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ARTICLE INFO ABSTRACT

Article history: Background: Metabolic syndrome (MetS) is characterized by a cluster of interconnected risk factors
Received 9 November 2020 -hyperglycemia, dyslipidemia, hypertension and obesity- leading to an increased risk of cardiovascular events.
Accepted 8 February 2021 Small extracellular vesicles (SEVs) can be considered as new biomarkers of different pathologies, and they are in-

Available online xxxx volved in intercellular communication. Here, we hypothesize that sEVs are implicated in MetS-associated endo-

thelial dysfunction.

Keywords: Methods: Circulating sEVs of non-MetS (nMetS) subjects and MetS patients were isolated from plasma and char-
Exosomes . . . . . .

Metabolic syndrome acterized. Thereafter, sEV effects on endothelial function were analyzed by measuring nitric oxide (NO) and re-
Insulin resistance active oxygen species (ROS) production, and mitochondrial dynamic proteins on human endothelial aortic cells
Endothelial dysfunction (HAOECGs).

TLR4/LPS axis Results: Circulating levels of sEVs positively correlated with anthropometric and biochemical parameters includ-

ing visceral obesity, glycaemia, insulinemia, and dyslipidemia. Treatment of HAoECs with sEVs from MetS pa-
tients decreased NO production through the inhibition of the endothelial NO-synthase activity. Injection of
MetS-sEVs into mice impaired endothelium-dependent relaxation induced by acetylcholine. Furthermore,
MetS-sEVs increased DHE and MitoSox-associated fluorescence in HAoECs, reflecting enhanced cytosolic and mi-
tochondrial ROS production which was not associated with mitochondrial biogenesis or dynamic changes. MetS
patients displayed elevated circulating levels of LPS in plasma, and, at least in part, it was associated to circulating
sEVs. Pharmacological inhibition and down-regulation of TLR4, as well as sEV-carried LPS neutralization, results
in a substantial decrease of ROS production induced by MetS-sEVs.
Conclusion: These results evidence sEVs from MetS patients as potential new biomarkers for this syndrome, and
TLR4 pathway activation by sEVs provides a link between the endothelial dysfunction and metabolic distur-
bances described in MetS.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Metabolic syndrome (MetS) is a worldwide public health problem,

Abbreviations: BMI, body mass index; DHE, dihydroethidium; eNOS, endothelial NO- - characterized by a cluster of interconnected risk factors including hy-

synthase; EPR, electrqmc paramagnetic resonanFe; EV, extracellular vesicle; HAOECs, perglycemia, dyslipidemia, hypertension and obesity, leading to an in-
human aortic endothelial cells; HOMA, homeostatic model assessment; IEVs, large extra- . . . . .

cellular vesicles: LPS, lipopolysaccharide; MetS, metabolic syndrome; nMetS, non- creased risk of cardiovascular events. Endothelial dysfunction actively

metabolic syndrome; NO, nitric oxide; NTA, nanoparticle tracking analysis; PA, palmitic participates in the development of cardiovascular diseases associated

acid; PBS, phosphate-buffered saline; ROS, reactive oxygen species; sEVs, small extracellu- with MetS [] ] Among the main actors associated with the endothelium

lar vesicles; SNP, sodium nitroprussiate; TLR4, toll-like receptor 4; VSMC, vascular smooth injury extracellular vesicles (EVs) are involved in the pathogenesis and

muscle cells. . . c g
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EVs have been described: microvesicles or large EVs (IEVs) formed by
budding of the plasma membrane, and exosomes or small EVs (SEVs)
originated from the endosomal compartment [4].

Due to their strategic location, endothelial cells are the first target
cells of circulating EVs. Regarding MetS, we have described that circulat-
ing IEVs from MetS (MetS-1EVs) patients induce endothelial dysfunction
characterized by a decrease of nitric oxide (NO) production associated
with the inhibition of endothelial NO-synthase (eNOS), and an increase
in oxidative and nitrative stresses [5]. Furthermore, we have shown that
MetS-1EVs carry Fas-ligand and interact with Fas in endothelial cells.
This induces a temporal crosstalk between endoplasmic reticulum and
mitochondria with respect to spatial regulation of reactive oxygen spe-
cies (ROS) production via the neutral sphingomyelinase. All of these
events lead to a reduction of NO bioavailability accounting for the sub-
sequent impairment of endothelium-dependent vasorelaxation [6].

Several studies have suggested that sEVs could be also biomarkers
for metabolic diseases [7]. Indeed, it has been demonstrated that circu-
lating cystatin c-associated sEVs rate is positively correlated with (i) an
increase of inflammation, (ii) a decrease of HDL-cholesterol and (iii) the
prevalence of MetS [8]. In addition, miR-197, miR-23a and miR-509-5p
content of sEVs of patients with MetS has been reported to correlate
with body mass index (BMI) and may be considered as potential con-
tributors of dyslipidemia in MetS [9]. Although the role of sEVs in the de-
velopment of MetS has been suggested [10], currently, the effects of
these vesicle subtypes on the endothelial function have not been
studied yet.

Thus, the aim of the present study was firstly to characterize circulat-
ing sEVs from nMetS subjects and patients with MetS. Correlations of
their levels with anthropometric and biochemical parameters were
assessed to analyze their potential relevance as biomarkers. Secondly,
we determined in vitro effects of sEVs from MetS patients (MetS-sEVs)
on endothelial molecular pathways implicated in NO and ROS produc-
tions. Finally, SEVs were injected intravenously into mice to test their
in vivo pathophysiological relevance.

2. Materials and methods
2.1. Patients

This study was approved by the ethics committee of the University
Hospital of Angers (France). nMetS subjects and MetS patients were re-
cruited in the NUMEVOX cohort (NCT: 00997165) at the Department of
Endocrinology and Nutrition of the University Hospital of Angers. After co-
hort participants gave their informed consent, they were characterized ac-
cording to these unified criteria [11]. Patients were identified as MetS
when they displayed at least three of the following five criteria: i) waist
circumference > 102 or 88 cm for men and women, respectively; ii) sys-
tolic and diastolic blood pressure > 130/85 mmHg; iii) fasting glycemia
>1.0 g/l; iv) triglycerides >1.5 g/1; and v) high-density cholesterol lipopro-
tein <0.4 g/l in men or < 0.5 g/l in women. For the present study, patients
with preexisting chronic inflammatory disease or cancer were excluded. A
total of 102 subjects were identified as MetS patients and 75 subjects who
displayed two or less MetS criteria were identified as nMetS subjects. Base-
line characteristics and clinical data of nMetS subjects and MetS patients
are summarized in Supplemental Table 1.

2.2. sEV isolation

Peripheral blood (20 ml) from nMetS or MetS patients was collected
in EDTA tubes (Vacutainers; Becton Dickinson, Le Pont de Claix, France)
from a peripheral vein using a 21-gauge needle to minimize platelet ac-
tivation and was processed within 2 h. After a 20 min centrifugation at
270g, platelet-rich plasma was separated from whole blood. Then,
platelet-rich plasma was centrifuged for 20 min at 1500g to obtain
platelet-free plasma (PFP). Remaining PFP was centrifuged at 21,000g
for 45 min to remove IEVs. The supernatant was centrifuged at
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100,000g (Optima MAX-XP ultracentrifuge and MLA-80 rotor, Beckman
Coulter, Villepinte, France) for 70 min to pellet sEVs. Then, SEVs were
washed in phosphate-buffered saline (PBS) (NaCl 137 mM, KCl 2.7
mM, Na,HPO4 10 mM, KH,PO,4 1.8 mM, pH = 7.4) and recentrifuged
at 100,000g for 70 min. Finally, sEVs pellet were resuspended in 200 pl
of PBS and stored at 4 °C until subsequent use.

2.3. Transmission electronic microscopy

SEV preparations were first fixed overnight at 4 °C with 2.5% glutar-
aldehyde (LFG Distribution, Lyon, France) in 0.1 M PBS. Then, sEVs were
washed two times in PBS by 100,000g centrifugation for 70 min. sEVs
were resuspended in milliQ water and 20 pl were deposited on
Formvar®-coated copper grids for 2 min. sEVs were negatively stained
with 20 pl of uranyl acetate 5% (diluted in ethanol 50%) for 30 s. Grids
were rinsed briefly with milliQ water and left to air dry. Grids were
then observed with a Jeol JEM 1400 microscope (Jeol, Croissy sur
Seine, France) operated at 120 keV.

2.4. Determination of SEV size and concentration by nanoparticle tracking
analysis (NTA)

SEV samples were diluted in sterile NaCl 0.9% prior to NTA
(NanoSight NS300, Malvern Instruments Ltd., Malvern, UK) equipped
with a 405 nm laser. Five videos of 60 s were recorded per sample
with optimized set parameters. Temperature was automatically moni-
tored and ranged from 20 °C to 21 °C. Videos were analyzed when a suf-
ficient number of valid trajectories was measured. Results presented
correspond to the mean of the 5 videos taken for each biological sample.
SEV concentrations were normalized by the collected plasma volume for
each patient. Data capture and further analysis were performed using
the NTA software version 3.1.

2.5. Cell culture

Human aortic endothelial cells (HAoECs, Promocell, Heidelberg,
Germany) were cultured in endothelial cell growth medium MV2
(Promocell) supplemented with 1% streptomycin/penicillin (Lonza,
Basel, Switzerland). Cells were treated for 4 or 24 h with sEVs from
nMetS subjects (nMetS-sEVs) or MetS-sEVs at different concentrations
(5, 10 or 20 pg/pl). Preliminary studies showed that, at 20 ug/ml, sEVs-
MetS abolished NO production leading to HAOEC death (Supplemental
Fig. 1A), whereas at 10 pg/ml, a reduction of 50% on NO production
was observed without cell death. This concentration corresponded to
7 x 10° £ 2 x 10° and 1.9 x 10° + 4 x 10° sEVs/ul of circulating sEVs
for nMetS subjects and MetS patients, respectively. In consequence,
the chosen work concentration of SEVs for experiments was 10 pg/ml.
To scavenge mitochondrial ROS, mitoTEMPO (25 nM, Santa Cruz Bio-
technology, Dallas, TX) was pre-incubated for 30 min before sEV treat-
ments. In other set of experiments, HAOECs were serum starved for 2
h before treatment with sEVs or palmitic acid (PA, Sigma-Aldrich, St.
Quentin, Fallavier, France) at 300 pM for 24 h: then, cells were stimu-
lated with 100 nM insulin for 5 min. To assessed Toll-like receptor 4
(TLR4) expression, cells were treated for 4 h with nMet-sEVs, MetS-
sEVs or lipopolysaccharide from Escherichia coli 055:B5 (LPS, Sigma-
Aldrich) at 200 ng/ml before protein extraction.

2.6. sEV internalization

Isolated sEVs were stained with PKH67-dye (Sigma Aldrich) in agree-
ment with the manufacturer's procedure. Briefly, SEVs were incubated
with 2 mM PKH67-dye in PBS for 2 min at room temperature. An equal
volume of fetal bovine serum was added to stop staining. Then, SEVs
were centrifuged at 100,000g for 70 min to remove the supernatant. The
SEV pellet was resuspended in PBS and HAoECs were incubated with
PKH67-labeled sEVs either for 4 or 24 h at 37 °C. At the end of incubation,
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cells were fixed with 4% paraformaldehyde for 20 min followed by staining
with tetramethylrhodamine isothiocyanate-phalloidin (50 mg/ml, Sigma-
Aldrich) for 90 min at room temperature. After washing with PBS, nuclei
were stained with DAPI for 5 min and cells were mounted and visualized
with confocal microscopy (CLMS700, Zeiss, ZENsoftware). All images were
acquired using a x63 objective.

2.7. Nitric oxide (NO) and superoxide anion (O3 ) determination by elec-
tronic paramagnetic resonance (EPR)

The detection of NO production was performed using the technique
with Fe?* diethyldithiocarbamate (DETC; Sigma-Aldrich) as spin trap,
as previously described [6]. After SEV treatment, cells were incubated
with 300 pl of colloid Fe(DETC), (400 uM) at 37 °C for 45 min. The detec-
tion of O5 production was performed by EPR technique using 1-
hydroxy-3-methylcarbonyl-2, 2, 5, 5 tetramethyl pyrrolidine (CMH)
(Noxygen, Mainz, Germany) as spin trap. Cell culture medium was re-
placed with 500 pl of deferoxamine-chelated Krebs-Hepes solution con-
taining CMH (500 uM), deferoxamine (25 pM, Sigma-Aldrich), and
sodium diethylthiocarmabate (5 pM, Sigma-Aldrich), and incubated
for 45 min at 37 °C. After spin trap incubation, cells were then scrapped
and frozen in plastic tubes and analyzed in a Dewar flask by EPR spec-
troscopy. NO and O, measurements were performed on a tabletop x-
band spectrometer miniscope (MS200; Magnettech, Berlin, Germany).
The quantitative measurement of NO and O3 signal amplitudes were
reported to protein concentration of each sample. Results are expressed
in percentage compared to the control condition.

2.8. Western blotting

Purified sEVs or IEVs (15 pg), 20 pg of proteins from lysed cells or
from mesenteric arteries from female mice treated with sEVs were sep-
arated on 4-12% NuPage gels (ThermoFisher Scientific, Rockford, IL) and
transferred on nitrocellulose blotting membrane (Amersham, Little
Chalfont, UK). To characterize sEVs, blots were probed with anti-CD63,
CD81, CD9 and TSG101 (Santa Cruz Biotechnology, Dallas, TX), ALIX
(BioLegend, San Diego, CA), LPS (Thermofisher Scientific) and GAPDH
(Abcam, Cambridge, UK). In other set of experiments, blots were probed
with anti-eNOS (BD Biosciences, San Jose, CA), phospho-eNOS Ser 1177,
phospho-eNOS Thr 495, AKT and phospho-AKT Ser 473 (Cell Signaling,
Beverly, MA, respectively), and LPS and TLR4 (Santa Cruz Biotechnol-
ogy). Finally, blots were probed with anti-PGC1a, Mfn1 and Mfn2
(Abcam), Fis1 (Santa Cruz Biotechnology), and OPA1 (BD Biosciences).
A polyclonal mouse anti-human -actin antibody (Sigma-Aldrich) was
used for standardization of protein gel loading.

2.9. Animal model

All animal studies were performed according institutional protocols
(n°APAFIS#22561). Swiss male and female mice (8 to10 week-old) were
treated in vivo by intravenous injection of SEVs at 10 pg/ml of blood into
the tail vein for 24 h, as previously described [5,6]. Aorta and mesenteric
arteries were isolated and fat removed for further experiments.

2.10. Vascular reactivity

After 24 h, aorta from male mice were isolated and aortic rings were
mounted on a wire myograph. Endothelium-dependent relaxation was
studied by cumulative application of acetylcholine (1 nM to 10 puM,
Sigma-Aldrich) in aortas with functional endothelium pre-contracted
with U46619 (Sigma-Aldrich). The functionality of aortic smooth mus-
cle cells was assessed by studying vascular relaxation in response to so-
dium nitroprusside (1 nM to 3 uM, Sigma-Aldrich). Vascular sensitivity
was quantified by means of pD, = —log ECsg, ECso being the molar con-
centration of the agonist that produces 50% of the maximal effect; ECsq
values were calculated by logit-log regression.
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2.11. Measurement of oxidative stress by confocal microscopy

HAOECs were grown on glass slides (Ibidi, Martinsried, Germany)
and were treated for 4 h with sEVs from MetS or nMetS subjects at 10
pg/ml, or LPS at 200 ng/ml. To inhibit TLR4, TAK-242 (5 pM, Sigma-
Aldrich) was added to cells for 1 h before treatments with sEVs. To
knock-down TLR4 protein expression, HAOECs were transfected with
siRNAs against TLR4 (Santa Cruz Biotechnology) for 24 h before sEV
treatments. A scrambled siRNA (Santa Cruz Biotechnology) was used
as negative control. To block the effect of LPS carried by sEVs, 100 pM
of polymyxin B (Santa Cruz Biotechnology) was added to isolated sEVs
for 1 h before their pelleting by using ExoQuick (System Biosciences,
Palo Alto, CA) followed by their centrifugation at 1500g for 30 min.
Cells were treated with sEVs containing polymyxin B for 4 h before
their incubation with either the oxidative fluorescent dye
dihydroethidium (DHE, 5 pM, Sigma-Aldrich) for 30 min at 37 °C or
MitoSox red (5 puM, Molecular Probes, Eugene, OR) for 10 min at 37 °C.
Finally, cells were fixed by 4% paraformaldehyde for 20 min at room
temperature and DAPI (Sigma-Aldrich) was added for 5 min. All images
were acquired using x20 objective with confocal microscopy (CLMS
700, Zeiss, ZEN software).

In other set of experiments, 24 h after intravenous injection of sEVs,
aortic rings from female mice were incubated 30 min with DHE or 10
min with MitoSox red before being included in OCT (Sakura Finetek,
Terrance, CA). Ten um sections of aorta were cut with a cryostat (Leica
CM1900, Heidelberg, Germany) and mounted on slide using mounting
medium supplemented with DAPI (ThermoFisher Scientific). Aorta sec-
tions were visualized with confocal microscopy using x20 objective.

2.12. Quantitative real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) analysis

HAOECs were treated either with vehicle (PBS), sEVs from nMetS or
MetS patients (10 pg/ml) for 24 h, then frozen in liquid N,. Mitochon-
drial DNA (mtDNA) copy number was determined by qPCR using ND5
and 3-actin genes as respective markers of the copy number of mito-
chondrial and genomic DNA (primer sequences in Supplementary
Table 1). Total DNA was isolated from HAOECs (Macherey Nagel,
Diiren, Germany) and RT-PCR analyses were performed using a
Chromo4™ (Bio-Rad, Marnes la-Coquette, France) and SYBR Green de-
tection (Bio-Rad). Quantifications were realized according to the Ct
method. Results were normalized with mRNA expression of 3-actin.

2.13. Citrate synthase activity

The reaction capacity of the citrate synthase was followed by mea-
suring the formation of the -SH group released from CoA-SH using of
the reactive Ellman reagent (5,5’-dithiobis [2-nitrobenzoic|), DTNB
(Sigma-Aldrich). HAOECs were untreated or treated with sEVs from
nMetS and MetS patients for 24 h, then frozen in liquid N,. Cells were
resuspended in buffer (sucrose 250 mM, Trizma 20 mM, EDTA 2 mM,
pH 7.2) and samples were incubated with DTNB (150 1M), oxaloacetate
(500 M, Sigma-Aldrich), acetyl-CoA (300 pM, Sigma-Aldrich) and 0.1%
of Triton X-100 (Sigma-Aldrich), during 2 min at 37 °C. Activity was
measured by absorbance at 412 nm and normalized by the amount of
protein of each sample.

2.14. Plasma endotoxin assay

Plasma LPS concentrations were measured using a Pierce Chromo-
genic Endotoxin Quant Kit (ThermoFisher Scientific). LPS assay was per-
formed with PFP of nMetS and MetS patients. Briefly, 50 pl of plasma
was diluted 1:5 to 1:10 with endotoxin-free water, then heat
inactivated at 70 °C for 10 min. Fifty pl of diluted sample was added to
96-well culture plate and remaining procedures were performed ac-
cording to the supplier's instructions. Endotoxin concentrations (EU/
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ml) in the samples were determined from a standard curve using pure
endotoxin standards.

2.15. Data analysis

Data normality was assessed using the Kolmogorov-Smirnov test. Sta-
tistical analysis was performed either by using Student's t-tests for single
comparisons or ANOVA followed by Tukey post-hoc test for multiple
comparisons. In cases where normality was not confirmed, statistical
analysis from two groups and more than two groups were analyzed by
Mann-Whitney U test, and analysis of variance for repeated measures
and subsequent Bonferroni test post-hoc, respectively. Correlations
were analyzed by Spearman correlation test. Data are represented as
mean = SEM, n represents the number of donors. < 0.05 was considered
statistically significant. Statistical analysis was performed using GraphPad
Prism (version 5.0; GraphPad Software Inc., San Diego, CA).

3. Results
3.1. Characterization of subjects of the study

MetS patients were significantly older than nMetS subjects and ex-
hibited a significant increase in BMI, waist and hip circumferences, sys-
tolic blood pressure, glycemia, insulinemia, HOMA and triglyceride
levels, and decreased plasma HDL levels (Table 1). These data indicate
that MetS displayed visceral obesity, hypertension, insulin resistance
and dyslipidemia.

3.2. Characterization of circulating sEVs

Isolated sEVs from both nMetS and MetS patients expressed specific
exosomal markers such as ESCRT-associated proteins (ALIX, TSG101)
and tetraspanins (CD63, CD81 and CD9) (Fig. 1A). sEVs did not express
GAPDH, a specific protein found in IEVs (Supplemental Fig. 1B). As illus-
trated in Fig. 1B, sEVs had a round shape and a size of ~60 nm (Fig. 1B).

3.3. Circulating rate and size of sEVs are correlated with metabolic disorders

Size of sEVs measured as mode and mean was significantly decreased
in patients with MetS compared to nMetS subjects (Fig. 1C-E) and this re-
duction was associated with the increase of number of MetS criteria

Table 1
Baseline characteristics of metabolic syndrome patients (MetS) compared to non-meta-
bolic syndrome subjects (nMetS).

nMetS MetS P
Number 75 102
Mean age (years) 483 £ 1.5 558 £ 1.1 <0.0002
Sex ratio (male/female) 41/34 57/45
Body Mass Index (kg/m?) 252+ 05 333+ 06 <0.0001
Waist circumference (cm) 883+ 1.6 111.0+ 14 <0.0001
Hip circumference (cm) 991+ 13 111.7 £ 1.2 <0.0001
Systolic blood pressure (mm Hg) 12224+ 15 1289 + 1.5 0.0007
Diastolic blood pressure (mmHg) 766 + 1.3 784+ 1.2 NS
Glycemia (g/L) 0.93 £ 0.02 1.18 £ 0.03 <0.0001
Insulinemia (pU/L) 6.7 £ 0.5 162 £ 13 <0.0001
HOMA 1514+ 0.14 48 4+ 05 <0.0001
Total cholesterol (g/L) 1.94 £+ 0.08 1.95 £+ 0.07 NS
HDL (g/L) 0.54 £+ 0.02 0.46 + 0.01 <0.0001
LDL (g/L) 1.21 +£0.05 1.08 £ 0.04 NS
Triglycerides (g/L) 0.86 + 0.03 1.7 £ 0.1 <0.0001
Treatments (%)
Oral antidiabetic 6.6 49
Anti-hypertensive 17 60
Statin 9 35

The homeostatic model assessment (HOMA) is a method used to quantify insulin resis-
tance (HOMA = glycemia x insulinemia / 22.5).
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(Fig. 1F). Moreover, sEV size expressed as mode or mean was negatively
correlated with the increase of weight, waist circumference, BMI,
glycemia and levels of triglycerides (Table 2). In addition, SEV mode size
was negatively correlated with hip circumference (Table 2). There was
no correlation between sEV size and age (Table 2) or other clinical
parameters such as insulin, HOMA, cholesterol levels or blood pressure
(not shown).

Interestingly, sEV size expressed as mode or mean was signifi-
cantly increased in women independently of MetS (Supplemental
Fig. 2A, B). However, independently on the gender, sEV size
measured as mean decreased with the number of MetS criteria (Sup-
plemental Fig. 2C).

The total number of circulating SEVs was significantly increased in
patients with MetS compared to nMetS subjects (Fig. 1G). Interestingly,
circulating sEV concentration was positively correlated with weight,
waist and hip circumferences, BMI, glycaemia, insulinemia, HOMA,
triglyceridemia and LDL cholesterol levels (Fig. 1H-P) but not with
age (r = 0.1053; p = 0.3854). However, sEV concentration was not dif-
ferent between men and women, independently of MetS criteria (Sup-
plemental Fig. 2D).

These results suggest that circulating sEV concentration increases
with obesity, insulin resistance and dyslipidemia while size of SEVs de-
creases with obesity, glycemia and triglyceridemia. Thus, circulating
rate and size of sEVs can be correlated with metabolic disorders associ-
ated with MetS.

3.4. MetS-sEVs reduce NO release in human endothelial cells and impair
endothelium-dependent relaxation of mouse aorta

sEVs were internalized by endothelial cells 4 h after treatment. sEVs
from nMetS and MetS patients displayed similar localization around the
nucleus of HAOECs after 24 h of treatment (Fig. 2A).

Once internalized, sEVs can affect endothelial function including NO
production. MetS-sEVs, in comparison to nMetS-sEVs, caused ~50% re-
duction of NO production in endothelial cells (Fig. 2B). To explain this
decrease, we analyzed by Western blot expression and phosphorylation
of enzymes linked to NO pathway. sEVs from both nMetS and MetS pa-
tients did not significantly modify the expression of eNOS nor eNOS
phosphorylation on its activator site (Ser 1177) in endothelial cells
(Fig. 2C) and in mesenteric arteries from sEV-injected mice (Fig. 2F).
However, sEVs from MetS, but not from nMetS subjects, increased
eNOS phosphorylation at the inhibitor site (Thr 495) in both HA0ECs
(Fig. 2D) and mesenteric arteries from mice (Fig. 2G) suggesting an in-
hibitory effect of MetS-sEVs on eNOS activity. In addition, neither
nMetS-nor MetS-sEVs significantly modified the insulin-induced AKT
phosphorylation in HAoECs (Fig. 2E) indicating that the impairment of
NO production is not linked to alterations in the insulin pathway. Fi-
nally, intravenous injection of nMetS- and MetS-sEVs in mice did not
modify contraction to U46619 of aortas compared to vehicle (data not
shown). However, relaxation to acetylcholine was significantly im-
paired in aortas taken from mice subjected to intravenous injection of
MetS-sEVs compared to those from mice injected with either vehicle
or nMetS-sEVs (Emax = 53 + 3%, 65.5 & 3%, and 67.5 & 3%, respec-
tively) (Fig. 2H). Otherwise, pD2 in response to acetylcholine were un-
changed between aorta from control mice and mice injected with
nMetS-and MetS-sEVs (6.8 + 0.3,6.9 & 0.4 and 6.6 4 0.4, respectively),
suggesting that both sEVs subtypes did not modify vascular sensitivity
to acetylcholine. In order to determine the functionality of vascular
smooth muscle cells (VSMC), we evaluated the endothelial-
independent relaxation of aorta to the NO donor, sodium nitroprusside
(SNP) that acts directly on VSMC. Relaxation to SNP was not different
between the aortas from mice injected with nMetS-, MetS-sEVs or vehi-
cle (Supplemental data, Fig. 3). Altogether these results suggest that
SEVs from MetS patients induce endothelial dysfunction related with a
decreased NO production in cultured HAOECs and in mouse aorta.
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Fig. 1. Characterization of circulating SEVs. (A) Western blotting using antibodies against ALIX, CD63, TSG101, CD81 and CD9 in circulating SEVs both from nMets and MetS patients.
(B) Electron-microscopic observation of isolated sEVs from a MetS patient showing specific round shape and average size of ~60 nm vesicles. (C) Example of curves obtained by NTA,
corresponding to sample of a nMetS patient (dotted curve) and a MetS patient (black curve). The graph represents concentration of sEVs (particles/ml) according to the size (nm).
(D) sEVs size of nMetS and MetS patients expressed as mode (nm). (E) sEVs size of nMetS and MetS patients expressed as mean (nm). (F) Changes on sEV size expressed as mean
(nm) depending on the number of MetS criteria. (G) Circulating concentration of sEVs from nMets and Mets patients. (H-P) Spearman correlations between circulating sEV
concentration (expressed in base 10 logarithm) and weight (H), waist circumference (I), hip circumference (J), BMI (K), glycemia (L), insulinemia (M), HOMA (N), triglycerides
(0) and LDL cholesterol levels (P) of patients. MetS patients are illustrated as white circles. *P < 0.05; **P < 0.01; ***P < 0.001.

3.5. MetS-sEVs increase mitochondrial oxidative stress and decrease NO
bioavailability without affecting mitochondrial biogenesis

As illustrated in Fig. 3A and B, EPR analyzes showed that sEVs from
MetS patients, but not from nMetS, increased ROS production at 4 h
but not at 24 h. Interestingly, incubation with the mitochondrial ROS
scavenger mitoTEMPO reduced the early increase of cytosolic ROS

production (Fig. 3C). The participation of mitochondrial ROS in the re-
duction of NO production by MetS-sEVs on endothelial cells was tested

in the presence of mitoTEMPO. Decreased NO release induced by MetS-

SEVs was abolished by mitoTEMPO (Fig. 3D). These results suggest that
early alteration of mitochondrial function with respect to ROS produc-
tion participates to decreased NO bioavailability and leads to endothe-
lial dysfunction.
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Table 2
Correlations between the SEV size expressed as mode and mean and the anthropometric
and biochemical parameters of patients.

Mode (nm) Mean (nm)
Age r=—0.1298; p=0.189 (NS)  r= —0.1100; p = 0.2639 (NS)
Weight r = —0.2906; p = 0.0031 r = —0.3319; p = 0.0006
Waist r= —0.3053; p = 0.0018 r= —0.3853; p < 0.0001
Hip r= —0.2195; p = 0.0387 r= —0.1897; p = 0.0733 (NS)
BMI r = —0.3097; p = 0.0015 r= —0.3774; p < 0.0001
Glycemia r= —0.2883; p = 0.0031 r= —0.3265; p = 0.0007
Triglycerides  r = —0.3904; p < 0.0001 r = —0.4495; p < 0.0001

NS = not significant.

In order to explain the increased levels of mitochondrial ROS, we an-
alyzed the effect of SEVs on mitochondrial biogenesis and dynamic in
endothelial cells. MetS-sEVs did not modify mitochondrial DNA/total
DNA (mtDNA/nDNA) ratio (Supplemental Fig. 4A) nor citrate synthase
activity, as an indicator of mitochondrial content (Supplemental
Fig. 4B). In addition, MetS-sEVs did not change the expression of
PGCla (Supplemental Fig. 4C), responsible to the establishment of mi-
tochondrial biogenesis. Also, no significant effects on fusion-associated
proteins Mfn1, Mfn2 and OPA1 and fission-associated protein Fis1
were observed (Supplemental Fig. 4D-G). Altogether these data suggest
that sEVs from MetS evoke mitochondrial ROS production without af-
fecting mitochondrial biogenesis and dynamic.

3.6. TLR4 activation triggers the increase of oxidative stress induced by sEVs
from MetS patients

To determine the intracellular sources of oxidative stress induced by
SEVs from MetS patients, endothelial cells were incubated with DHE
(targeting cytosolic ROS) or MitoSox (targeting mitochondrial ROS).
Whereas nMetS-sEVs did not modify ROS content, MetS-sEVs signifi-
cantly increased both cytosolic and mitochondrial ROS after 4 h of treat-
ment (Fig. 4A-C). Similar effects were obtained after LPS treatment of
HAOECs as positive control (Fig. 4A-C). A link between ROS production
and TLR4 activation has been described in MetS [12]. We observed that
TLR4 expression in HAOECs was not modified by sEV treatments (Sup-
plemental Fig. 5A). Moreover, neither nMetS- nor MetS-sEVs modified
TLR4 expression in mouse mesenteric arteries (Supplemental Fig. 5B).
Interestingly, although sEVs did not affect TLR4 expression in HAOECs,
TLR4 blockade with TAK-242 prevented the increase in both cytosolic
and mitochondrial ROS induced by MetS-sEVs (Fig. 4A-C). In the same
way, silencing TLR4 expression by siRNA (Fig. 4D) completely
prevented the cytosolic and mitochondrial ROS production induced by
both LPS and MetS-sEVs in HAOECs (Fig. 4E-G).

3.7. LPS-enriched MetS-sEVs induce TLR4-dependent ROS production

Among the TLR4 activators, endogenous gut derived-LPS has been
proposed to be moderately elevated during metabolic diseases [12].
Thus, we measured the plasma levels of circulating LPS in both MetS
and nMetS subjects. MetS patients displayed significantly higher plasma
LPS concentration than nMetS subjects (Fig. 5A). Furthermore, we ana-
lyzed whether sEVs carry LPS, and we showed that MetS-sEVs were
enriched in LPS (Fig. 5B) when compared to those from nMetS subjects.
Thereafter, to evaluate the contribution of LPS carried by sEVs on the
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production of ROS, we pre-incubated the MetS-sEVs for 1 h with
polymyxin B, which blocks the biological effect of LPS, before HAOEC
treatment. Under these conditions, neutralization of LPS carried by
SEVs prevented the production of both cytosolic and mitochondrial
ROS induced by MetS-sEVs (Fig. 5C, D). Finally, we analyzed whether
the modification of LPS expression in mesenteric arteries by sEVs
injected into mice. As shown in Supplemental Fig. 5C, sEVs from MetS
patients, but not those from nMetS subjects, increased LPS expression
in mesenteric arteries. Also, under these conditions, MitoSox labelling,
but not DHE, was associated with a trend to increase in aorta from
mice treated with MetS-sEVs, whereas nMetS-sEVs had no effect on ox-
idative stress in vessels (Supplemental Fig. 5D).

4. Discussion

Here, we have shown that circulating concentration and size of SEVs
were, positively or negatively respectively, correlated with anthropo-
metric and biochemical parameters associated with MetS including vis-
ceral obesity, hypertension, insulin resistance and dyslipidemia.
Furthermore, SEVs from MetS patients decreased in vitro NO production
in endothelial cells and impaired ex vivo endothelium-dependent relax-
ation. The decreased NO bioavailability induced by MetS-sEVs was asso-
ciated with an increase of cytosolic and mitochondrial ROS production
without affecting mitochondrial biogenesis and/or dynamic. Interest-
ingly, activation of TLR4 by LPS carried by MetS-sEVs account for the in-
creased oxidative stress evoked by these sEVs. Altogether, these
findings suggest that, on the one hand, sEVs can be considered as biolog-
ical markers of the MetS, and on the other hand, sEVs can be responsible,
at least in part, of the low endotoxemia-induced oxidative stress de-
scribed in MetS patients.

MetS patients used in the present study displayed all the criteria of
this syndrome including greater visceral obesity, increased blood pres-
sure and triglyceridemia, and decreased HDL cholesterol. Insulinemia,
fasting glycemia, and calculated HOMA were increased arguing for insu-
lin resistance in MetS patients. As shown in Table 1, MetS patients were
significantly older than nMetS patients. It is known that the prevalence
of MetS increases with age [13,14], however, neither concentration nor
size of sEVs were correlated with age, suggesting that ageing does not
account for the changes in circulating levels and size of SEVs of MetS pa-
tients included in this middle-aged cohort.

Thereafter, we have shown that circulating concentration of sEVs
was increased in MetS patients and positively correlated with factors as-
sociated with obesity such as weight, waist and hip circumferences and
BMI, with glycemia and insulinemia, and with dyslipidemia. In this re-
spect, it has been reported that levels of fat-derived sEVs were increased
with obesity and were principally involved in insulin resistance signal-
ing [15,16]. In agreement with the present data, circulating levels of
SEVs were also increased in obese ob/ob mice [17], in obese [18] and
in diabetic patients [19]. Together, these data suggest that sEVs may
be potential biomarkers for the development of obesity-associated met-
abolic complications such as insulin resistance.

Size of sSEVs was negatively correlated with visceral obesity, BMI, gly-
cemia and levels of triglycerides. A recent study demonstrated that
plasma sEVs of obese patients are smaller than those from non-obese
patients. In addition to BMI, the decrease in SEV size was also negatively
correlated with parameters of MetS such as waist circumference, tri-
glyceride levels as well as insulin resistance [20]. However, the

Fig. 2. sEVs from MetS patients decrease in vitro NO production in endothelial cells and impair ex vivo endothelium-dependent relaxation. (A) Internalization of sEVs from nMetS and MetS
patients by endothelial cells. Observation with confocal microscopy of sEVs labeled with PKH67 (green), nucleus with DAPI (blue) and actin with phalloidin (red) was performed at 4 and
24 h. (B) During 24 h, HA0ECs were untreated (control) or incubated with nMetS or MetS sEVs (10 pg/ml) and, then, NO production was measured by electronic paramagnetic resonance.
(C-G) Representative immunoblot and quantification of phospho-eNOS Serine 1177 (C), phospho-eNOS Threonine 495 (D) and phospho-Akt Serine 473 (E) induced by nMetS-sEV's or
MetS-sEVs in the absence or in the presence of insulin in HAoECs. Palmitic acid (PA) was used as positive control of insulin resistance. (F, G) Representative immunoblot and
quantification of phospho-eNOS Serine 1177 (F), phospho-eNOS Threonine 495 (G) induced either by nMetS or MetS-sEVs in mesenteric arteries from female mice. A black line was
inserted on the immunoblots when samples were loaded on the same gel, but not side by side. (H) Male mice were injected with vehicle (CTL), nMetS or MetS sEVs (10 pg/ml) by
intravenous injection for 24 h, then aorta ring relaxation was analyzed by myography. Results are expressed as a percentage of relaxation of U46619-induced pre-contraction (n = 5/
group). *P < 0.05; **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mechanisms involved in the differences of sEV size between nMetS and
MetS remains to be investigated. In fact, the size of EVs depends not only
on the type of membrane phospholipids but also on the presence or
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absence of particular membrane proteins [21]. Also, it has been shown
that silencing Rab27a, a protein involved in the biogenesis of
multivesicular bodies, induced an increase of multivesicular bodies
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Fig. 3. sEVs from MetS patients increase mitochondrial oxidative stress in endothelial cells. HAoECs were untreated (control) or incubated with 10 pg/ml of SEVs from nMetS and MetS
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size [22]. Since the cellular origin of SEVs isolated from plasma can be
multiple, it is likely that a common conserved mechanism involved in
the sEV biogenesis over different cells producing sEVs is affected
in MetS.

Interestingly, SEVs from women were bigger than those from men
whereas sEV concentration was independent of gender suggesting the
involvement of different mechanisms of sEV biogenesis in men and
women. However, since the decrease on size of sEVs was associated
with the severity of MetS, that is, the number of MetS criteria, indepen-
dently of gender, this suggests that MetS is mandatory for the decrease
in sEV size.

Endothelial dysfunction is the primary event leading to the impair-
ment of vasodilator, anti-coagulant, and anti-inflammatory effects of
healthy endothelium. The most important mechanism for endothelial
dysfunction is the decrease in NO availability [23]. Here, we showed
that, in HAOECs, MetS-sEVs decreased NO production by increasing phos-
phorylation on the inhibitor site (Thr 495) of eNOS without affecting AKT
pathway activation induced by insulin. Similar results were obtained in
mesenteric arteries from female mice injected with sEVs. In addition,
MetS-sEVs impaired endothelium-dependent relaxation in aorta of male
mice, demonstrating that these vesicles promote endothelial dysfunction
independently of the gender of animals receiving SEVs. SNP-induced re-
laxation was not affected by sEV treatment confirming that the impair-
ment of relaxation induced by acetylcholine was not associated to an
alteration of NO sensitivity of the vascular smooth muscle layer. In agree-
ment with these data, we have previously demonstrated that IEVs also
induced endothelial dysfunction in vitro by decreasing NO production
and increasing the inhibitory phosphorylation of eNOS and in vivo by
decreasing acetylcholine-induced relaxation in mouse aorta [5]. These
findings suggest that both types of EVs, IEVs and sEVs, can directly and
jointly act on endothelium and, evoke endothelial dysfunction in MetS
patients.

The bioavailability of NO depends not only on its generation but also
on ROS production. In this respect, MetS-sEV treatment induced an
early increase of oxidative stress 4 h after cell treatment by increasing cy-
tosolic and mitochondrial ROS production which further reduced NO
availability without any modification of ROS production at 24 h in cells.
Also, at 24 h of sEV treatment, cytosolic ROS production was not modified,
whereas oxidative stress in mitochondria was associated with a trend to
increase in vivo in mouse aorta. Unlike MetS-sEVs, endothelial dysfunc-
tion induced by MetS-IEVs involved the production of cytosolic ROS at 4
h and mitochondrial ROS at 24 h [6]. These results suggest that sEVs
and IEVs affect differentially the spatial and temporal regulation of ROS
generation, being mitochondrial ROS induced by sEVs earlier than those
by IEVs. It has been reported that, in endothelial cells, the exposition to
high glucose altered mitochondrial dynamics which was associated
with increased mitochondrial ROS production and a generalized impair-
ment in NO bioavailability [24]. However, the present study shows that
the excess of ROS production did not originate from a defect in the mito-
chondrial biogenesis nor from a modification of the expression of proteins
involved in the mitochondrial dynamics. Interestingly, inhibition of mito-
chondrial ROS production by the mitochondrial ROS scavenger,
mitoTEMPO, improved NO bioavailability. These results provide evidence
that early mitochondrial ROS production blunted the NO production mea-
sured at 24 h. Whether this is due to mitochondrial ROS scavenging effect
or their action on NO pathway itself needs further clarification. During en-
dothelial dysfunction, ROS are generated by complexes I and III of the
electron transport chain in the mitochondria [25] and by dysregulation
of the enzymatic activity of NADPH oxidase [26]. As already described, mi-
tochondrial ROS production can be stimulated by several dangers' signals
including activation of membrane TLRs [27] which can also interact with
NADPH oxidase and activate ROS generation by those enzymes [28].

Among TLRs, TLR4 is a class of plasma membrane receptors for LPS of
Gram-negative bacteria [29]. These receptors have been described as
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playing a major role in the regulation of inflammatory-associated
diseases such as atherosclerosis and vascular complications linked to di-
abetes and obesity [29,30]. In the present study, we show that MetS-
sEVs did not modify TLR4 expression in endothelial cells or in mouse
arteries. Conversely, blocking TLR4 activity in HA0OECs by its inhibitor
TAK-242 prevented the cytosolic and mitochondrial ROS production
induced by MetS-sEVs. These results suggest that these vesicles did
not modulate TLR4 expression but activate TLR4 pathway. Since LPS

is the major activator of TLR4 signaling pathway, and an inducer of
mitochondrial ROS production as well as an activator of NADPH oxidase
[31], we analyzed endotoxin level in patients' plasma and whether sEVs
carry LPS. Indeed, we demonstrated an increase in LPS plasma levels
reflecting the presence of endotoxemia in MetS patients. In addition,
we observed an enrichment of LPS on sEVs from MetS patients com-
pared to nMetS subjects suggesting that sEVs can account, at least in
part, for the endotoxemia described during MetS. Most importantly,
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the direct inhibition of LPS carried by sEVs by its inhibitor polymyxin B
prevented both cytosolic and mitochondrial ROS production in endo-
thelial cells.

In line with these findings, mice fed with high-fat diet displayed an
increase of low-grade elevation in plasma LPS, which was associated
with changes in gut microbiota and permeability, being responsible
for the onset of metabolic diseases including increased oxidative stress
[32-34]. Furthermore, endotoxemia has been proposed to be associated
with the development of cardiovascular diseases such as atherosclerosis
[35-37]. Similar findings have been reported providing evidence that
the LPS-TLR4 axis is responsible of metabolic disturbances in obese
and diabetic patients [38] in association with an elevation in circulating
endotoxin [39] and gut microbiota alterations [40]. Here, we showed for
the first time that sEVs from MetS carry LPS and activate TLR4 pathway
to induce endothelial dysfunction. It has been reported that LPS can be
pelleted during ultracentrifugation [41,42] using higher speed and du-
ration than those used in the present work (150,000g, 4.5 h, 150,000g
for 1 h, versus 100,000g, 70 min). Although we cannot exclude that
LPS might be precipitated during the isolation of EVs, this amount of
pelleted LPS would be very low because of the experimental protocol

10

used. On the other hand, LPS released from gut bacteria might adhere
into surfaces of circulating sEVs. Finally, it is also plausible that we de-
tect LPS associated to outer membrane vesicles (OMVs) released by
Gram-negative bacteria [43], since OMVs from gut bacteria can cross
the epithelial barrier as a consequence of altered intestinal barrier integ-
rity and induce inflammation or metabolic disorders to the host, such as
insulin resistance [44,45]. In line with our data, a very recent study
clearly demonstrates increased levels of systemic LPS-positive EVs in
patients with intestinal barrier dysfunction. Indeed, LPS-positive EVs
are present in plasma, are able to induce immune activation and corre-
late with impaired barrier integrity in patients diagnosed with intestinal
bowel disease [46]. Nevertheless, we showed that circulating SEVs from
MetS patients carry LPS and may contribute to metabolic endotoxemia
leading to endothelial dysfunction in these patients.

4.1. Limitations
Although the number of animals used in the present study is low,

suggesting low power analysis, the described effects are statistically sig-
nificant. In addition, in order to follow the international convention
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regarding the reduction of the number of animals used, we stopped ex-
periments when significant differences were reached. Also, we found
differences in the age of nMetS and MetS patients. Although age was
not correlated with sEV concentration or size, it should to be noted
that age has a significant impact on endothelial function and sEVs
from old individuals may affect the observed effects. Even MetS is
being diagnosed in more and more young population, the incidence of
MetS increases with age.

5. Conclusions

In summary, the present data reveal that LPS-enriched sEVs, proba-
bly from gut microbiota, can be involved in the development of endo-
thelial dysfunction in MetS through the activation of TLR4 and the
generation of both mitochondrial and cytosolic ROS leading to de-
creased NO availability, promoting vascular damage and cardiovascular
diseases in these patients. These results and those previously obtained
with IEVs from MetS patients showing that MetS-1EVs induced endothe-
lial dysfunction through the activation of the Fas/Fas ligand pathway
and endoplasmic reticulum stress associated with an increase of oxida-
tive stress [6], reinforce the notion that both types of circulating EVs
from MetS patients are the link between the endothelial dysfunction
and metabolic disturbances in MetS.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2021.154727.
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