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a b s t r a c t
Microparticles are deemed true biomarkers and vectors of biological information between cells. Depending on
their origin, the composition of microparticles varies and the subsequent message transported by them, such
as proteins, mRNA, or miRNA, can differ. In obstructive sleep apnea syndrome (OSAS), circulating microparticles
are associated with endothelial dysfunction by reducing endothelial-derived nitric oxide production. Here, we
have analyzed the potential role of circulating microparticles from OSAS patients on the regulation of angiogenesis
and the involved pathway. VEGF content carried by circulating microparticles from OSAS patients was increased
when compared with microparticles from non-OSAS patients. Circulating microparticles from OSAS patients
induced an increase of angiogenesis that was abolished in the presence of the antagonist of endothelin-1 receptor
type B. In addition, endothelin-1 secretion was increased in human endothelial cells treated by OSAS microparticles.
We highlight that circulating microparticles from OSAS patients can modify the secretome of endothelial cells
leading to angiogenesis.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Obstructive sleep apnea syndrome (OSAS) is sleep-disordered
breathing associated with increased cardiovascular morbidity that
could result from intermittent hypoxia-related inﬂammation, oxidative
stress and endothelial dysfunction. Recently, circulating microparticles
(MPs), small vesicles of plasma membrane released during cell activation
and apoptosis [1], have been proposed to contribute to the pathogenesis
of vascular dysfunction in OSAS [2]. Thus, MPs from OSAS patients
decrease nitric oxide production without affecting reactive oxygen
species (ROS) generation in human endothelial cells [2]. Furthermore,
injection of OSAS MPs into mice results in a reduced endotheliumdependent relaxation to acetylcholine [2] and an enhanced vascular
contraction to serotonin in the aorta [3]. Interestingly, MPs expressing
CD62L are positively correlated with the severity of OSAS according to
the apnea–hypoapnea index [2,3].
Among the possible mechanisms responsible for the cardiovascular
changes described in OSAS patients, activation of the endothelin-1 system has been proposed (for review see [4]). A very recent study shows
single nucleotide polymorphisms in endothelin-1 gene, in which allelic
frequencies are signiﬁcantly altered in children with OSAS [5]. In OSAS
⁎ Corresponding author at: INSERM U1063, Institut de Biologie en Santé, 4 rue Larrey,
Angers F-49933, France. Tel.: +33 2 44 68 85 79; fax: +33 2 44 68 85 85.
E-mail address: carmen.martinez@univ-angers.fr (M.C. Martinez).
0925-4439/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbadis.2013.11.017

patients, plasma endothelin-1 levels are increased [6,7] and positively
correlated with the severity of nocturnal hypoxia, and decreased by positive airway pressure treatment [8]. However, another study shows that
whereas positive airway pressure treatment improves circulating levels
of inﬂammatory adhesion molecules such as ICAM-1 and plasminogen
activator inhibitor-1, enhanced levels of plasmatic endothelin-1 are
not corrected [9] suggesting that further treatments against OSAS
need to be developed [10]. Furthermore, in an animal model of OSAS,
rats exposed to chronic intermittent hypoxia display elevated levels of
endothelin-1 as well as decreased endothelium-dependent vasodilation
and increased vascular contraction to endothelin-1 which account for
the increase of arterial pressure [11,12]. In addition, pharmacological
treatment with bosentan abolishes deleterious consequences induced
by chronic intermittent hypoxia [13].
Very recent data suggest that intermittent hypoxia in OSAS patients
might be involved in the development of cancer [14]. Although the
exact mechanism implicated remains to be determined, it is possible
that the reoxygenation periods during intermittent hypoxia generate
changes in gene expression which may regulate the activity of some
transcription factors and signaling pathways involved in tumor
growth-inducing angiogenesis [14]. Among the plausible mechanisms involved, an enhanced angiogenesis has been proposed in OSAS patients
(for review see [15]). Indeed, an increased coronary collateralization has
been described in OSAS patients [16]. In addition, upregulation of
proangiogenic vascular endothelial growth factor (VEGF) [17] has
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been demonstrated in OSAS. One of the key features of MPs on cardiovascular system is their ability to modulate angiogenic program [1]. Therefore, the purpose of the present study was to determine whether MPs
from OSAS patients can modulate angiogenesis in human aortic
endothelial cells. To our knowledge, the study reported here is the ﬁrst
to provide experimental evidence that circulating MPs from OSAS
patients are able to induce angiogenesis through the production of
endothelin-1 by human endothelial cells via a mechanism sensitive to
ETB receptor antagonist.
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300 μL of 0.9% NaCl. Annexin V-FITC (BioVision Research Products,
Mountain View, CA) binding was used to count phosphatidylserineexpressing MPs. To determine the MP concentration, equal volumes of
sample and FlowCount beads were then added to calculate the MP concentration, and samples were analyzed using a 500 MPL system ﬂow
cytometer (Beckman Coulter). Regions corresponding to MPs were
identiﬁed in forward and side-angle light scatter intensity dot plot
representation set at logarithmic gain, depending on their diameter
(0.1 to 1.0 μm). Sample analysis was stopped after counting 10,000
events.

2. Materials and methods
2.3. Cell culture
2.1. Patients
Consecutive male patients (19 to 70 years old) investigated by
polysomnography in the Sleep Unit of the Department of Respiratory
Medicine of Angers University, for suspected OSAS were screened for
the study. Exclusion criteria were previous treatment for OSAS, body
mass index (calculated as weight in kilograms divided by height in
meters squared) ≥35 kg/m2, history of coronary artery disease, heart
failure, stroke, hypertension, diabetes mellitus, dyslipidemia, and treatment with any drug known to affect endothelial function. Patients with
an apnea–hypoapnea index of ≥5 events per hour were included in the
OSAS group. Patients with an apnea–hypoapnea index b5 were included
in the non-OSAS (N-OSAS) group. All the patients underwent evaluation
of clinical proﬁle and daytime sleepiness using the Epworth Sleepiness
Scale [18]. Standard in-laboratory overnight polysomnography was
performed as previously described [19] using a computerized recording
system (CID 102; Cidelec, Angers, France) with the following channels:
electroencephalogram, electrooculogram, chin electromyogram, arterial
oxygen saturation (ﬁnger oximetry), nasal-oral airﬂow (pressure cannula), tracheal sound (suprasternal microphone), electrocardiogram, chest
and abdominal wall motion (piezo electrodes), bilateral tibialis electromyogram, and body position. Respiratory events were scored manually
using recommended criteria [20]. Hypopneas had to be associated
with ≥4% oxygen desaturation. The University of Angers ethics committee approved the study, and patients gave their informed consent.
2.2. MP isolation and characterization
MP characterization was performed in the morning after sleep
recording, at approximately 7 or 8 am, before breakfast. Routine laboratory tests, including glucose, glycated hemoglobin, triglycerides, total
cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and blood cell count, were also performed using a
morning blood sample. For MP isolation, blood samples were collected
in EDTA tubes (Vacutainer; Becton Dickinson, Le Pont de Claix, France)
from a peripheral vein using a 21-gage needle to minimize platelet activation and were processed for assay within 2 h. Samples were centrifuged for 20 min at 270 g, and plasma was then harvested and
centrifuged for 20 min at 1500 g to obtain platelet-free plasma (PFP).
Two hundred microliters of PFP was frozen and stored at −80 °C until
use. As previously described [2,3], the remaining PFP was subjected to
two series of centrifugation at 21,000 g for 45 min to eliminate plasma
and to pellet MPs for studies, and supernatant was replaced by 0.9%
NaCl saline solution. Finally, MP pellets were suspended in 150 μL of
0.9% saline salt solution and were stored at 4 °C until subsequent use.
MP subpopulations were discriminated into PFP according to the
expression of membrane-speciﬁc antigens by ﬂow cytometry. MPs derived from platelets, lymphocytes, and endothelial cells were identiﬁed
using anti-CD41, anti-CD45, and anti-CD146 antibodies, respectively.
Anti-CD62L antibody was used to identify MPs derived from activated
L-selectin+ leukocytes. Irrelevant human IgG was used as an isotypematched negative control for each sample. Five microliters of PFP was
incubated with 5 μL of speciﬁc antibody (Beckman Coulter, Villepinte,
France), and after 45 min of incubation, samples were diluted in

Human aortic endothelial cells (HAoECs) (Promocell, Heidelberg,
Germany) were cultured (37C, 5% CO2) in Endothelial Cell Growth Medium MV2 (Promocell) complemented with the supplements according
to the manufacturer's instructions. All ECs were used at b10 passages.
Cells were treated for 24 h in the absence or presence of N-OSAS or
OSAS MPs at the circulating levels of MPs detected in the plasma of
each patients (OSAS group; range, 3885 to 69,480 MPs per microliter
of plasma; N-OSAS group; range, 2,887 to 8,5725 MPs per microliter of
plasma), as previously described for other pathologies [21,22].
2.4. Plasmatic VEGF
Measurement of plasmatic VEGF was performed on PFP using a commercially available ELISA assay (Pierce Biotechnology, Rockford, IL).
2.5. VEGF expression by Western Blotting
MPs (30 μg of proteins) were separated on a 4–12% NuPAGE gels
(Invitrogen, Carlsbad, CA). Blots were probed with anti-VEGF (Santa
Cruz Biotechnology, Santa Cruz, CA). Tubulin (Santa Cruz Biotechnology)
was used to visualize protein gel loading. The membranes were then
washed at least three times in Tris buffer solution containing 0.05%
Tween and were incubated for 1 h at room temperature with the
appropriate horseradish peroxidise-conjugated secondary antibody
(Amersham Biosciences, Piscataway, NJ). The protein–antibody complexes were detected by enhanced chemiluminescence plus reagent
(Amersham Biosciences) according to the manufacturer's instructions.
2.6. Apoptosis measurement by ﬂow cytometry
HAoECs were exposed to MPs or actinomycinD (1 μM as positive
control; Sigma-Aldrich, St. Louis, MO) for 24 h and then ﬁxed in 70 %
ethanol at 4 °C for at least 4 h. After a centrifugation at 15,000 g for
5 min, cells were re-suspended in PBS containing 0.05 mg/mL RNase
(Sigma-Aldrich) and 10 μg/mL propidium iodide (SigmaAldrich). Cellular DNA content was analyzed on a Cytomics FC 500
MPL ﬂow cytometer (Beckman Coulter). In all cases at least 10,000
events were collected for analysis.
2.7. Cell adhesion assay
Evaluation of adherent cells was performed using crystal violet
staining. Then, 5 × 104 cells per well were seeded into 96-well plates
and were treated for 24 h. After incubation, the plate was shacked for
15 s. The supernatant with non-adherent cells was removed by three
washes with washing buffer (0.1% BSA in medium without serum). Attached cells were ﬁxed with 4 % of paraformaldehyde for 15 min at
room temperature. Cells were rinsed two times with washing buffer,
stained with crystal violet (Sigma-Aldrich) (1 mg/mL in 2 % of ethanol)
for 10 min at room temperature and extensively washed with distilled
water. Then, sodium dodecyl sulfate 2% was added and incubated for
30 min at room temperature. Absorbance was then evaluated using a
microplate reader at 550 nm (Synergy HT, Biotek).
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2.8. Cell proliferation assay
Effects of MPs on HAoECs proliferation were analyzed by using
CyQUANT® Cell Proliferation Assay Kit (Molecular Probes, Eugene,
OR). Brieﬂy, 5 × 104 cells per well were seeded into 96-well plates
and allowed to attach overnight and then cells were treated with MPs
for 24 h. After growth medium removal, dye-binding solution was
added into each microplate well and cells were incubated at 37 °C for
30 min. The ﬂuorescence levels were read on a ﬂuorescent microplate
reader (Synergy HT, Biotek) with ﬁlters for 485 nm excitation and
530 nm emission.
2.9. In vitro capillary network formation on Matrigel®
HAoECs, preincubated for 45 min or not with endothelin-1 receptor
antagonist BQ-788 (5 μM, Sigma-Aldrich), were treated for 24 h with
either VEGF (20 ng/mL) or in the absence or in the presence of NOSAS or OSAS MPs at the circulating levels of MPs detected in the plasma of each patient [2,3]. Then, cells were detached with trypsin-EDTA
and seeded with a density of 150 × 103 cells per well precoated with
Matrigel® (Sigma-Aldrich). Brieﬂy 150 μL of ECM gel® substrate diluted
with FBS-free medium (1:1 dilution) was added into a four-well plate
and allowed to solidify for 1 h at 37 °C. Then 75 μL of Matrigel® substrate was added and allowed to solidify for another 1 h at 37 °C.
Then, cells were incubated with medium and allowed to adhere for
1 h after which the different stimuli were added. Tube formation was
examined by phase-contrast microscopy (MOTIC AE21; 100× magniﬁcation) after 24 h and was quantiﬁed using ImageJ software. The capillary length was counted in ﬁve randomly selected microscopic ﬁelds for
each experiment.
2.10. Measurement of endothelin-1 concentration
After incubation with MPs, endothelin-1 concentration was measured in cells using Human Endothelin-1 Immunossay (R&D Systems,
Minneapolis, MN) according to the manufacturer's instructions.

Table 1
Characterization of population included in the study.

n
Age, years
Body mass index, kg/m2
Weight (kg)
Current smokers, n (%)
Plasma glucose, mmol/L
Total cholesterol, mmol/dL
Triglycerides, g/L
HDL cholesterol, g/dL
LDL cholesterol, g/dL
Epworth sleepiness scale
Apnea–hypoapnea index, events/h
Mean SaO2, %
4% oxygen desaturation index,
events/h
Total circulating MPs/μL
CD62L+ MPs/μL

N-OSAS

OSAS

p value

15
40 ± 3.3
25.3 ± 0.8
80 ± 3.6
2 (13)
5.2 ± 0.3
5.8 ± 0.3
1.3 ± 0.2
1.3 ± 0.1
3.9 ± 0.2
8.8 ± 1.3
2.2 ± 0.5
94.2 ± 0.4
0.8 ± 0.3

20
46.5 ± 2
27.8 ± 0.8
84.6 ± 3.1
6 (30)
5.3 ± 0.1
5.6 ± 0.2
1.4 ± 0.1
1.3 ± 0.1
3.6 ± 0.2
10 ± 1
22.8 ± 3.7
93.2 ± 0.3
19.7 ± 3.4

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
b0.0001
0.038
b0.0001

17,533 ± 6,031
146 ± 35

21,591 ± 3,780
255 ± 31

NS
b0.01

N-OSAS: non-obstructive sleep apnea patients; OSAS: obstructive sleep apnea patients;
HDL: high density lipoprotein; LDL: low density lipoprotein; SaO2: oxygen saturation;
MPs: microparticles. Values expressed as mean ± SEM.

patients included in the present study display the same characteristics
concerning MP levels than those previously described.
VEGF was 2.5-fold increased in platelet-free plasma from OSAS
patients (Fig. 1A). Both N-OSAS MPs and OSAS MPs carried VEGF, interestingly the MPs from OSAS patients displayed a greater VEGF expression (Fig. 1B).
3.3. Circulating MPs from OSAS patients favor angiogenesis through the
endothelin-1 release
Neither N-OSAS MPs nor OSAS MPs modiﬁed the apoptosis in
HAoECs indicating that MPs did not affect cell viability (Fig. 2A).

2.11. Statistical analysis
Data were analyzed using GrapPad Prism Software (San Diego, CA).
Data are expressed as mean ± SEM, and n = number of patients or
experiments performed. Statistical analyses were performed with nonparametric Mann-Whitney U or χ2 tests as appropriate. P b 0.05 was
considered to be statistically signiﬁcant.
3. Results
3.1. Characterization of patients
Thirty ﬁve male patients (19 to 70 years old) were included in this
study. According to the apnea–hypoapnea index, 20 patients were included in the OSAS group and 15 in the N-OSAS group. As shown in
Table 1, there was no statistically signiﬁcant difference between OSAS
and N-OSAS patients for age, BMI, Epworth Sleepiness Scale, lipid metabolism, glucose metabolism and percentage of current smokers
(Table 1). For all experiments OSAS and N-OSAS groups were matched
for age, BMI and biological data.
3.2. Circulating MPs harbor the pro-angiogenic factor, VEGF
As previously described [2], total number of circulating MPs was not
signiﬁcantly different between the two groups. In contrast, CD62L+ MP
levels were enhanced in OSAS patients when compared to N-OSAS
group (Table 1). Other subtypes of MPs were not signiﬁcantly different
between the two groups (not shown). These results conﬁrm that OSA

Fig. 1. Analysis of vascular endothelial growth factor (VEGF) expression. (A) Quantiﬁcation by ELISA assay of VEGF levels in plasma from non-OSAS (N-OSAS) and OSAS patients
(n = 7–9). (B) Thirty μg of proteins of microparticles from N-OSAS and OSAS patients
were analyzed by Western blot using antibodies against VEGF and tubulin. Data are representative of four separate blots, and the densitometry values are expressed in arbitrary
units (A.U.) as mean ± SEM. *P b 0.05, **P b 0.01.
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Actinomycin D was used as positive control of apoptosis induction. Also,
both types of MPs did not modify HAoEC adhesion (Fig. 2B). However,
OSAS MPs, but not N-OSAS MPs, were able to increase cell proliferation
(Fig. 2C).
In vitro treatment during 24 h of HAoECs with OSAS-MPs induced
increased capillary formation in a similar manner than VEGF, reﬂecting
angiogenesis (Fig. 3A and B). N-OSAS MPs had no effect on capillary
length. Endothelin-1 concentration in HAoECs (under basal conditions
32.2 ± 6.4 pg ml−1) was increased by 27% in cells treated by N-OSAS
MPs and 46% in cells treated by OSAS MPs (Fig. 3A). Interestingly, the enhanced angiogenesis induced by OSAS MPs was abolished in the presence
of the antagonist of endothelin-1 receptor type B (ETB), BQ-788 (Fig. 3B
and C), suggesting that OSAS MPs might stimulate the angiogenesis process in OSAS patients resulting from endothelin-1 release sensitive to
blockade of endothelin-1 receptor type B.
4. Discussion
MPs have been described to act directly through the interaction
ligand/receptor or indirectly on angiogenesis (i) by modulating soluble
factor production involved in endothelial cell differentiation, proliferation, migration, and adhesion, (ii) by reprogramming endothelial

Fig. 2. Effects of microparticles on apoptosis, adhesion and proliferation of human aortic
endothelial cells. (A) Quantiﬁcation of propidium iodide staining by ﬂow cytometry
under different conditions (Control, actinomycin D (ActD), N-OSAS microparticles and
OSAS microparticles). (B) Adherent cells in the absence (Control) or in the presence of microparticles from non-OSAS (N-OSAS) or OSAS patients were evaluated by crystal violet
staining. (C) Proliferative effects of microparticles from OSAS patients, but not from nonOSAS (N-OSAS) patients, compared with vehicle (Control). Results are means ± SEMs
from ﬁve independent experiments. *P b 0.05.
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mature cells, and (iii) by inducing changes in levels, phenotype, and
function of endothelial progenitor cells (for review see [1]). In the present study, we show that MPs from OSAS, but not those obtained from
non-OSAS patients, induce both endothelial cell proliferation and angiogenesis to the similar extent than VEGF. Other studies have shown that
MPs from patients with different pathologies are able to regulate endothelial angiogenesis by different mechanisms. Indeed, circulating MPs
from atherosclerotic patients have been shown to enhance the proangiogenic ability of circulating angiogenic cells via RANTES pathway
activation [23]. Also, MPs isolated from vitreous from patients with proliferative diabetic retinopathy increase endothelial cell proliferation and
new vessel formation and [24]. In contrast, circulating MPs from diabetic retinopathy and diabetic foot ulcer patients induce unstable capillarylike tube networks that collapsed over time [25]. Taken together, these
results suggest that in pathologies associated with an exacerbated angiogenesis, MPs can participate in favoring new vessel formation; in
contrast, in those in which failed angiogenesis is described, MPs may
be involved in the process of unstabilization of new capillary formation.
In the present study, intermittent hypoxia, a powerful regulator of angiogenesis, observed in OSAS may be responsible of the generation of
MPs harboring VEGF. In this way, Gaustad et al. [26] have shown that
acute cyclic hypoxia induced angiogenesis in melanoma tumors
resulting in increased density of small-diameter vessels. Also, mice exposed to acute cyclic hypoxia showed increased incidence of pulmonary
metastases, and the primary tumors of these mice showed increased
blood perfusion, microvascular density and vascular endothelial growth
factor-A (VEGF-A) expression [27].
It has been largely described that MPs from different cell origins can
affect endothelial function by mainly decreasing NO production, increasing generation of ROS and cyclooxygenase derivatives [2,3,22,28].
In particular, we have previously shown that MPs from OSAS patients
induce endothelial dysfunction mediated by reduced NO bioavailability
and vascular hypereactivity to vasoconstrictors as results to cyclooxygenase metabolite production [2,3]. Another factor such as
endothelin-1 released by endothelial cells might participate in
the vascular alterations observed in OSAS patients. By acting
through ETA receptors localized in smooth muscle cells, endothelin-1
induces vasoconstriction via phospholipase C activation, 1,4,5-insoitol
triphosphate formation and the consequent release of calcium from intracellular stores [29]. In contrast, ETB receptors are predomintaly
expressed on endothelial cells and mediate vasodilation by increasing
NO and prostacyclin production [29]. Here, we show that treatment
of human endothelial cells with MPs from OSAS patients induces
endothelin-1 release and most importantly, OSAS MP-induced capillary
tube formation is completely prevented when ETB receptors are
blocked. These results are in agreement with those of Salani [30] showing that endothelin-1 is able to promote in vitro human endothelial cell
proliferation, migration and invasion and in vivo mice neovascularization, and BQ 788, an ETB receptor antagonist, block the angiogenic
effects induced by endothelin-1. Most interestingly, hypoxic stress
evokes a signiﬁcant increase of endothelin-1 release by brain endothelial cells that is associated with a decrease of endothelial NO synthase
expression [31]. Several works show that intermittent hypoxia increases plasmatic levels of endothelin-1 in OSAS patients [5,9] and in
animal models [13] suggesting that endothelin-1 antagonists may be
use as therapeutic tools in OSAS [13]. Further studies are needed to
determine whether MP-induced angiogenesis represents an adaptive
mechanism to local hypoxia and may impact on the development of
cardiovascular abnormalities in OSAS patients.
One potential limitation of the present study is that we only included
male patients. The male predominance of OSAS is well known with a
2–3:1 ratio of male to female OSA cases in the general population, and
a 8:1 or greater ratio in clinical populations. Gender-related interactions
were also observed between OSAS, metabolic and cardiovascular abnormalities [32,33]. Therefore, the ﬁndings of the present study may not be
extrapolated to women.
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Fig. 3. Implication of endothelin-1 on the pro-angiogenic effects of microparticles. (A) Quantiﬁcation by ELISA assay of endothelin-1 levels in human aortic endothelial cells in the absence
(Control) or in the presence of microparticles from non-OSAS (N-OSAS) or OSAS patients (n = 4). (B) Phase-contrast micrographs showing the effects of microparticles from N-OSAS and
OSAS patients on capillary-like structure formation in human aortic endothelial cells. Cells were incubated in the absence (Control) or in the presence of the antagonist of endothelin-1
receptor type B, BQ-788 (5 μM). VEGF treatment was used as positive control. (C) Capillary length was used to quantify angiogenesis and expressed in arbitrary units (A.U.) (n = 6).
*P b 0.05, **P b 0.01.

In summary, we underscore a novel role of MPs in the vascular pathogenesis in OSAS patients in which increased circulating endothelin-1 is
highlighted. Furthermore, OSAS MPs display increased VEGF expression
and enhanced release of endothelin-1 from endothelial cells to promote
the tube formation. Thus, MPs can also act as vector of information to
induce release endothelin-1 responsible for increased of both angiogenesis at the endothelial side and arterial pressure resulting from vascular
contraction at the level of smooth muscle.
Funding source
This work was supported by the INSERM, and the Hospital of Angers.
S.T.-C. is recipient of a doctoral fellowship from French Education Ministry. R.A. has a Contrat d'Interface INSERM.
Authors' contribution
S. Tual-Chalot performed research and analyzed data. W. Trzepizur,
P. Priou and Gagnadoux analyzed clinical data. R. Andriantsitohaina
and M.C. Martinez designed research. F. Gagnadoux and M.C. Martinez

wrote the paper. All authors read and approved the ﬁnal version of
the manuscript.
Disclosure statement
There is no conﬂict of interest for this study.
References
[1] M.C. Martinez, R. Andriantsitohaina, Microparticles in angiogenesis: therapeutic
potential, Circ. Res. 109 (2011) 110–119.
[2] P. Priou, F. Gagnadoux, A. Tesse, M.L. Mastronardi, A. Agouni, N. Meslier, J.L.
Racineux, M.C. Martinez, W. Trzepizur, R. Andriantsitohana, Endothelial dysfunction
and circulating microparticles from patients with obstructive sleep apnea, Am. J.
Pathol. 177 (2010) 974–983.
[3] S. Tual-Chalot, K. Fatoumata, P. Priou, W. Trzepizur, A. Gaceb, C. Contreras, D. Prieto,
M.C. Martinez, F. Gagnadoux, R. Andriantsitohaina, Circulating microparticles from
patients with obstructive sleep apneas enhance vascular contraction: mandatory
role of the endothelium, Am. J. Pathol. 181 (2012) 1473–1482.
[4] J.P. Baguet, G. Barone-Rochette, R. Tamisier, P. Levy, J.L. Pépin, Mechanisms of cardiac dysfunction in obstructive sleep apnea, Nat. Rev. Cardiol. 9 (2012) 679–688.
[5] S. Chatsuriyawong, D. Gozal, L. Kheirandish-Gozal, R. Bhattacharjee, A.A. Khalyfa, Y.
Wang, W. Sukhumsirichart, A. Khalyfa, Polymorphisms in nitric oxide synthase and
endothelin genes among children with obstructive sleep apnea, BMC Med. Genomics
6 (2013) 29.

S. Tual-Chalot et al. / Biochimica et Biophysica Acta 1842 (2014) 202–207
[6] P.H. Gjørup, L. Sadauskiene, J. Wessels, O. Nyvad, B. Strunge, E.B. Pedersen, Abnormally increased endothelin-1 in plasma during the night in obstructive sleep
apnea: relation to blood pressure and severity of disease, Am. J. Hypertens. 20
(2007) 44–52.
[7] P.H. Gjørup, J. Wessels, E.B. Pedersen, Abnormally increased nitric oxide synthesis
and increased endothelin-1 in plasma in patients with obstructive sleep apnoea,
Scand. J. Clin. Lab. Invest. 68 (2008) 375–385.
[8] B.G. Phillips, K. Narkiewicz, C.A. Pesek, W.G. Haynes, M.E. Dyken, V.K. Somers, Effects
of obstructive sleep apnea on endothelin-1 and blood pressure, J. Hypertens. 17
(1999) 61–66.
[9] C. Zamarrón, A. Riveiro, F. Gude, Circulating levels of vascular endothelial markers in
obstructive sleep apnoea syndrome. Effects of nasal continuous positive airway
pressure, Arch. Med. Sci. 7 (2011) 1023–1028.
[10] K. Karkoulias, D. Lykouras, F. Sampsonas, P. Drakatos, S. Canova, G. Tsoukalas, K.
Spiropoulos, The role of Endothelin-1 in obstructive sleep apnea syndrome and
pulmonary arterial hypertension: pathogenesis and Endothelin-1 antagonists,
Curr. Med. Chem. 17 (2010) 1059–1066.
[11] Z. Wang, A.Y. Li, Q.H. Guo, J.P. Zhang, Q. An, Y.J. Guo, L. Chu, J.W. Weiss, E.S. Ji, Effects
of cyclic intermittent hypoxia on ET-1 responsiveness and endothelial dysfunction
of pulmonary arteries in rats, PLoS One 8 (2013) e58078.
[12] B.R. Webster, J.M. Osmond, D.A. Paredes, X.A. DeLeon, O. Jackson-Weaver, B.R.
Walker, N.L. Kanagy, Phosphoinositide-dependent kinase-1 and protein kinase Cδ
contribute to endothelin-1 constriction and elevated blood pressure in intermittent
hypoxia, J. Pharmacol. Exp. Ther. 344 (2013) 68–76.
[13] E. Belaidi, M. Joyeux-Faure, C. Ribuot, S.H. Launois, P. Levy, D. Godin-Ribuot, Major
role for hypoxia inducible factor-1 and the endothelin system in promoting myocardial infarction and hypertension in an animal model of obstructive sleep apnea,
J. Am. Coll. Cardiol. 53 (2009) 1309–1317.
[14] I. Almendros, J.M. Montserrat, J. Ramírez, M. Torres, J. Duran-Cantolla, D. Navajas, R.
Farré, Intermittent hypoxia enhances cancer progression in a mouse model of sleep
apnoea, Eur. Respir. J. 39 (2012) 215–217.
[15] S. Berger, L. Lavie, Endothelial progenitor cells in cardiovascular disease and hypoxia–
potential implications to obstructive sleep apnea, Transl. Res. 158 (2011) 1–13.
[16] S. Steiner, P.O. Schueller, V. Schulze, B.E. Strauber, Occurrence of coronary collateral
vessels in patients with sleep apnea and total coronary occlusion, Chest 137 (2010)
516–520.
[17] R. Schulz, C. Hummel, S. Heinemann, W. Seeger, F. Grimminger, Serum levels of
vascular endothelial growth factor are elevated in patients with obstructive sleep
apnea and severe nighttime hypoxia, Am. J. Respir. Crit. Care Med. 165 (2002) 67–70.
[18] M.W. Johns, A new method for measuring daytime sleepiness: the Epworth sleepiness scale, Sleep 14 (1991) 540–545.
[19] N. Pelletier-Fleury, N. Meslier, F. Gagnadoux, C. Person, D. Rakotonanahary, H.
Ouksel, B. Fleury, J.L. Racineux, Economic arguments for the immediate management of moderate-to-severe obstructive sleep apnoea syndrome, Eur. Respir. J. 23
(2004) 53–60.
[20] C.A. Kushida, M.R. Littner, T. Morgenthaler, C.A. Alessi, D. Bailey, J. Jr Coleman, L.
Friedman, M. Hirshkowitz, S. Kapen, M. Kramer, T. Lee-Chiong, D.L. Loube, J.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]

207

Owens, J.P. Pancer, M. Wise, Practice parameters for the indications for
polysomnography and related procedures: an update for 2005, Sleep 28 (2005)
499–521.
H.A. Mostefai, F. Meziani, M.L. Mastronardi, A. Agouni, C. Heymes, C. Sargentini, P.
Asfar, M.C. Martinez, R. Andriantsitohaina, Circulating microparticles from patients
with septic shock exert protective role in vascular function, Am. J. Respir. Crit.
Care Med. 178 (2008) 1148–1155.
A. Agouni, A.H. Lagrue-Lak-Hal, P.H. Ducluzeau, H.A. Mostefai, C. Draunet-Busson, G.
Leftheriotis, C. Heymes, M.C. Martinez, R. Andriantsitohaina, Endothelial dysfunction
caused by circulating microparticles from patients with metabolic syndrome, Am. J.
Pathol. 173 (2008) 1210–1219.
M. Ohtsuka, K. Sasaki, T. Ueno, R. Seki, T. Nakayoshi, H. Koiwaya, Y. Toyama, S.
Yokoyama, Y. Mitsutake, H. Chibana, N. Itaya, T. Okamura, T. Imaizumi,
Platelet-derived microparticles augment the adhesion and neovascularization
capacities of circulating angiogenic cells obtained from atherosclerotic patients,
Atherosclerosis 227 (2013) 275–282.
S. Chahed, A.S. Leroyer, M. Benzerroug, D. Gaucher, A. Georgescu, S. Picaud, J.S.
Silvestre, A. Gaudric, A. Tedgui, P. Massin, C.M. Boulanger, Increased vitreous shedding of microparticles in proliferative diabetic retinopathy stimulates endothelial
proliferation, Diabetes 59 (2010) 694–701.
G. Tsimerman, A. Roguin, A. Bachar, E. Melamed, B. Brenner, A. Aharon, Involvement
of microparticles in diabetic vascular complications, Thromb. Haemost. 106 (2011)
310–321.
J.V. Gaustad, T.G. Simonsen, A.M. Roa, E.K. Rofstad, Tumors exposed to acute cyclic
hypoxia show increased vessel density and delayed blood supply, Microvasc. Res.
85 (2013) 10–15.
E.K. Rofstad, J.V. Gaustad, T.A. Egeland, B. Mathiesen, K. Galappathi, Tumors exposed
to acute cyclic hypoxic stress show enhanced angiogenesis, perfusion and metastatic
dissemination, Int. J. Cancer 127 (2010) 1535–1546.
S. Tual-Chalot, C. Guibert, B. Muller, J.P. Savineau, R. Andriantsitohaina, M.C.
Martínez, Circulating microparticles from pulmonary hypertensive rats induce
endothelial dysfunction, Am. J. Respir. Crit. Care Med. 182 (2010) 261–268.
L.J. Rubin, Endothelin receptor antagonists for the treatment of pulmonary artery
hypertension, Life Sci. 91 (2012) 517–521.
D. Salani, G. Taraboletti, L. Rosanò, V. Di Castro, P. Borsotti, R. Giavazzi, A.
Bagnato, Endothelin-1 induces an angiogenic phenotype in cultured endothelial
cells and stimulates neovascularization in vivo, Am. J. Pathol. 157 (2000)
1703–1711.
J. Luo, J. Martinez, X. Yin, A. Sanchez, D. Tripathy, P. Grammas, Hypoxia induces
angiogenic factors in brain microvascular endothelial cells, Microvasc. Res. 83
(2012) 138–145.
L. Ye, G.W. Pien, T.E. Weaver, Gender differences in the clinical manifestation of
obstructive sleep apnea, Sleep Med. 10 (2009) 1075–1084.
E. Mazzuca, S. Battaglia, O. Marrone, A.M. Marotta, A. Castrogiovanni, C. Esquinas, A.
Barcelò, F. Barbé, M.R. Bonsignore, Gender-speciﬁc anthropometric markers of
adiposity, metabolic syndrome and visceral adiposity index (VAI) in patients with
obstructive sleep apnea, J. Sleep Res. (2013), http://dx.doi.org/10.1111/jsr.12088.

