pellet EEVs [8, 27]. The EEVs were then washed
in phosphate-buffered saline (PBS), were resuspended in
50 μL of PBS and were used immediately in experiments.
EEVs from low glucose-treated HUVECs were defined as

low glucose EEVs (LGEVs), those from high glucose-
treated HUVECs were defined as high glucose EEVs
(HGEVs), those from low glucose plus Ang II-treated
HUVECs were defined as low glucose + Ang II EEVs (LG-
Ang EVs) and those from high glucose plus Ang II-treated
HUVECs were defined as high glucose + Ang II EEVs (HG-
Ang EVs). In separate experiments, HUVECs were exposed
to PD98059 (10−5 mol/L) in the presence of high glucose and
Ang II for 48 h and were defined as high glucose + Ang II +
PD EEVs (HG-Ang-PD EVs).

Detection of EEVs

Isolated EEVs were quantified using immunoblotting with an
anti-CD144 antibody. Recombinant human CD144 was pur-
chased from Sino Biological Inc. (Beijing, China) and was
diluted and used to plot the standard curve. Identities and
quantities of EEVs were analysed using SDS-PAGE and
Western blotting analyses.

Animals and procedures

All animal experiments were performed in accordance with
the Guidelines for the Care and Use of Laboratory Animals
from the Committee for the Care and Use of Laboratory
Animals of Hoshi University, which is accredited by the
Ministry of Education, Culture, Sports, Science, and
Technology, Japan. All animal experiments were performed
with male mice (body wt, 40–50 g) from the Institute of
Cancer Research (ICR).

Preparation of aortic rings and assessment of vascular
relaxation

In all experiments, mice were anaesthetized with
isoflurane for surgical procedures (initially with 5%
and then maintenance at 2%) and euthanized by thora-
cotomy and exsanguination. Subsequently, aortas were
carefully isolated from mice as reported previously
[43, 44], were dissected from surrounding fat and con-
nective tissue, cut into 2-mm rings and placed in Krebs-
Henseleit solution (KHS) containing 118.0 × 10−3 mol/L
NaCl, 4.7 × 10−3 mol/L KCl, 25.0 × 10−3 mol/L
NaHCO3, 1.8 × 10−3 mol/L CaCl2, 1.2 × 10−3 mol/L
N aH 2 PO 4 , 1 . 2 × 1 0 − 3 m o l / L Mg SO 4 a n d
11.0 × 10−3 mol/L glucose. Vascular rings were then
mounted between two stainless steel triangles in an or-
gan bath containing KHS (pH 7.4) at 37 °C and gassed
with 95% O2/5% CO2. Subsequently, a resting tension
of 1.5 g was enforced, and changes in tension of aortic
rings were analysed using a force-displacement trans-
ducer linked to a PowerLab recording system (AD
Instruments, Australia). After equilibration (45 min),
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rings were depolarised using 80 × 10−3 mol/L KCl and
maximal contractions were evaluated. Vascular prepara-
tions were then washed with KHS and contracted using
prostaglandin F2α (PGF2α, 10−6–3 × 10−6 mol/L).
Following stabilisation of contractile responses (1-g ten-
sion state), vascular relaxation responses to cumulative
increments in ACh (10−9–10−5 mol/L) or SNP (10−10–
10−5 mol/L) concentrations were examined. Aortic rings
were exposed to EEVs (50 μL; as above) for 30 min
before PGF2α-induced precontraction. Aortic rings were
precontracted with equieffective doses of PGF2α (10−6–
3 × 10−6 mol/L) and relaxation induced by ACh or SNP
was expressed as a percentage of PGF2α-induced
contraction.

Assessment of vascular NO production

Aortic rings (4 mm) were placed in KHS and treated with
10 μL of EEVs for 30 min. Following stimulation with ACh
(10−6 mol/L) or PBS for 20 min, solutions were assayed for
the stable end product NO using an NO detector/high-
performance liquid chromatography system (ENO20;
Eicom) as previously described [19, 43].

Western blotting

Protein expression was determined in ACh or non-stimulated
aortas of mice and in EEVs isolated from HUVEC culture
medium. Samples were homogenised in RIPA buffer as pre-
viously described [19, 43, 49, 50] and protein concentrations
were quantified using BCA protein assay kit. Western blotting
was performed using standard procedures, and membranes
were incubated with the following antibodies: rabbit anti-
CD144 (1:1000; Thermo Scientific, Rockford, IL, USA), rab-
bit anti-phospho-eNOS (1:500; Cell Signalling Technology,
Danvers, MA, USA), mouse anti-eNOS (1:1000; BD
Biosciences, San Jose, CA, USA), rabbit anti-phospho-
ERK1/2 (1:1000; Cell Signalling Technology), mouse anti-
ERK1/2 (1:1000; Cell Signalling Technology) and mouse β-
actin (1:5000; Sigma Chemical CO., St. Louis, MO, USA).
Membranes were thenwashed and incubated with anti-mouse/
anti-rabbit IgG antibody (Promega, Madison, WI, USA) at a
dilution of 1:10,000 for 20 min at 37 °C and were probed for
immunoreactive proteins using chemiluminescence. Band in-
tensities were quantified using densitometry.

Data analysis

Vascular reactivity was analysed using 2-way repeated mea-
sures ANOVA with post hoc Bonferroni tests. Western blot
and NO data were analysed using Tukey tests followed by
multiple comparison tests (Graph Pad Prism 6.0; GraphPad

Software, San Diego, CA, USA). Differences were considered
significant when P < 0.05.

Results

Isolation and characterisation of EVs from HUVECs

EVs were isolated from the HUVEC culture media and were
identified using Western blotting for CD144 (Fig. 1).
Recombinant CD144 protein EVs were expressed with a pre-
dicted size of about 120 kDa in Western blot analyses with an
anti-CD144 antibody. Blots with varying concentrations of
recombinant CD144 showed corresponding band intensities.

Numbers of LG-Ang EVs and HG-Ang EVs were signifi-
cantly higher than those of LGEVs. However, production of
EEVs did not differ between LG and HG (Fig. 1b). These
results show that Ang II increases EEV release from endothe-
lial cells.

High glucose plus Ang II-derived EEVs induce endothelial
dysfunction

The effects of HGEVs on ACh-induced endothelial-depen-
dent relaxation did not differ from those observed in LGEVs
(Fig. 2a). Moreover, concentration-dependent curves for the
NO donor SNP showed similar relaxation effects in both
groups (Fig. 2b). Additionally, relaxation due to ACh was
significantly impaired in aortas treated with HG-Ang EVs
compared with that in those treated with either vehicle or
LG-Ang EVs (Fig. 2c). The data in Fig. 2d show no signifi-
cant difference in SNP-induced relaxation in aortas treated
with vehicle, LG-Ang EVs or HG-Ang EVs. These results
indicate that endothelium-independent relaxation remains un-
changed in aortas treated with EEVs, and that endothelium-
dependent relaxation is not affected by HG-induced EEVs
only. Furthermore, these results suggest that HG-Ang EVs
induce endothelial dysfunction inmice aortas. Critically, num-
bers of EEVs were similarly increased in LG-Ang EVs and
HG-Ang EVs, and LG-Ang EVs did not induce endothelial
dysfunction.

High glucose plus Ang II-derived EEVs decrease NO
production in mice aortas

As shown in Fig. 3, EEVs did not alter NO production in
aortas in comparison with aortas from vehicle-treated mice.
However, although LG-Ang EVs treated aortas were not sig-
nificantly altered, HG-Ang EVs reduced ACh-stimulated NO
production in aortas. These data suggest that HG-Ang EVs
synergistically induce rapid endothelial dysfunction, whereas
the NO producing effects of EEVs, such as HG-derived EEVs
and HG plus Ang II-derived EEVs, are the same as those of
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the endothelium-dependent relaxation responses shown in
Fig. 2.

To investigate the molecular mechanisms that govern re-
ductions of NO production following treatments with HG-

Ang EVs, we determined the expression and activation of
NO pathway enzymes using Western blotting. No differences
in eNOS phosphorylation (Ser1177) were observed among
ACh-stimulated EEVs treated aortas, whereas treatments with

Fig. 2 High glucose plus Ang II-derived EEVs impair endothelium-
dependent relaxation. Concentration-response curves following ACh (a)
and SNP (b) treatments of mouse aortic rings after incubation with
vehicle (PBS), LGEVs or HGEVs; Concentration-response curves
following ACh (c) and SNP (d) treatments of mouse aortic rings after

incubation with vehicle, LG-Ang EVs or HG-Ang EVs. Vehicle and
EEVs treatments were administered in 50-μL aliquots for 30 min.
Abbreviations are defined in Fig. 1. Data are expressed as means ± SE;
n = 5―6; **P < 0.01 vs. Control +veh, ##P < 0.01 vs. Control +HG-Ang
EVs

Fig. 1 Western blotting data from EEVs; a representative Western blots
of recombinant CD144 protein and EEVs from HUVECs using an anti-
CD144 antibody; LGEVs, EEVs induced by low glucose (5 mmol/L);
HGEVs, EEVs induced by high glucose (22 mmol/L); LG-Ang EVs,

EEVs induced by low glucose + Ang II (100 nmol/L); HG-Ang EVs,
EEVs induced by high glucose + Ang II. b CD144 protein expression in
20-μL aliquots of protein. Data are expressed as means ± standard errors
of the mean (SE); n = 4; *P < 0.05, **P < 0.01 vs. LGEVs
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Fig. 4 High glucose plus Ang II-derived EEVs decrease eNOS protein
levels in mouse aortas. aWestern blots of phospho-eNOS and total eNOS
expression in aortas from mice treated with LGEVs, HGEVs, LG-Ang
EVs or HG-Ang EVs for 30 min followed by treatments with ACh
(10−6 mol/L) or PBS (non-stimulated) for 20 min; b–e Results are
expressed as ratios of total protein to β-actin and ratios of

phosphorylated protein to total protein. b Non-stimulated eNOS phos-
phorylation (Ser1177); c ACh-stimulated eNOS phosphorylation
(Ser1177). d Non-stimulated total eNOS expression; e ACh-stimulated
total eNOS expression; Data are expressed as means ± SE; n = 5.
#P < 0.05, ##P < 0.01 vs. +HG-Ang EVs

Fig. 3 High glucose plus Ang II-derived EEVs decrease ACh-stimulated
NO production. Detection of NO production in aortic rings; Aortas from
mice treated with vehicle, LGEVs, HGEVs, LG-Ang EVs or HG-Ang

EVs were incubated for 30 min at 37 °C and were then treated with PBS
(non-stimulation; (a)) or ACh (10−6 M; (b)) for 20 min. Data are
expressed as means ± SE; n = 5―6. *P < 0.05 vs. +veh
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HG-Ang EVs significantly decreased total eNOS protein ex-
pression in non-stimulated and ACh-stimulated aortas com-
pared those treated with HGEVs or LG-Ang EVs (Fig. 4).

Effect of EEVs on MAPK signalling

To determine the effects of EEVs on signalling via one of three
major subgroups of the mitogen-activated protein kinase
(MAPK) family that regulates eNOS, ERK1/2 phosphoryla-
tion levels were measured. These experiments showed signif-
icant increases in ERK1/2 phosphorylation in aortas treated
with HG-Ang EVs compared with those treated with LGEVs
or HGEVs (Fig. 5a, b). However, expression of total ERK1/2
did not differ among treatment groups (Fig. 5a, c).

To investigate the role of ERK1/2 in endothelial function,
experiments were performed with HG-Ang-PDEVs that were
generated from HUVECs treated with high glucose plus Ang
II and the selective ERK1/2 inhibitor PD98059 for 48 h. In the
presence of HG-Ang EVs, vascular endothelial-dependent

responses to ACh and NO production in the presence of
ACh were reduced in aortas (Figs. 2c and 5d). Furthermore,
ACh-induced NO production and relaxation responses were
significantly increased in aortas treated with HG-Ang-PDEVs
(Fig. 5d e). Hence, EEVs that are sensitive to ERK1/2 partic-
ipate in ACh-induced relaxation.

Discussion

Numerous studies have demonstrated associations between
numbers of circulating EEVs and endothelial function in pa-
tients with cardiovascular diseases [48, 51]. Similarly, higher
numbers of EEVs in type 2 diabetic patients are correlated
with impaired endothelial function [17]. Thus, EEVs may
have direct effects on endothelial function, and may operate
through ligand-induced endothelial signalling molecules.
Previously, we reported that circulating EVs including micro-
particles, impair endothelial dysfunction by regulating

Fig. 5 Involvement of ERK1/2 signalling in high glucose plus Ang II-
derived EEVs-induced endothelial dysfunction in mouse aortas; a
Western blots of phospho-ERK1/2 and total ERK1/2 expression in
aortas from mice treated with LGEVs, HGEVs, LG-Ang EVs or HG-
Ang EVs (for 30 min); b, c Results are expressed as ratios of total protein
toβ-actin and ratios of phosphorylated protein to total protein. b ERK1/2
phosphorylation (Thr202/Tyr204); c total ERK1/2 expression;

d concentration-response curves fromACh-treated aortic rings frommice
treated with vehicle, HG-Ang EVs or HG, Ang II and PD98059
(10−5 mol/L)-derived EVs (HG-Ang-PD EVs); e ACh-stimulated NO
production in mice aortas treated with vehicle, HG-Ang EVs or HG-
Ang-PD EVs. Data are expressed as means ± SE; n = 5―6. b
*P < 0.05 vs. +LGEVs; ##P < 0.01 vs. +HG-Ang EVs; (d, e)
***P < 0.001 vs. +veh; #P < 0.05 vs. +HG-Ang EVs
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endothelial protein expression in diabetic rats [19]. Thus, in
the present, we focused on endothelium derived EVs and in-
vestigated EEV production and subsequent regulation of vas-
cular endothelial function using EVs fromHUVECs as a mod-
el of diabetic complications. Subsequently, we investigated
direct effects of EEVs on vascular endothelial function in
isolated mice aortas.

The present data demonstrate that (1) Ang II is a potent
stimulus for EEVs generation, (2) high glucose and Ang II-
costimulated HUVECs produce EEVs that affect endothelial-
dependent vascular relaxation via diminished aortic NO pro-
duction, (3) EEVs stimulate ERK1/2 signalling and decrease
eNOS expression in aortas, and (4) ERK1/2 activating EEVs
contribute to endothelial dysfunction and decreased NO pro-
duction in aortas (Fig. 6). Taken together, these data suggests a
positive feedforward systemwhereby Ang II and high glucose
cotreatments promote endothelial dysfunction through EEVs.
These phenomena may contribute to endothelial dysfunction
in diabetes, particularly in conditions associated with
hypertension.

Elevated levels of circulating EVs were previously
reported in peripheral blood from patients with diabetes
or vascular complications [30, 35]. However, EVs are
released from endothelial cells and various other cell
types [4, 40]. Moreover, although EEVs comprise a sub-
population of EVs in human plasma, they have been
associated with the pathogenesis of various cardiovascu-
lar diseases that are predominantly initiated by endothe-
lial dysfunction [7, 16]. Furthermore, various factors
have been implicated as inducers of endothelial cell ve-
siculation, membrane blebbing, and consequent EV

release [6, 26]. We showed that Ang II directly stimu-
lates release of EVs from endothelial cells. In these
experiments, EEVs were characterised using the mem-
brane marker CD144 in Western blotting analyses and
EV release did not differ between HUVECs exposed to
glucose at low and high concentrations, indicating a role
of Ang II in this process. In agreement, a previous
clinical study correlated plasma levels of EEVs with
hypertension [17]. Furthermore, Ang II-mediated EV re-
lease mechanisms have been described previously [1,
10, 25, 52]. Herein, we collected EVs that were re-
leased from 2.7 × 104 HUVECs over 48 h and found
that numbers of LG-Ang EVs and HG-Ang EVs were
three times those of LGEVs (Fig. 1). The present study
of circulating agents that are associated with diabetes
shows novel mechanisms by which glucose and Ang
II-derived EVs induce endothelial dysfunction.

In further experiments, elevated concentrations of
EVs from endothelial cells were detected following
stimulation with LG+Ang II and HG+Ang II, suggesting
that Ang II stimulates EEV release. Although mecha-
nisms for the formation of EEVs poorly understood,
recent reports show that Ang II is associated with in-
creased EV formation from endothelial cells [10]. These
investigators suggest that EVs formation is partly de-
pendent on the NADPH oxidase/Rho kinase pathway.
In accordance, the present data suggest that Ang II con-
tributes to quantitative changes in EV release from en-
dothelial cells. However, high glucose concentrations
did not promote the release of EVs from endothelial
cells (Fig. 1), and release of EEVs following single

Fig. 6 Role of endothelial cell-derived EVs in the high glucose plus Ang
II conditions. High gluose (HG) plus Ang II increased release of EEVs.
HG plus Ang II-derived EEVs induced ERK1/2 activation leading to

decreasing eNOS protein levels, NO production. Finally, HG plus Ang
II-derived EEVs induced endothelial dysfunction in mice aortas
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exposures to high glucose or Ang II did not cause en-
dothelial dysfunction (Fig. 2). Only HG-Ang EVs im-
paired ACh-induced endothelial relaxation responses and
decreased NO production (Figs. 2 and 3). The results
suggest that HG-Ang EVs cause qualitative changes to
endothelial function, likely by activating ERK1/2
(Fig. 5). However, little is known about the effects of
HG-Ang EVs on vascular mechanisms.

In further experiments, we investigated pathophysio-
logical roles of EEVs by monitoring deleterious vascular
signalling. Vascular diabetic complications are strongly
associated with prolonged exposure to hyperglycemia,
which is the hallmark of diabetes mellitus [36]. Thus,
we compared responses to LGEVs and HGEVs in the
presence of ACh and SNP and showed that NO-induced
relaxation in endothelial and smooth muscle cells was
not impaired by HGEVs. However, ACh-induced relax-
ation was only significantly attenuated in HG-Ang EVs
treated aortic rings, reflecting diminished NO production
despite the absence of changes in numbers of LG-Ang
EVs and HG-Ang EVs. These data indicate that whereas
Ang II quantitative changes EV release, HG causes
qualitative changes. In addition, increased numbers of
CD144-positive EVs were correlated with endothelial
dysfunction, corroborating previous studies showing de-
creased concentrations of NO metabolites under similar
conditions [9, 20].

EVs may reduce NO production from endothelial cells by
negatively regulating eNOS. Therefore, to elucidate mecha-
nisms that lead to decreased NO production, we demonstrated
that EVs induce eNOS in aortic rings. In these experiments, no
differences in eNOS phosphorylation were observed between
mice aortas that were treated with LGEVs, HGEVs, LG-Ang
EVs or HG-Ang EVs in the absence or presence of
ACh. However, treatment of aortas with HG-Ang EVs led to
decreased NO production and reduced eNOS expression. In
conjunction with the present data, we recently reported that
microparticles from diabetic rats reduced eNOS expression
following acute treatments with ACh [19]. Although the en-
suing mechanisms remain unknown, we speculate that EVs
enhance the release of EEVs containing eNOS. Endothelial
cells also release vesicles into the extracellular space under
normal and stress conditions. Subsequently, EVs retain cell
surface proteins from the cell of origin, along with cytosolic
contents including enzymes and RNA [15]. Because endothe-
lial eNOS is mainly located on cell surfaces, it is readily shed
from endothelial cells by EVs that are induced by high glucose
and Ang II. However, further research is required to charac-
terise regulatory mechanisms for eNOS protein levels.
Previous studies show that eNOS activation by ACh is medi-
ated by increases in intracellular calcium, whereas activation
by insulin or shear stress follows eNOS phosphorylation [18,
32]. However, the present EVs did not change eNOS activity

by phosphorylation (Ser1177) following ACh stimulation, al-
though loss of total eNOS expression in aortas treated with
HG-Ang EVs may have decreased NO production significant-
ly. Accordingly, treatment with LG-Ang EVs but not HG-Ang
EVs maintained total eNOS expression and increased the re-
lease of NO.

Increased MAPK activation is an accepted mecha-
nism for endothelial dysfunction in diabetes. In agree-
ment, proinflammatory mediators were previously shown
to cause endothelial apoptosis and activation, thereby
increasing basal EVs’ release through MAPK dependent
pathways [15]. Furthermore, endothelial-derived micro-
particles upregulated ERK1/2 and promoted endothelial
dysfunction [37]. In the present study, HG-Ang EVs did
not affect total ERK1/2 expression, but activated
ERK1/2 in aortas. In contrast, HG-Ang-PD EVs normal-
ised ACh-stimulated NO production and ACh-induced
relaxation responses in aortas, suggesting effects of EV
release in the presence of ERK1/2 activation. Although
the mechanisms by which EEVs activate ERK1/2 re-
quire additional investigation, ERK1/2 signalling may
stimulate EEVs’ release in the presence of HG plus
Ang II. Accordingly, HG plus Ang II induced ERK1/2
in endothelial cells and led to cellular hypertrophy and
apoptosis [21, 28], suggesting an important role of this
enzyme in the release of EEVs. Alternatively, endothe-
lial dysfunction may reflect modulation of eNOS ex-
pression via the ERK1/2 pathway. In the present study,
significant increases in ACh-induced endothelial-depen-
dent relaxation responses and NO production were ob-
served in aortas treated with high glucose, Ang II and
PD98059-derived EEVs, compared with those treated
with high glucose and Ang II-derived EEVs (Fig. 5d,
e). These observations indicate that (1) PD98059 in-
hibits the ERK1/2 activation that is induced by high
glucose and Ang II in endothelia cells, (2) released
EEVs do not induce ERK1/2 in aortic endothelial cells
and (3) inactivated ERK1/2 is not associated with
changes in eNOS protein level. These data will be help-
ful for further studies of cellular regulators of EEVs
using the same methods. However, this observation war-
rants further investigations of the roles of ERK1/2 in
the pathogenesis of endothelial dysfunction following
direct delivery of EVs to endothelial cells.

In summary, our findings indicate that HG plus Ang
II have direct stimulatory effects on EEV release and
indicate involvement of a novel ERK1/2 pathway. HG
plus Ang II-derived EEVs are important pathogenic fac-
tors in the development of endothelial dysfunction and
may contribute to a deleterious cycle involving elevated
numbers of EEVs with endothelial dysfunction and con-
sequent aggravation of endothelial dysfunction by
EEVs. Reducing numbers of circulating EEVs or
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blocking their effects by inhibiting ERK1/2 activation
may offer effective therapeutic approaches for treating
endothelial dysfunction in diabetes patients.
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