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Abstract

RATIONALE: Metabolic syndrome (MetS) is a cluster of interrelated risk factors for 

cardiovascular diseases and atherosclerosis. Circulating levels of large extracellular vesicles 

(lEVs), submicrometer-sized vesicles released from plasma membrane, from MetS patients were 

shown to induce endothelial dysfunction, but their role in early stage of atherosclerosis and on 

vascular smooth muscle cells (SMC) remain to be fully elucidated.

OBJECTIVE: To determine the mechanisms by which lEVs lead to the progression of 

atherosclerosis in the setting of MetS.

METHODS AND RESULTS: Proteomic analysis revealed that the small GTPase, Rap1 was 

overexpressed in lEVs from MetS patients compared with those from non-MetS subjects. Rap1 

was in GTP-associated active state in both types of lEVs, and Rap1-lEVs levels correlated with 

increased cardiovascular risks, including stenosis. MetS-lEVs, but not non-MetS-lEVs, increased 

Rap1-dependent endothelial cell permeability. MetS-lEVs significantly promoted migration and 

proliferation of human aortic SMC and increased expression of proinflammatory molecules and 

activation of ERK (extracellular signal-regulated kinase) 5/p38 pathways. Neutralization of Rap1 

by specific antibody or pharmacological inhibition of Rap1 completely prevented the effects of 
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lEVs from MetS patients. High-fat diet-fed ApoE−/− mice displayed an increased expression of 

Rap1 both in aortas and circulating lEVs. lEVs accumulated in plaque atherosclerotic lesions 

depending on the progression of atherosclerosis. lEVs from high-fat diet-fed ApoE−/− mice, but 

not those from mice fed with a standard diet, enhanced SMC proliferation. Human atherosclerotic 

lesions were enriched in lEVs expressing Rap1.

CONCLUSIONS: These data demonstrate that Rap1 carried by MetS-lEVs participates in the 

enhanced SMC proliferation, migration, proinflammatory profile, and activation of ERK5/p38 

pathways leading to vascular inflammation and remodeling, and atherosclerosis. These results 

highlight that Rap1 carried by MetS-lEVs may be a novel determinant of diagnostic value for 

cardiometabolic risk factors and suggest Rap1 as a promising therapeutic target against the 

development of atherosclerosis.

GRAPHICAL ABSTRACT:

Keywords

atherosclerosis; extracellular vesicles; inflammation; metabolic syndrome; muscle cells

Metabolic syndrome (MetS) patients display an ≈2-fold increased risk of developing 

atherosclerotic cardiovascular diseases. This syndrome is described as a cluster of abdominal 

obesity, insulin resistance, elevated blood pressure, and obesity-related dyslipidemia 

consisting in low levels of HDL-cholesterol and high levels of triglycerides.1,2 In the early 

stages of atherosclerosis, typical human atherosclerotic lesions contain different cell types, 

including vascular smooth muscle cells (SMC), endothelial cells, fibroblasts, macrophages, 

and foam cells involved in inflammatory responses and development of plaque.3 

Proliferation and migration of vascular SMC from the tunica media to the subendothelial 
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region, also known as neointima formation play a crucial role in vascular remodeling, a key 

step for blood vessel thickening and occlusion.4

Over the last years, extracellular vesicles (EVs) have been associated with early processes 

involved in the development of atherosclerotic lesions, including endothelial dysfunction, 

inflammation, reactive oxygen species production, and monocyte/macrophage adhesion (for 

review see).5 Two main EV subtypes have been described: large EVs (lEVs) released from 

plasma blebbing and small EVs generated within endosomes forming multivesicular 

endosomal compartments. Foam cell-derived EVs from atherosclerotic patients were shown 

to promote SMC migration and adhesion by regulating actin cytoskeleton and focal adhesion 

pathways after the endocytosis of EVs into SMCs and the subsequent downstream activation 

of ERK (extracellular signal-regulated kinase) and Akt.6 Regarding MetS, we have reported 

that circulating lEVs from MetS patients (MetS-lEVs) carrying Fas ligand induce 

endothelial dysfunction by interacting with Fas receptor on endothelial cells; resulting in a 

temporal crosstalk between endoplasmic reticulum and mitochondria that increased reactive 

oxygen species production from cytoplasm and mitochondria via the activation of neutral 

sphingomyelinase and reduced nitric oxide (NO) release.7,8 In addition, circulating MetS-

lEVs induced hyporeactivity associated with oxidative stress and overexpression of 

proinflammatory molecules, such as MCP-1 (monocyte chemoattractant protein 1) and 

inducible NO synthase.9 However, the effects of circulating MetS-lEVs, on SMC 

specifically, in the early stage of atherosclerosis, have not been fully elucidated.

In the present study, proteomic analysis showed that Rap1 was >1.4-fold increased in MetS-

lEVs and that lEVs carrying Rap1 induce aortic SMC migration and proliferation as well as 

proinflammatory cytokine secretion in vitro. All of these effects were abolished when Rap1 

carried by lEVs was neutralized or pharmacologically inhibited. Levels of lEVs carrying 

Rap1 were correlated with waist and hip circumferences, body mass index (BMI), 

triglyceridemia, insulinemia, hs-CRP (high-sensitivity C-reactive protein), and increased 

stenosis risk of MetS patients. These results suggested that Rap1 carried by lEVs was critical 

for the development of atherosclerosis associated with MetS. This was further reinforced by 

the observation that high-fat diet (HFD)-fed ApoE−/− mice displayed an increased 

expression of Rap1 in circulating lEVs that also enhanced SMC proliferation. Also, lEVs 

from mouse and human atherosclerotic plaques were enriched in Rap1. In conclusion, we 

propose Rap1+-lEVs produced in excess as a cause for vascular remodeling and 

inflammation leading to the progression of atherosclerosis in the setting of MetS.

METHODS

Detailed methods are available in the Data Supplement. The data, analytic methods, and 

study materials for the purposes of reproducing the results or replicating procedures can be 

made available on request to the corresponding author who manages the information.

MetS Patients

This study was approved by the ethics committee of the University Hospital of Angers 

(France). Non-MetS donors (nMetS) and MetS patients were recruited in the NUMEVOX 

cohort (URL: https://www.clinicaltrials.gov. Unique identifier: NCT 00997165). A total of 
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90 subjects were identified as MetS patients and 72 subjects who displayed 2 or less MetS 

criteria were identified as nMetS subjects. Baseline characteristics and clinical data of 

nMetS and MetS subjects are summarized in Table I in the Data Supplement.

Ultrasonography of Carotid Arteries

Velocities and resistance indexes of carotid arteries were determined by duplex 

ultrasonography following the most recent recommendations of the European Society of 

Cardiology.

lEV Isolation From Blood

Peripheral blood (20 mL) from nMetS and MetS patients was collected to isolate circulating 

lEVs and used at the circulating concentration detected for each individual.7,8

Proteomic Study by 2D-DIGE Electrophoresis

Two gels of each were run with a total of 10 μg of mixed fluorescent-labeled proteins per gel 

containing 5 μg of proteins from lEVs (5 nMetS and 5 MetS patients) randomly labeled with 

400 pmol saturation CyDye DIGE (difference gel electrophoresis) fluors (Cy3 or Cy5). 

After dye-swap, Cy3- and Cy5-labeled samples were mixed and used to rehydrate the 

immobilized pH gradient strip before perform the isoelectric focusing. After isoelectric 

focusing, the immobilized pH gradient strips were incubated in equilibration buffer and 

transferred for the second dimension electrophoresis (SDS-PAGE) onto 12% PAGE gels and 

sealed with low-melting agarose. Following electrophoresis, gels were scanned with an Ettan 

DIGE Imager (GE Healthcare) at excitation/emission wavelengths of 532/580 nm for Cy3 

and 633/670 nm for Cy5 to yield images with a pixel size of 100 μm. Differentially regulated 

spots were excised manually from a preparative gel performed with 500 μg of total proteins. 

Identifications were performed by MALDI-TOF.

Rap Activation Assay

Rap1 pull-down experiments were performed using a GST fusion protein containing the 

Rap1 binding domain of Ral-GDS.

Characterization of lEV Phenotype

The counting and phenotyping of the MetS-lEVs were performed by flow cytometry from 

platelet-free plasma according to the expression of membrane-specific antigens.7,8 

Validation of isolated lEVs was performed by detection of positive and negative markers 

(Figure IA in the Data Supplement).

Cellular Models

Primary human aortic endothelial cells (Promocell, Heidelberg, Germany) were grown in 

endothelial basal medium supplemented with 10% of fetal bovine serum. Primary human 

aortic smooth muscle cells (HASMC, Gibco) were cultured in Medium 231 (Gibco) 

supplemented with SMGS (Gibco). Primary vascular SMC was obtained from thoracic aorta 

arteries from WT C57BL/6 male mice, according to number S380 ethic local protocol.
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Transepithelial Electric Resistance Measurement of Human Aortic Endothelial Cells

Human aortic endothelial cells were seeded in 8 μm pore size Transwells (Corning, Corning, 

NY) in the upper chamber until 100% confluence. Transepithelial electric resistance 

measurement was performed before preincubation with the Rap1 inhibitor and after 24 

hours, using a Millicell ERS-2 Voltohmmeter (Merck, Darmstadt, Germany) to assess the 

integrity of the barrier.

Migration and Proliferation Assays

For wound healing assay, HASMC were cultured in 231-SMGS medium until they achieve 

100% confluence. Confluent monolayer was scratched with a sterile pipette tip. Wound 

healing closure was followed by phase-contrast microscopy at 0 and 24 hours. Also, 

migration was analyzed by Transwell assay. Cell Proliferation Assay Kit CyQUANT 

(Invitrogen, Carlsbad, CA) and Ki67 staining were used to analyze proliferation.

Western Blotting

After treatment, HASMCs were homogenized. Equal amounts of proteins were separated in 

4% to 15% TGX-midi gels by electrophoresis and then transferred to nitrocellulose sheets. 

Densitometric analyses of Western blots were performed using ImageJ software.

Quantitative Real-Time Polymerase Chain Reaction Analysis

After treatments, frozen cell pellets were used to analyze the genetic expression of human 

MCP-1 and IL (interleukin)-6 mRNA by real-time polymerase chain reaction.

Animal Model

All animal studies were performed using approved institutional protocols (no. APAFIS320). 

Male ApoE−/− were allowed free access to standard diet (STD) or HFD. lEVs were isolated 

from blood and from atherosclerotic plaque. The effects of circulating lEVs isolated from 

the ApoE−/− mice on the proliferation of primary SMC isolated from WT mice was 

evaluated.

Staining and Imaging of Mouse Aorta Wall by Confocal Microscopy

Frozen mouse aortic ring sections were prepared and treated with primary antibodies. 

Following 3 washes with PBS, secondary antibodies were applied to detect F4/80 and Rap1. 

Nuclei were counterstained with DAPI. Confocal microscopy and digital image recording 

were used.

lEVs From Human Atherosclerotic Plaque

Human atherosclerotic plaques from 5 patients undergoing carotid endarterectomy who gave 

their informed consent were used for lEV isolation.

Statistical Analysis

Data normality was assessed using the Shapiro-Wilk test. Comparisons were made between 

all conditions for each panel. Statistical analysis was performed by using ANOVA followed 

by Tukey post hoc test for multiple comparisons. In cases where normality was not 
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confirmed, statistical analysis from 2 groups and >2 groups were analyzed by the Mann-

Whitney U test, and Kruskal-Wallis test with Dunn test post hoc, respectively. No 

experiment-wide multiple test correction was applied. Correlations were performed by 

Spearman correlation test. Values shown in the text and figures represent the mean ± the SD 

or the median (interquartile range) for the clinical data. P values were shown in figures and 

tables. When P>0.05, values of P were not shown. Statistical analysis was performed using 

GraphPad Prism (version 5.0; GraphPad Software Inc, San Diego, CA).

RESULTS

MetS patients showed a significant increase in BMI, waist circumference indicating greater 

visceral obesity, blood pressure, insulinemia, glycemia, glycated hemoglobin, triglycerides, 

and hs-CRP levels, and decreased plasma HDL levels (Table I in the Data Supplement). In 

addition, the total number of circulating lEVs was significantly increased in patients with 

MetS compared with nMetS subjects (Table I in the Data Supplement). As we have 

previously shown,7–9 MetS patients displayed an increase of ≈1.7-fold platelet (CD41+)-

derived lEVs (Table I in the Data Supplement).

Rap1 Activation is Increased in lEVs from Patients with MetS

To identify proteins carried by MetS-lEVs that could play a role in vascular remodeling, we 

performed a differential proteomic analysis by 2D-DIGE comparing the replicates (Cy3 and 

Cy5 labeling) prepared from nMetS and MetS. Among the 608 spots detected (Figure IB in 

the Data Supplement), we found 10 spots differentially expressed (P<0.05) between nMetS- 

and MetS-lEVs (Figure 1A). Identification of proteins present in each spot by MALDI-TOF 

(Matrix Assisted Laser Desorption Ionization-Time of Flight) allowed us to identify 8 

proteins differentially expressed in MetS subjects compared to lEVs isolated from nMetS 

subjects (Table II in the Data Supplement). Interestingly, spot 534 corresponds to the Ras-

related protein Rap1, which has emerged as a central player in cardiovascular 

pathophysiology.10 Detailed 2D-spots corresponding to Rap1 is presented for each sample of 

lEVs from nMetS and MetS patients analyzed (Figure IC in the Data Supplement). We 

confirmed by immunoblot that MetS-lEVs displayed 50% increase of Rap1 expression 

compared with nMetS-lEVs (Figure 1B). We also analyzed Rap1 activation by pull-down 

assay using the Ral-GDS fusion protein in lEVs. Interestingly, we found that MetS-lEVs had 

higher levels of activated Rap1 (Figure 1C). To determine the location of this protein within 

the lEVs, Rap1 was analyzed on native or permeabilized MetS-lEVs. As shown in Figure 

1D, Rap1 labeling was similar in nonpermeabilized and permeabilized lEVs suggesting that 

Rap1 is essentially exposed to the surface of lEVs. Thus, further experiments were 

performed in nonpermeabilized lEVs. Under these conditions, the concentration of 

circulating lEVs bearing Rap1 was significantly higher in MetS compared with nMetS 

subjects (Figure 1E). The majority of Rap1+-lEVs were also CD41+ suggesting that they 

originated from platelets (Figure 1F). We have also detected low levels of Rap1+-EVs from 

endothelial cells (CD146+), erythrocytes (CD235a+), leukocytes (CD45+), and granulocytes 

(CD11b+). It should be noted that all of these subpopulations of Rap1+-lEVs were increased 

in MetS patients versus nMetS patients. Altogether, these results show that lEVs from MetS 

patients had higher levels of activated Rap1 at their surface.
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Expression Level of Rap1 in lEVs is Closely Correlated with a Cluster of Cardiometabolic 
Risk Factors in MetS Patients

We analyzed the relationship between circulating levels of lEVs and a cluster of 

anthropometric parameters and cardiometabolic risk factors (Figure 2). Neither total 

circulating lEVs nor platelet- and endothelial-derived lEVs were correlated with any of these 

parameters (not shown). Interestingly, circulating lEVs carrying Rap1 were positively 

correlated with waist and hip circumferences, BMI (r=0.1936, P=0.0219), the mean heart 

rate, insulinemia, plasma triglyceride concentration, and hs-CRP concentration (Figure 2A 

through 2F). Consistently, the TyG (triglyceride-glucose) index was also positively 

correlated with the circulating level of Rap1-lEVs in MetS (Figure 2G), reflecting insulin 

resistance in these patients.

Vascular parameters, such as aorta diameter or pulse wave velocity, did not correlate with the 

number of MetS criteria neither with lEVs carrying Rap1 (not shown). Interestingly, the 

right common carotid end-diastolic velocity was positively correlated with the levels of 

Rap1-lEVs (Figure 2H). Finally, the analysis performed on 162 subjects displaying 0 to 5 of 

MetS criteria showed that circulating levels of lEVs carrying Rap1 increased depending on 

the number of the components of MetS, thus its severity (Figure 2I). These data suggest that 

circulating levels of Rap1 carried by MetS-lEVs are associated with risk factors of 

cardiovascular events in MetS patients, identifying Rap1 carried by MetS-lEVs as a potential 

molecular link leading to the development of vascular diseases, such as atherosclerosis.

lEVs from MetS Patients Increase Endothelial Cell Permeability Sensitive to the Rap1 
Inhibitor

Incubation for 24 hours with lEVs from MetS patients decreased transendothelial electrical 

resistance, whereas those from nMetS patients had not significant effects (Figure 3A). 

Interestingly, the pharmacological Rap1 inhibition with the geranylgeranyltransferase I 

inhibitor-298 (GTTi-298), improved MetS-lEVs-induced reduction of transepithelial electric 

resistance values (Figure 3A). In addition, MetS-lEVs increased monocyte transcytosis 

through the endothelial cell monolayer, and this effect was prevented by GGTi-298 (Figure 

3B). Altogether, these data indicate that lEVs from MetS patients, but not those from nMetS 

patients, enhance endothelial permeability by a mechanism sensitive to GGTi-298. These 

results also suggest that MetS-lEVs can reach SMC into the vessel through this pathway.

Rap1 Carried by Circulating lEVs Induces Migration and Proliferation of HASMCs

To decipher the interaction between lEVs and vascular SMC, we studied lEV internalization 

in HASMC by confocal microscopy and showed that lEVs from nMetS and MetS patients 

labeled with PKH67 were internalized by HASMC after 4 hours of incubation (Figure IIA in 

the Data Supplement). To study the role of Rap1 carried by lEVs on HASMC and vascular 

remodeling, we measured HASMC migration induced by nMetS- and MetS-lEVs by wound 

healing assay. MetS-lEVs, but not nMetS-lEVs, significantly increased HASMC migration 

(Figure 3C and 3D). Preincubation of MetS-lEVs with Rap1 antibody abolished HASMC 

migration induced by MetS-lEVs (Figure 3C and 3D). Similar results were obtained by 

Transwell assays (Figure IIB and IIC in the Data Supplement). Positive controls using PDGF 

(platelet-derived growth factor) or 8-(4-Chlorophenylthio) adenosine 3′,5′-cyclic 
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monophosphate sodium salt (8-CPT), (an activator of Rap1-GTP via the exchange factor 

Epac), are shown in Figure III in the Data Supplement both for migration and proliferation.

MetS-lEVs, but not nMetS-lEVs, significantly increased the number of HASMCs, and this 

effect was abolished by neutralization of Rap1 (Figure 3E). In line with these findings, the 

increase of cell number induced by MetS-lEVs was abolished in the presence of the Rap1 

pharmacological inhibitor, GGTi-298 (Figure 3F). Similar results were observed when 

HASMC proliferation was measured by Ki67 staining assay (Figure IIE in the Data 

Supplement). Altogether, these results suggest that Rap1 carried by lEVs from MetS plays a 

critical role in migration and proliferation of HASMC, as general features of vascular 

remodeling.

Rap1 Carried by lEVs Activates MEK5-ERK5 and p38 Pathways to Induce Proliferation of 
HASMCs

Since the mechanisms underlying the crosstalk between small GTPase proteins and MAPK 

(mitogen-activated protein kinase) signaling have also been intensively investigated,11 we 

analyzed the effects of MetS-lEVs on MAPKs signaling pathway in HASMC, with a 

particular focus on ERK1/2, ERK5, and p38 MAPK. Neither PDGF, 8-CPT, nMetS-lEVs, 

nor MetS-lEVs increased phosphorylation of ERK1/2 (Figure IVA and IVB in the Data 

Supplement). Interestingly, PDGF, 8-CPT, MetS-lEVs, but not nMetS-lEVs, significantly 

increased ERK5 phosphorylation (Figure 4A and 4B) which was significantly reduced after 

neutralization of Rap1 (Figure 4A and 4B). Moreover, the ability of MetS-lEVs to enhance 

the number of HASMC was abrogated in the presence of ERK5 inhibitor, BIX02189 (Figure 

4C). These data suggest that the ERK5 pathway triggers the ability of lEVs from MetS 

carrying Rap1 to increase HASMC proliferation. Finally, MetS-lEVs, but not PDGF, 8-CPT 

or nMetS-lEVs, increased p38 MAPK phosphorylation in HASMC, and this effect was 

inhibited after neutralization of Rap1 carried by MetS-lEVs (Figure 4A and 4B). Altogether, 

these results showed that ERK5 and p38 MAPK, but not ERK1/2, were activated by MetS-

lEVs in HASMC.

MetS-lEVs Increase MCP-1 and IL-6 Expression in a Rap1-Dependent Manner

Rap1 is an important regulator of the vascular inflammatory response.10 To confirm the 

contribution of Rap1-lEVs on the inflammatory response observed during MetS, the effects 

of nMetS-lEVs and MetS-lEVs were tested on mRNA expression of different 

proinflammatory cytokines in HASMC. We found that MetS-lEVs, but not nMetS-lEVs, 

significantly increased mRNA expression of MCP-1 and IL-6 (Figure 5A and 5B). 

Neutralizing Rap1 carried by MetS-lEVs completely abrogated their ability to increase 

MCP-1 and IL-6 mRNA expressions in HASMC (Figure 5A and 5B). In contrast, neither 

MetS-lEVs nor nMetS-lEVs modified VCAM-1 (vascular cell adhesion molecule-1) and 

ICAM-1 (intercellulaire adhesion molecule-1) protein expressions and NF-ΚB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) pathway activation (Figure IVC in 

the Data Supplement). These data suggest that MetS-lEVs increase the expression of 

inflammatory cytokines, MCP-1, and IL-6, which have been previously described to be 

overexpressed in patients with increased cardiovascular risk factors.
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Pathophysiological Relevance of Rap1 in the Atherosclerotic Process

To study the pathophysiological relevance of Rap1 in the atherosclerotic process, we used 

the HFD-fed ApoE−/− mouse model, exhibiting an exacerbation of the formation of 

atherosclerotic lesions. Macrophage infiltration was analyzed by confocal microscopy by 

staining of F4/80 together with the expression of Rap1 in aortic roots from STD- and HFD-

fed ApoE−/− mice. We observed an enhanced macrophage infiltration in aorta of HFD-fed 

ApoE−/− mice when compared with STD-fed ApoE−/− mice (Figure 6A and 6B). Rap1 

staining was increased in the medial layer of the aorta from HFD-fed ApoE−/− compared 

with that from STD-fed ApoE−/− mice (Figure 6A and 6B). Circulating lEVs from HFD-fed 

ApoE−/− displayed greater expression of Rap1 compared with those from STD-fed ApoE−/− 

mice (Figure 6C). Interestingly, circulating lEVs from HFD-fed ApoE−/− mice, but not those 

from STD-fed ApoE−/−, enhanced the number of primary murine aortic SMC (Figure 6D).

We tested whether lEVs expressing Rap1 were localized in atherosclerotic plaques in ApoE
−/− mice. For this, lEVs were isolated from atherosclerotic plaques and characterized by flow 

cytometry. lEVs essentially were from SMC (74%), leukocytes (11%), macrophages (5%), 

and platelets (6%; Figure V in the Data Supplement). In addition, atherosclerotic aortic 

plaques from HFD-fed ApoE−/− mice contained higher levels of lEVs carrying Rap1 than 

arterial wall of aorta from STD-fed ApoE−/− mice (Figure 6E). Interestingly, the content of 

Rap1+-lEVs increased depending on the stage of plaque development, being similar at 8, 12, 

or 16 weeks in STD-fed mice but increasing between 12 and 16 weeks in HFD-fed mice 

(Figure 6E). These results indicate that accumulation of Rap1+-lEVs in atheroma plaques is 

associated with the progression of the atherosclerotic plaque in ApoE−/− mice and 

strengthened our hypothesis that Rap1 carried by circulating lEVs plays a role in the 

development of atherosclerosis in HFD-fed ApoE−/− mice.

Finally, we analyzed the presence of Rap1+-lEVs on human atherosclerotic plaque samples. 

Rap1+-lEVs were more abundant in human atherosclerotic plaques than in the arterial wall 

adjacent to the lesion (Figure 7). The analysis of the content of lEVs from human 

atherosclerotic plaque showed that they were mainly originated from SMC (42%), 

leukocytes (19%), platelets (16%), and endothelial cells (14%; Figure V in the Data 

Supplement). These results corroborate that lEVs expressing Rap1 accumulate in 

atherosclerotic lesions.

DISCUSSION

The present study highlights the role of circulating lEVs carrying Rap1 as a crucial driver of 

the early steps of atherosclerosis, such as SMC hyperplasia and inflammation in MetS. 

Circulating MetS-lEVs, but not nMetS-lEVs, increased endothelial cell permeability and 

monocyte transcytosis suggesting that, in vivo, they can reach smooth muscle layer into the 

vessels. In addition, we demonstrated that MetS-lEVs overexpressed the small protein 

GTPase Rap1 on the surface of lEVs in its active GTP-bound form. Moreover, circulating 

levels of Rap1-lEVs were not only positively correlated with the severity of MetS and 

obesity indicators, such as waist and hip circumferences and BMI, but also with risk factors 

to develop cardiovascular diseases, such as Increased heart rate, hyperinsulinemia, 

hypertriglyceridemia, TyG index, hs-CRP, and right common carotid end-diastolic velocity. 
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At the cellular and molecular level, lEVs carrying Rap1 induced SMC migration and 

proliferation by a mechanism involving the Rap1/ERK5 axis and proinflammatory profile. 

Finally, by using a mouse model of atherosclerosis and plaques from patients undergoing 

carotid endarterectomy, we showed that lEVs carrying Rap1 accumulated in atherosclerotic 

lesions strongly supporting the critical role of Rap1 carried by lEVs in vascular remodeling 

leading to atherosclerosis. Since SMC hyperplasia is a critical mechanism involved in the 

early steps of atherosclerosis, Rap1 carried by lEVs could represent a promising therapeutic 

target to limit the development of atherosclerosis through the reduction of both SMC 

proliferation and SMC proinflammatory profile.

MetS criteria, including central obesity, hypertension, hyperglycemia, hypertriglyceridemia, 

and low HDL levels, are commonly associated with the risk of developing atherosclerosis 

and cardiovascular events.12 However, there is no existing valid biomarker to accurately 

predict the risk of developing cardiovascular diseases since it is difficult to demonstrate the 

relationship between cardiovascular diseases and each MetS criterion, as they overlap. EVs 

are important players in intercellular communication and have been described as potential 

biomarkers in different pathologies, such as diabetes mellitus and obesity. It has been 

recently reported that EVs have an impact on cardiovascular physiology and 

atherothrombotic events.12,13 Interestingly, lEVs have been highlighted as important actors 

during the initiation and the progression of atherosclerotic lesions due to their capacity to 

interact with endothelial cells, SMC, and circulating cells, such as monocytes.5

In the present study, we showed that lEVs isolated from MetS patients had higher levels of 

activated Rap1 at their surface compared with nMetS-lEVs. It has been shown that when 

Rap1 is localized in the plasma membrane, the GTPase is activated, whereas the intracellular 

pool of Rap remained GDP-bound and, in consequence, not activated.14,15 Since Rap1 is 

detected by flow cytometry without permeabilization of lEVs, we hypothesize that activated 

Rap1 is present at the membrane of lEVs and that probably limits the ability of Rap1 to 

cycle between the GDP- and GTP-bound states. We also demonstrated that circulating levels 

of lEVs carrying Rap1 increased depending on the severity of MetS, and positively 

correlated with abdominal obesity and BMI, and with the cardiovascular risk factors, 

including enhanced heart rate, hyperinsulinemia, hypertriglyceridemia, and TyG index 

reflecting insulin resistance. These findings corroborate previous work of our team showing 

that obese patients displayed enhanced levels of circulating lEVs,16 and strongly suggest that 

lEVs expressing Rap1 might be useful to early Identify Individuals at a high risk of 

developing cardiovascular events. In this context, Cooney et al17 have shown that the 

cardiovascular risk associated with each 15 beats/min increase in resting heart rate was 1.24 

in men and 1.32 in women, demonstrating a relationship between heart rate and incident 

cardiovascular. Also, hyperinsulinemia can predict adverse cardiac events in type 2 diabetes 

mellitus,18 hypertriglyceridemia is an independent marker of ischemic events risk,19 while 

TyG index can identify early individuals at a high risk of developing cardiovascular events.20 

Levels of lEVs carrying Rap1 also correlated with levels of hs-CRP which is a described 

marker to estimate the risk of plaque instability21 and vulnerability of atheromatous lesion.22 

To corroborate this, lEVs carrying Rap1 were also correlated with right common carotid 

end-diastolic velocity, which is associated with a high probability to develop stenosis.23 All 
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these clinical data strongly support that circulating levels of lEVs harboring Rap1 could be 

useful to evaluate the risks of developing cardiovascular events in MetS patients.

Our data show that MetS-lEVs, but not those from nMetS patients, enhanced endothelial 

permeability and monocyte transcytosis by a mechanism sensitive to GGTi-298 suggesting 

that MetS-lEVs can reach SMC into the vessel. In line with these results, we have previously 

reported that lymphocyte-derived lEVs injected in vivo were able to interact directly with 

SMC as evidenced by an increased CD4 labeling in the media layer of aortas from lEV-

treated mice compared with control vessels.24 We also found that intravenous injection of 

MetS-lEVs into mice induced vascular hyporeactivity that is associated with upregulation of 

inducible NO-synthase and increased production of NO.9

Activation of Rap1 was associated with the enhancement of vascular SMC migration in vitro 

and the development of neointimal thickening in fetal rat aortic tissues in organ culture.25 To 

confirm the involvement of Rap1 carried by lEVs in the early stages of atherosclerosis, we 

analyzed the effects of lEVs on HASMC migration, proliferation, and cytokine production. 

Our findings show that MetS-lEVs significantly increased the migration and the proliferation 

of HASMC via a mechanism involving Rap1 and the subsequent activation of ERK5. We 

observed that the effects of Rap1 carried by MetS-lEVs on HASMC proliferation were 

inhibited by using a selective small-molecule ATP-site inhibitor of MEK5/ERK5 signaling, 

BIX02189. These results are in accordance with a recent study published by Li et al26 

suggesting that transfection with the activated Rap1 protein directly modulates the 

phosphorylation of ERK pathways and promotes proliferation, differentiation, and migration 

of vascular SMC. Indeed, as other small G proteins, Rap1 is able to directly activate several 

MAPKs. In this respect, it has been shown that, in cortical neurons, constitutive active Rap1 

is sufficient to activate ERK5 via the MEKK2-MEK5 signaling cascade.27 ERK5 has also 

been described as a central mediator of TLR (toll-like receptor)-2-dependent inflammatory 

signaling in human endothelial cells and monocytes; and activation of TLR-2 led to the 

upregulation of inflammatory mediators via NF-ΚB, JNK (c-Jun N-terminal kinase), and p38 

MAPK, promoting the attachment of human neutrophils to lung microvascular endothelial 

cells.28 We also looked at p38 MAPK activation, which has been previously associated with 

the development and progression of atherosclerosis by upregulating migration, proliferation, 

permeability, apoptosis, and adhesion molecule expression in endothelial cells.29 It has also 

been described that an increase of Rap1 mediated by p38 MAPK activation enhanced 

migration and invasion in fibroblasts.30 Similar to ERK5, we observed that MetS-lEVs 

increased p38 MAPK phosphorylation, which was prevented upon Rap1 neutralization. 

Migration and proliferation processes are altered during vascular remodeling as part of the 

reparative response to injury and can lead to neointimal formation associated with 

infiltration of inflammatory cells and matrix production.31 Furthermore, our findings showed 

that MetS-lEVs, by a Rap1-dependent mechanism, increased mRNA expression of the 

proinflammatory cytokines MCP-1 and IL-6, which were described to be involved in the 

development of atherosclerosis.32 Neither MetS-lEVs nor nMetS-lEVs modified VCAM-1 

and ICAM-1 expression and NF-ΚB pathway activation. Several hypotheses can be advanced 

to explain these findings. Thus, it has been described that whereas VCAM-1 and ICAM-1 

expression is mainly regulated by NF-ΚB pathway,33 IL-6 and MCP-1 release can be 

regulated by other transcription factors different to NF-ΚB, such as CREB (c-AMP response 
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element-binding protein)34 or AP-1 (activator protein-1).35 Nevertheless, these results and 

those previously described9 showing an increased MCP-1 expression in the aorta after 

intravenous injection of MetS-lEVs into mice suggest that MetS-lEVs could potentially 

increase the recruitment of proinflammatory circulating cells, such as leukocytes, under 

conditions associated with vascular inflammation.

Finally, by using an animal model prone to the atherosclerotic lesion, the HFD-fed ApoE−/− 

mouse model, we confirmed the crucial role of Rap1 in the development of atherosclerosis. 

We showed that the aorta of HFD-fed ApoE−/− mice displayed enhanced expression of Rap1 

and macrophage infiltration. In addition, Rap1 was overexpressed in circulating lEVs from 

atherosclerotic mice; and that these lEVs induced proliferation of murine aortic SMC. 

Moreover, since the content of Rap1+-lEVs increased depending on the stage of plaque 

development in HFD-fed mice and Rap1-lEVs accumulated in atherosclerotic lesions from 

humans undergoing carotid endarterectomy, our results strongly suggest the involvement of 

Rap1-lEVs in the progression of atherosclerosis.

Limitations

A large number of patients declined to participate in the vascular function analysis. 

Accordingly, vascular function measurements were performed only on 20% of nMetS 

subjects and 50% of MetS patients. Although the number of patients is low, significant 

correlation between lEVs carrying Rap1 and right common carotid end-diastolic velocity 

was found suggesting that this vascular parameter is strongly associated with lEVs 

expressing Rap1. Also, it should be noted that 73% of nMetS patients displayed 1 or 2 

criteria of MetS, and this could explain the trend to increase SMC migration and 

proliferation induced by lEVs from nMetS patients. Nevertheless, the effects of lEVs from 

nMetS patients were not significant and never prevented when Rap1 in nMetS-lEVs was 

neutralized or inhibited suggesting that Rap1 does not account for these effects. In addition, 

the fact that nMetS-lEVs did not increase endothelial cell permeability strongly suggests that 

the ability of circulating nMetS-lEVs to reach smooth muscle layer under in vivo conditions 

is very restricted. The present study shows the crucial role of Rap1 carried by lEVs on the 

processes involved in SMC remodeling, including SMC proliferation, migration, and 

secretion of proinflammatory cytokines; however, the molecular link between Rap1 and 

proinflammatory cytokine production needs to be further explored. Several approaches may 

be used but none with optimal results. First, although constitutive Rap1−/− mice are 

available, their use cannot help us since whole-body knockout implicates the lack of Rap1 

also in target SMC. Another possibility is the use of Rap1 plasmids to overexpress Rap1; 

however, in this case, only one type of cells generating Rap1-enriched lEVs will be 

transfected, and in the present study, lEVs overexpressing Rap1 are from several cell-type 

origin (Figure 1F). Nonetheless, we demonstrate by using a specific antibody and a 

pharmacological inhibitor the involvement of Rap1 carried by lEVs from MetS patients in 

the early steps of atherosclerosis.

In conclusion, circulating lEVs from MetS patients had higher levels of activated Rap1 

protein and that correlated with cardiovascular risk factors. MetS-lEVs carrying Rap1 

increased mRNA expression of MCP-1 and lL6 as well as the phosphorylation level of 
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ERK5 and p38 MAPK. By activating ERK-MAPK pathways, MetS-lEVs induced the 

migration and proliferation of SMC, processes involved in vascular remodeling. All of these 

effects were reduced or abolished when Rap1 was neutralized or pharmacologically blocked. 

In vivo, atherosclerotic HFD-fed ApoE−/− also displayed high expression of Rap1 in 

circulating lEVs which also promoted proliferation of murine aortic SMC. Since we have 

previously shown that, in endothelial cells, MetS-lEVs induce endoplasmic reticulum stress 

associated with an increase of oxidative stress through the activation of the Fas/Fas ligand 

pathway,8 the results of the present study highlight the deleterious effects of these lEVs on 

vascular cells. In this respect, it has been shown that the Fas/Fas ligand pathway triggers 

activation of Rap1 signaling leading to integrin activation, and then, the induction of 

proinflammatory cell recruitment.36 Thus, in a more integrative model, MetS-lEVs act first 

on the endothelial cells and through both Fas/Fas ligand and Rap1 pathway they evoke the 

decrease in NO production and the increase on endothelial cell permeability; second, MetS-

lEVs reach SMC and favor early steps of atherosclerosis. Taken together, these results 

support the hypothesis that Rap1+-lEVs produced in excess could represent a promising 

therapeutic target to prevent or limit the progression of atherosclerosis in MetS subjects, as 

well as a biomarker to predict vascular consequences of MetS.
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Nonstandard Abbreviations and Acronyms

8-CPT 8-(4-Chlorophenylthio) adenosine 3′,5′-cyclic 

monophosphate sodium salt

BMI body mass index
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EVs extracellular vesicles

HASMC human aortic smooth muscle cells

HFD high-fat diet

hs-CRP high-sensitivity C-reactive protein

IL interleukin

lEVs large extracellular vesicles

MCP-1 monocyte chemoattractant protein 1

MetS metabolic syndrome

MetS-lEVs circulating large extracellular vesicles from MetS patients

nMetS non-metabolic syndrome

nMetS-lEVs circulating large extracellular vesicles from nMetS patients

NO nitric oxide

PDGF platelet-derived growth factor

SMC smooth muscle cells

STD standard diet

TyG index triglyceride-glucose index
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Novelty and Significance

What Is Known?

• Circulating levels of large extracellular vesicles (lEVs) are increased in 

metabolic syndrome (MetS) patients and participate in endothelial 

dysfunction.

• Proliferation, migration, and proinflammatory cytokine secretion from 

vascular smooth muscle cells play a crucial role in vascular remodeling, a key 

step in atherosclerosis progression.

What New Information Does This Article Contribute?

• lEVs from MetS patients carry the small GTPase Rap1, and levels of Rap1-

lEVs correlate with cardiovascular risk, including stenosis.

• MetS-lEVs promote the migration and proliferation of human aortic smooth 

muscle cells and increase expression of proinflammatory cytokines via a 

Rap1-dependent mechanism.

• lEVs accumulate in plaque atherosclerotic lesions in both mice and humans.

Although it is known that extracellular vesicles participate in atherosclerosis by inducing 

endothelial dysfunction and proliferation of smooth muscle cells, less is known about 

lEVs from MetS patients. We performed a proteomic analysis of the content of these 

lEVs and identified increased levels of Rap1 in lEVs from MetS patients compared with 

controls. Notably, lEVs accumulate in atheroma plaque and Rap1-expressing lEVs 

exhibit proatherosclerotic functions, including enhancing migration, proliferation, and 

proinflammatory cytokine expression of vascular smooth muscle cells. These data define 

Rap1+-lEVs produced in excess as a potential therapeutic target to prevent or limit the 

progression of atherosclerosis in MetS subjects, as well as a potential biomarker to 

predict vascular consequences of MetS.
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Figure 1. Characterization of large extracellular vesicles (lEVs) from non-metabolic subjects 
(nMetS) and metabolic syndrome (MetS) patients.
A, Representative 2D-DIGE (difference gel electrophoresis) gel and bioinformatic analysis 

of polypeptidic spots; circles are corresponding to those differentially abundant in lEVs from 

nMetS and MetS subjects. The positions of molecular weight (MW) pattern is indicated on 

the left and the isoelectric point (Pi) on the bottom of the gels (n=5). B, Representative 

Western blot of Rap1 protein expression in lEVs from nMetS and MetS subjects. Rap1 

expression was significantly higher in MetS-lEVs (n=21) compared with nMetS-lEVs 

(n=21). C, Representative immunoblot of Rap1 pull-down experiments and quantification of 

Rap1-GTP (n=8). Rap1-GTP levels were significantly higher in MetS-lEVs. D, Differential 

Rap1 expression was analyzed on native and permeabilized MetS-lEVs by flow cytometry. 

Nonsignificant change was observed in Rap1 labeling after permeabilization (n=8). E, 

Circulating lEV levels expressing Rap1 in patients with MetS (n=90) compared with nMetS 

patients (nMetS n=72). F, Cellular origins of Rap1+-lEVs in nMetS (white) and MetS (gray) 

patients. CD41 (n=55 and n=75), CD146 (n=7 and n=10), CD235a (n=7 and n=12), CD45 

(n=7 and n=10), and CD11b (n=6 and n=7) for nMetS and MetS, respectively. Data are 

shown as medians and interquartile ranges (IQRs) of numbers of lVs. P values in B, C, E 
were determined by the Mann-Whitney U test; F, Kruskal-Wallis test with Dunn test post 
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hoc between all conditions. P values were not indicated when nonsignificant Representative 

images were selected to represent the mean value of each condition.
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Figure 2. Correlation between circulating levels of Rap1-large extracellular vesicles (lEVs) and 
clinical findings observed in non-metabolic (nMetS) and metabolic syndrome (MetS) subjects.
Correlations were performed between levels of Rap1 expression In lEVs and waist 

circumference (cm) (A), hip circumference (cm) (B), mean heart rate expressed in beats per 

minute (bpm) (C), insulinemia (μmol/L) (D), plasma triglycerides levels (g/L) (E), hs-CRP 

(high-sensitivity C-reactive protein) levels (mg/L) (F), TyG (triglyceride-glucose) index (G), 

right common carotid end-diastolic velocity (EDV, cm/s) (H), and number of components of 

MetS (I). Rap1 levels in circulating lEVs were detected by flow cytometry and expressed in 

log. Data are shown as medians and IQRs of numbers of lEVs. A-H, Correlations were 

performed by Spearman correlation test. For I, P values were determined by the Kruskal-

Wallis test with Dunn test post hoc between all conditions. P values were not indicated when 

nonsignificant.
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Figure 3. Circulating large extracellular vesicles (lEVs) increases endothelial permeability, 
migration, and proliferation of human aortic smooth muscle cells (HASMC).
A, Changes on endothelial permeability measured by transendothelial electrical resistance 

Induced by lEVs from non-metabolic syndrome (nMetS) subjects or MetS patients 

preincubated or not with the Rap1 inhibitor GGTi-298 (60 μmol/L; n=8). B, Transmigration 

of THP-1 monocytes through an endothelial monolayer induced by lEVs from nMetS 

subjects or MetS patients preincubated or not with the Rap1 inhibitor GGTi-298 (n=5). C, 

Representative microscopy images and (D) quantification of HASMC migration were 

analyzed by wound healing assay at 0 h and after 24 h of treatment with nMetS-lEVs or 

MetS-lEVs preincubated or not either with anti-Rap1 antibody or its control IgG (n=6). 

Horizontal bar=200 μm. E, Effects of nMetS-lEVs and MetS-lEVs on number of HASMC 

measured by CyQuant Kit. Histograms show fluorescence intensity representing the changes 

on cell number induced by lEVs preincubated either with anti-Rap1 or its control IgG (n=9). 

F, Histograms show fluorescence intensity representing the changes on cell number induced 

by MetS-lEVs preincubated with the inhibitor of the Rap1 activity GGTi-298 and measured 

by CyQuant Kit (n=5). Data are shown as mean±SD. P values were determined by the 

Kruskal-Wallis test with Dunn test post hoc between all conditions for each panel. P values 
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were not indicated when nonsignificant. Representative images were selected to represent 

the mean value of each condition.
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Figure 4. Rap1 carried by large extracellular vesicles (lEVs) regulates activation of MEK5-ERK5 
and p38 pathways to induce proliferation of human aortic smooth muscle cells (HASMC).
A and B, Representative immunoblot and quantification of ERK (extracellular signal-

regulated kinase) 5 and p38 activation induced by PDGF (platelet-derived growth factor), 

8-(4-Chlorophenylthio) adenosine 3′,5′-cyclic monophosphate sodium salt (8-CPT), non-

metabolic syndrome (nMetS)-lEVs (n=5) or MetS-lEVs (n=11). lEVs were preincubated 

with anti-Rap1 antibody or its control IgG. C, Histograms showing fluorescence intensity 

representing the cell number of HASMC induced by either PDGF or MetS-lEVs in the 

absence or presence of BIX, a MERK5-ERK5 inhibitor (n=8). Data are shown as mean±SD. 

P values were determined by the Kruskal-Wallis test with Dunn test post hoc between all 

conditions for each panel. P values were not indicated when nonsignificant. Representative 

immunoblots were selected to represent the mean value of each condition.
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Figure 5. Metabolic syndrome large extracellular vesicles (MetS-lEVs) increase MCP (monocyte 
chemoattractant protein)-1 and IL (interleukin)-6 expression in a Rap1-dependent manner.
Relative transcript expression of the inflammatory cytokines MCP-1 (A) (n=6) and IL-6 (B) 

(n=5) in human aortic smooth muscle cells (HASMC) after 14 h induction by non-MetS 

(nMetS)-lEVs or MetS-lEVs preincubated either with anti-Rap1 or its control IgG. Data are 

shown as mean±SD. P values were determined by the Kruskal-Wallis test with Dunn test 

post hoc between all conditions for each panel. P values were not indicated when 

nonsignificant.
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Figure 6. Rap1 expression in circulating large extracellular vesicles (lEVs) and in atheroma lEVs 
from high-fat diet (HFD)-fed ApoE−/− mice.
A, Representative confocal immunofluorescence images of aortic roots from standard diet 

(STD)- or HFD-fed ApoE−/− mice stained with the macrophage marker F4/80 (green 

staining) and Rap1 (red staining). DAPI staining localized nuclei of cells in aortic roots 

(blue staining). Horizontal bar=20μm. White arrows show macrophages in the intima plaque 

from HFD ApoE−/− mice. B, Quantification of F4/80 staining and Rap1 

immunofluorescence of aortic roots from STD- or HFD-fed ApoE−/− mice. Fluorescence 

intensity was expressed in arbitrary units (n=6). C, Protein expression of Rap1 in lEVs from 

STD- or HFD-fed ApoE−/− mice (n=2). D, Histograms show rates of mouse aortic smooth 

muscle cells (SMC) number induced by lEVs from HFD-fed ApoE−/− mice (n=5). E, 

Quantification of Rap1+-lEVs isolated from aortic wall from STD-fed ApoE−/− mice and 

from atherosclerotic aortic lesions from ApoE−/− mice fed with HFD for 8 (n=4 for STD and 

n=7 for HFD), 12 (n=12) or 16 wk (n=4). Data are shown as mean ± SD. P values in B, D 
were determined by the Mann-Whitney U test; E, Kruskal-Wallis test with Dunn test post 

hoc between all conditions. P values were not indicated when nonsignificant. Representative 

images were selected to represent the mean value of each condition.
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Figure 7. Rap1 expression in large extracellular vesicles (lEVs) isolated from human 
atherosclerotic plaques.
Quantification of Rap1+-lEVs isolated from atherosclerotic plaques (AP) and from the 

arterial wall adjacent to the lesion from patients undergoing carotid endarterectomy (n=5). 

Data are shown as interconnected dots between conditions for each related sample. P value 

was determined by the Mann-Whitney U test.
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