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A B S T R A C T   

Arterial stiffness due to the vessel remodeling is closely linked to raised blood pressure, and its physiopathologic 
mechanism is still not fully understood. We here aimed to explore whether extracellular vesicle (EV) mediated 
intercellular communication between endothelium and smooth muscle cell contribute to the blood vessel 
remodeling under hypertension. We here revealed that the arterial endothelial cells robustly secreted EV, which 
in turn could be circulated and/or directly taken up by the subendothelial smooth muscle cells (SMC). Under 
hypertension, the EV secretion increased and the miRNA profile changed significantly mainly due to the raised 
mechanical force and subsequent enhanced reactive oxygen species generation. Among the miRNA cargos in the 
EV, miR-320d/423-5p were found increased most significantly. In vivo delivery of miR-320d/423-5p mimics via 
engineered EV increased their expression in arterial vessels, recapitulating the phenotype in hypertension. In 
contrast, therapeutic delivery of miR-320d/423-5p inhibitors via engineered EV alleviated the phenotype in 
spontaneous hypertension rat model. Together, we have found that the injured endothelium due to the raised 
mechanical force in hypertension contributes to the arterial wall remodeling via the secreted EV. Our study has 
not only provided novel insights on the mechanism of hypertension associated blood vessel wall remodeling, but 
also shed light on therapeutic intervention of hypertension associated vascular diseases.   

1. Introduction 

Hypertension, or elevated blood pressure, is a serious chronic disease 
that significantly increases the disease risks of heart, brain, kidney and 
other organs [1–3]. It is estimated that 1.13 billion people worldwide 
suffering from hypertension. Hypertension features as endothelial 
dysfunction and artery remodeling, resulting in increased vascular wall 
thickness and elevated arterial stiffness. Arterial remodeling in turn 
further accelerates the deteriorative progression of blood pressure and 
generates a vicious cycle ultimately [4–6]. The disturbed communica-
tion between endothelial cells (EC) and subendothelial smooth muscle 
cells (SMC) plays a crucial role in the arterial remodeling [5,7–9]. 

Besides the intensively studied hormone and cytokines in the process, 
extracellular vesicles should be also involved, though the details are 
largely unknown [10–12]. 

Extracellular vesicles (EVs), which are less than 2000 nm in diam-
eter, are emerging as an important mediator for regulating intercellular 
communication and diagnostic marker for many diseases [13–15]. EVs 
typically contain proteins, nucleic acids, and lipids, reflecting their cell 
origins and mediating intercellular communication under normal and 
pathological conditions [16–18]. EVs have been extensively and inten-
sively studied due to their promising potential in treating diseases [19, 
20]. Elevated EV level has been reported in a variety of diseases, espe-
cially the inflammatory and damaged vascular diseases [21,22]. All of 
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these raise the possibility that EV from EC might alter the function of 
subendothelial SMC and thus arterial wall remodeling under 
hypertension. 

In the present study, we first profiled the changes of the EV from the 
EC in hypertension by combinatorial use of human blood specimen and 
pressure load cell model. Then, we confirmed that hypertension derived 
EV could remodel the vessel wall at least partially via switching the SMC 
phenotype with miR-423. Our study has not only provided novel insights 
on the mechanism of hypertension associated blood vessel wall 
remodeling, but also shed light on therapeutic intervention of arterial 
stiffening. 

2. Materials and methods 

2.1. Recruitment of healthy subjects and hypertension patients 

In the EV-miRNA screening experiment, 3 adult male healthy sub-
jects and 3 age-matched patients with stage one hypertension were 
enrolled. Blood samples in the morning after 12 h fasting were collected. 
The blood samples of equal volume in each group were pooled and the 
EVs were isolated with the ExoQuick™ (ExoQ5TM-1/TMEXO-1, SBI, 
USA). miRNA abundance in EV were profiled by RNA-sequencing. In the 
validation experiment, eleven male volunteers were enrolled. The blood 
pressure was monitored in the morning. The mean arterial pressure was 
calculated as the sum of 1/3 systolic blood pressure and 2/3 diastolic 
blood pressure. The plasma EVs were harvested for candidate miRNAs 
analysis by qPCR. All the subjects were informed consent and the study 
was ethically approved by the institutional review board at the Fourth 
Military Medical University. 

2.2. RNA-seq and bioinformatics 

A total of 4 mL of plasma in each group was mixed with RiboTM EV 
Isolation Reagent (Ribobio, China). After the isolation, EV-RNA was 
extracted by HiPure Plasma miRNA Kit (Megan, China). EV-RNAs were 
used to prepare small RNA libraries by NEBNext® Multiplex Small RNA 
Library Prep Set for Illumina (NEB, USA) according to manufacturer’s 
instructions. The libraries were sequenced by HiSeq 2500 (Illumina, 
USA) with single-end 50 bp at Ribobio Co. Ltd (Ribobio, China). The 
differentially expressed miRNAs were identified and shown by heatmap 
using Cluster 3.0 and Java Treeview. 

2.3. Experimental animals 

Eight-week-old male mice (C57BL/6) from Model Animal Research 
Center of Fourth Military Medical University were fed with normal chow 
diet (11%). Twelve-week-old male Wistar-Kyoto (WKY) and spontane-
ously hypertensive rats (SHR) from Beijing Vital River Laboratory Ani-
mal Technology Co. were fed with normal chow diet (11%). 

For EV intervention, mice or rats were injected with EVs via tail vein 
once per week for 4 weeks. At the end of the experiment, all animals 
were sacrificed and the tissues were isolated for further analysis. All 
animal procedures were in accordance with the guidelines of the Animal 
Care and Use Committee of Fourth Military Medical University. 

2.4. Cell culture 

Human umbilical vein endothelial cells (HUVEC) (ATCC®, CRL- 
1730™) and mouse aortic smooth muscle cells (MOVAS) (ATCC®, CRL- 
2797™) were cultured in complete Dulbecco’s modified Eagle Medium 
(DMEM, Gibco) medium supplemented with 10% fetal bovine serum 
(FBS, Gibco), 1% penicillin–streptomycin (Hyclone, GE), and main-
tained in a humidified atmosphere with 5% CO2 at 37 ◦C. 

2.5. Transmission electron microscopy of blood vessel 

To observe EV in the blood vessel, the aortas of mice were explanted 
after euthanasia using cervical dislocation. The samples were fixed with 
2% paraformaldehyde and 2% glutaraldehyde in 500 μL PBS at room 
temperature. After incubating for 30 min at 4 ◦C, the aortas were fixed 
with 2% glutaraldehyde in PBS at 4 ◦C overnight. The samples were 
washed three times with PBS and post-fixed with 2% osmium tetroxide 
in PBS at 4 ◦C for 1 h. Then, the samples were dehydrated in graded 
ethanol solutions, embedded in Epon-812 resin (Sigma-Aldrich, USA) 
and polymerized at 60 ◦C for 48 h. The polymerized resins were 
sectioned using an ultramicrotome (Ultracut-UCT, Leica, Germany). The 
sections were mounted on copper grids, stained with 2% uranyl acetate 
at room temperature for 10 min, washed with distilled water, and 
stained with lead stain solution (Sigma-Aldrich, St. Louis, USA) at room 
temperature for 3 min. Then the aorta samples were analyzed by TEM 
(JEM-1400, JEOL, Japan). 

2.6. Application of mechanical force on endothelial cells 

HUVECs were seeded onto six-well plates and cultured in growth 
medium containing 10% EV-free FBS. After reaching 70% confluence, a 
cover slip was placed over the cell layer and the compressive force was 
conducted by laying the weight of 2 g on the cover slip [23–25]. The 
weight load was performed for 8 cycles, with 30 min on and 30 min off. 
The group without the weight served as control. The secreted EVs from 
the different culture were then isolated. To analysis the effect of ROS in 
the process, cells were additionally treated with N-acetylcysteine at 10 
mM (NAC, Sigma, USA). 

2.7. Pulse wave velocity measurement 

Animal pulse wave velocity (PWV) was performed by experienced 
technicians using Vevo 2100 Imaging System (FUJIFILM VisualSonics, 
Canada). Mice or rats, with the hair around their chest and abdomen 
removed, were anesthetized by isoflurane (RDW, China) on a heating 
pad. The inhalation concentration of isoflurane was 3.5–4% for anes-
thesia induction and maintained at 2–2.5% during experiment. The 
heartbeats of mice or rats were kept around 350 or 400 beats per minute 
during the examination respectively. The velocity spectra were acquired 
at the ascending aorta and abdominal aorta for aortic PWV calculation. 
The time from the R wave of the electrocardiogram (ECG) to the start of 
pulse waveform for each measurement location was calculated by using 
a real-time signal acquisition and spectrum analyzer system. PWV was 
calculated as the distance divided by the time difference of the peak 
aortic flow at two distinct locations in the aorta. 

2.8. EV isolation and characterization 

For EV isolation from the blood plasma, blood was drawn into BD 
Vacutainer Blood Collection Tubes (BD, Bioscience) containing buffered 
sodium citrate as anticoagulant. Within 15 min of blood draw, blood 
plasma was isolated by centrifugation at 2000 g for 15 min, followed by 
a second round of centrifugation to remove any platelets remained. 
Then, plasma EVs were then isolated using the commercial kit Exo-
Quick™ (ExoQ5TM-1/TMEXO-1, SBI, USA). 

For EV isolation from the culture medium, the supernatant was first 
centrifuged at 800 g for 10 min to remove cells, and then at 10,000 g for 
20 min to eliminate the cellular debris. The resulting supernatant was 
regularly filtered through 0.22 μm filters and then subjected to ultra-
centrifugation for 3 h before EV harvesting. The protein concentration of 
EV was determined using the Pierce BCA Protein Assay Kit (Thermo 
Scientific, Waltham, MA, USA). Transmission electron microscopy 
(TEM) (HT7800, Hitachi) was used to determine EV size and 
morphology [26–28]. For biomarker analysis of EV, the EV pellet was 
dissolved in lysis buffer for Western blot of inclusive markers. The size 
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distribution of EV was directly measured using the nanoparticle tracking 
analysis (NTA) with ZetaView PMX110 (Particle Metrix, Meerbusch, 
Germany). 

2.9. EV tracking analysis 

DiI and DiR (DiIC18(3) and DiIC18(7)), a family of fluorescent probe 
widely used lipophilic tracers for membrane labeling were included for 
EV labeling. Briefly, EVs (1 μg/μL) were incubated with DiI or DiR dye 
(1 mM, Invitrogen, China) at the ratio of (500:1 in volume) for 30 min, 
and the unbound dye was removed by another round of EV isolation as 
described above. 

For in vivo fluorescence imaging, 200 μg of EVs were labeled with 
fluorescent dye DiR followed by tail vein injection for distribution 
analysis in vivo. Four hours later, the distribution of fluorescent-labeled 
EVs was observed under using in vivo imaging system (IVIS, Perki-
nElmer, Thermo Fisher, USA) [29]. Mice were anesthetized by iso-
flurane and had their thoracic and abdominal hair removed before 
imaging. After whole-body imaging, mice were sacrificed and the organs 
were taken out for subsequent fluorescence imaging. 

For analysis of the EVs distribution in the blood vessel, DiI-labeled 
EVs were prepared similarly before tail vein injection. Four hours 
later, mice were sacrificed and isolated blood vessels were fixed by 4% 
paraformaldehyde before sectioning. Sections were incubated with 
rabbit α-SMA (Servicebio, GB111364, 1:1000) at 4 ◦C overnight, fol-
lowed by incubation with goat anti-rabbit IgG H&L (Alexa Fluor 488) 
(Servicebio, GB25303, 1:300) secondary antibody. The nuclei were then 
counterstained with Hoechst. Distribution of DiI-labeled EVs was 
observed by laser scanning confocal microscope (ECLIPSE Ti, Nikon, 
Tokyo, Japan). The entire process was conducted in dark. 

For in vitro tracing of EVs in vascular SMC, MOVAS cells were 
incubated with DiI-labeled EVs for 3 h. The cells were then washed with 
PBS three times and fixed with 4% paraformaldehyde for 10 min. Cell 
nuclei was counterstained with Hoechst (Invitrogen, H3570), and DiI 
labeled EVs in the cells were observed using a Nikon A1 Spectral 
Confocal Microscope (Nikon, Japan). 

2.10. Measurement of reactive oxygen species (ROS) 

Superoxide production was detected by DHE (Dihydroethidium, 
S0063, 1:1000, Beyotime, China) [30]. DHE is a cell-permeable fluo-
rescent probe for the evaluation of ROS level. After being oxidized by 
superoxide, DHE can produce red fluorescence by binding to RNA or 
DNA. For DHE staining of the cells, 10 μM DHE was added in the me-
dium and incubated with cells in a light-protected, humidified chamber 
at 37 ◦C for 30 min. After incubation, the cells were washed with PBS for 
3 times. Then, cells were fixed for 15 min by 4% paraformaldehyde and 
the nuclei was counterstained with Hoechst (1:1000, Invitrogen, China). 
After washing 3 times with PBS, the fluorescence signal for DHE and the 
blue nuclei were viewed by laser scanning confocal microscope 
(ECLIPSE Ti, Nikon, Tokyo, Japan) and the intensities of the images 
were quantified with ImageJ software. 

2.11. miRNA loading into EVs 

The isolated EVs were loaded with miRNA-mimics, miRNA-inhibitor 
or negative control (NC) (Gene Pharma, China) via electroporation. 
Briefly, EVs and miRNA mimics (150 μg EV/0.5 OD mimics) were 
resuspended in 400 μL PBS and electroporated with Gene Pulser Xcell 
(Bio-Rad) at 700 V, 50 μF for 6 pulses in 4 mm Bio-Rad cuvettes (Bio- 
Rad). Electroporated EVs were then incubated in ice for 30 min and 
unloaded miRNAs were removed by RNase treatment at 37 ◦C for 20 min 
(0.5 μg/μl, Thermo Fischer Scientific, USA). After RNase treatment, EVs 
were then washed and additionally isolated with the ultracentrifugation 
method before further analysis or downstream application. 

2.12. Cell transfection 

MOVAS cells were plated in 6-well plates one day before trans-
fection. Cells with indicated treatments were additionally transfected 
with 4 μg control, miRNA-mimics or inhibitors by Lipofectamine 2000 
(Invitrogen, USA) according to the manufacturer’s instructions. Cells 
were then incubated at 37 ◦C, 5% CO2 for 24 h followed by harvesting. 

2.13. Quantitative real-time polymerase chain reaction analysis 

Total RNAs were extracted from tissues, cultured cells or EVs using 
Tripure Isolation Reagent (Roche, Basel, Switzerland) according to 
manufacturer’s protocol. miRNA was reversely transcribed by miRcute 
Plus miRNA First-strand cDNA Synthesis Kit (Tiangen, Beijing, China) 
and mRNA was reversely transcribed by First Strand cDNA Synthesis Kit 
(Genenode, Beijing, China) according to manufacturers’ instructions. 
The qPCR reaction (in 20 μL system) was performed by FastStart 
Essential DNA Green Master (Roche, IN, USA) with specific forward 
primers. Relative miRNA expression was normalized to U6 or Gapdh 
levels and calculated with the 2-ΔΔCT method. The sequences of PCR 
primers were provided in Table S1. 

2.14. Western blot analysis 

The protein samples of EV from different groups were lysed using 
RIPA buffer (Beyotime, China). Protein concentrations were determined 
using BCA Protein Assay Kit (Thermo Scientific). Samples were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to nitrocellulose membranes (Immobilon P, 
Millipore, USA). The membranes were blocked with 5% milk in Tris- 
buffered saline containing 0.1% Tween-20 for 1 h at room tempera-
ture. Then, the membranes were incubated with primary antibodies at 
4 ◦C overnight. The antibodies included anti-GM130 (Abcam, ab30637, 
1:1000), anti-CD9 (Abcam, ab92726, 1:1000), anti-TSG101 (Abcam, 
ab125011, 1:1000). The membrane was then incubated with corre-
sponding secondary antibodies for 1 h at room temperature. The bands 
were visualized using the ECL Prime Western Blotting Detection Reagent 
(GE, UK). 

2.15. Histology 

The blood vessels were harvested at the end of the experiments, fixed 
in 4% PFA, cleaned, embedded in OCT, and sectioned. Then, the serial 
cross-sections (10 μm) were stained with hematoxylin and eosin, Masson 
trichrome for histological analysis. 

2.16. Statistical analysis 

All data are expressed as the means ± SEM. Statistical significance 
was analyzed by GraphPad Prism 7.0 using the Student’s t-test for two 
group comparison or ANOVA for more than three groups. Differences 
with P < 0.05 were considered statistically significant. 

3. Results 

3.1. Transfer of EVs from the endothelium into subendothelial SMC in 
artery 

In order to explore whether EV involved in the intercellular 
communication between EC and subendothelial SMC, the ultrastructure 
of the artery was analyzed by transmission electron microscopy. As 
shown in Fig. 1A, there were amounts of vesicles in the basolateral side 
of the endothelium, while some of the vesicles were undergoing secre-
tion. The vesicles were in the size range of 80–100 nm in diameter and 
displayed a typical ball-shaped morphology (Fig. 1A). 

To further confirm EV distribution in mice, EVs were harvest from 
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the culture medium of HUVEC by ultracentrifugation (Fig. 1B). The 
particle size for EV was about 100 nm in diameter (Fig. 1C, D). In 
addition, the exosomal inclusive markers (TSG101, CD9) and exclusive 
marker GM130 [31] confirmed the EVs were mainly exosomes (Fig. 1E). 
In vivo analysis of the biodistribution of DiR labeled EVs revealed that 

the EVs mainly accumulated in the liver (Fig. 1F, left panel). Besides the 
main distribution in liver, EVs were also found in other organs (Fig. 1F, 
right panel, Fig. 1G). Notably, there were also EVs in the blood vessels, 
especially the branched area (Fig. 1F, G). 

To mimicking the blood pressure force pushing the blood vessel wall, 

Fig. 1. Transfer of EC derived EVs to the artery. 
(A) Transmission electron microscopy of mouse aorta. 
Robust vesicles secretion could be seen in the basal 
side of the endothelium in the artery. Scale bars 
represents 1 μm or 200 nm. (B) Schematic illustration 
of the procedure how the HUVEC derived EVs were 
isolated. (C) Representative image of transmission 
electron microscopy of the EV released from HUVEC. 
Scale bars represents 100 nm. (D) Size distribution of 
EVs as analyzed by NTA. (E) Western blot analysis of 
EV inclusive and exclusive marker expression, 
including GM130, TSG101 and CD9. Representative 
data of at least three independent experiments. (F) 
Representative images of DiR-labeled EVs distributed 
in different tissues. About 150 μg (at protein level) in 
100 μL of EV from EC labeled with DiR was injected 
via tail vein. About 4 h after the intravenous injection, 
in vivo and ex vivo fluorescence imaging were per-
formed. Accumulation of EVs could be seen in the 
aorta, especially the branched region. n = 3 mice. (G) 
Quantification data of the relative fluorescence in-
tensity of distributed EVs in different tissues. n = 3 
mice.   

Fig. 2. Uptake of the endothelial cell-derived EVs by 
the SMC. 
(A) Schematic illustration of the setup of the cell 
model subjected to compressive forces and the pro-
cedure how the derived EVs were harvested. (B) 
Representative electron microscopy of the EV 
released from control or weight loaded HUVECs. 
Scale bars represents 100 nm. (C) Size distributions of 
EVctrl and EV2g as analyzed by NTA. (D) Western blot 
analysis of EV inclusive and exclusive marker 
expression, including GM130, TSG101 and CD9. 
Representative data of at least three independent 
experiments. (E) Schematic representation of the an-
imal experiment procedure. EVs were labeled with 
DiI (Red) followed by tail vein injection. (F) EV dis-
tribution in the artery. SMCs were stained with anti- 
α-SMA (Green) and the nuclei were counterstained 
with Hoechst (Blue). Images were taken under 
confocal microscope. Arrow indicates the SMC dis-
tribution while arrowhead indicates the possible 
endothelium localization of the EVs. (G) Quan-
tification data of the relative fluorescence intensity of 
DiI labeled EV distribution in the artery. Data are 
presented as mean ± SEM. n = 3 mice. *P < 0.05 as 
determined by t-test.   
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HUVECs were subjected to cyclic weight overloading (Fig. 2A). The EVs 
derived from control or 2 g weight loading cells were denoted as EVctrl 

and EV2g respectively. Weight loading didn’t change the EV size, 
morphology and marker expression, while the yield under 2 g weight 
was moderately increased (Fig. 2B–D). Smooth muscle cells (MOVAS) 
were incubated with DiI labeled EVctrl and EV2g (Fig. S1A). Both EVctrl 

and EV2g could be efficiently taken up by MOVAS, while the uptake 
efficiency of EV2g was markedly higher than that of EVctrl (Fig. S1B, C). 
To explore whether these EVs could circulate into the subendothelial 
SMC in vivo, EVs were labeled with DiI and traced by confocal micro-
scope after tail vein injection (Fig. 2E). As shown in Fig. 2E, EVctrl and 
EV2g were found in SMC of the artery 4 h after intravenous injection. 
Notably, there were more EV2g colocalized with the SMC in the blood 
vessel. To further confirm the finding, EVctrl and EV2g were loaded with 
cel-miR-54, which has no homolog in mouse, and cel-miR-54 expression 
in the aorta was analyzed by qPCR (Fig. S2A). Consistent with the 
fluorescence data, there were more cel-miR-54 delivered into the aorta 
in the EV2g group (Fig. S2B). 

Besides efficient uptake by SMC, EC derived EVs could be also taken 
up by endothelium both in vitro and in vivo (Fig. 2F, G and Fig. S3A, B). 

3.2. EVs from the injured endothelium recapitulate the phenotype in 
hypertension 

Next, we explored whether the EVs from the injured endothelium 
conferred the functional information in vivo. EVs were injected into mice 
via tail vein once a week for 4 weeks, and the arterial stiffness was then 
assessed by PWV (Fig. 3A, B). The aorta PWV in mice of EV2g treatment 
showed a significant higher PWV in comparison with the control 
(Fig. 3C). Moreover, HE staining showed that the vascular wall thickness 

was markedly increased in EV2g group mice (Fig. 3D, E). And smooth 
muscle fibers were sparse and disordered with prominent gaps in the 
media (Fig. 3D). The lumen diameter had no significant change, while 
the wall and lumen ratio increased in the EV2g treatment group (Fig. 3E- 
G). Consistently, there was increased collagen deposition in vascular 
wall in EV2g mice group as revealed by Masson’s trichrome staining 
(Fig. 3H). Moreover, the mRNA expression of Col3a1, Col1a1 and Spp1, 
which were the synthetic phenotype marker of SMC, was found signif-
icantly increased in EV2g treatment group, suggesting that EV2g treat-
ment might promote SMC phenotype switch (Fig. 3I–K). Accordingly, 
EV2g treatment also promoted the synthetic phenotype switch of 
MOVAS, as shown by up-regulated expression of Col3a1, Col1a1 and 
Spp1 (Fig. S4A-D). 

3.3. Significant miRNA changes in the EVs derived from dysfunctional 
endothelium under hypertension 

To identify the key molecules inside the EVs involved in the function, 
we focused on the miRNA components. Thus, the difference of miRNA 
profiles in plasma EVs between normal people and hypertension patients 
were profiled (Fig. 4A). The particle size for plasma-EV was 150–200 nm 
in diameter (Fig. 4B, C), expressing typical EV markers (including 
TSG101, CD9, and no GM130) (Fig. S5A). Then EVs were sequenced by 
HiSeq 2500 (Illumina, USA). Totally, 1228 EV-miRNAs were identified 
in samples of control and hypertension (Fig. S5B), with 730 miRNAs 
found in both groups (Fig. S5B). Moreover, there were 19 miRNAs with 
high abundance in either group showed significant difference between 
two groups, including 10 up-regulated and 9 down-regulated in hyper-
tension group (Fig. 4D). Among these miRNAs, we were specifically 
interested in miR-320d and miR-423-5p for their most obvious fold 

Fig. 3. The effects of EVctrl and EV2g on arterial remodeling. 
(A) Schematic representation of the experimental procedure. (B) Representative images showing how PWV was acquired. The pulse wave velocity spectra were 
acquired at the ascending aorta and abdominal aorta, with the simultaneous ECG. The time lagging of peak velocity in the two positions was used for PWV 
calculation. (C) The PWV of the EVctrl and EV2g treated mice. Data are means ± SEM. n = 5, **P < 0.01 by t-test. (D) Vascular change as revealed by Hematoxylin/ 
eosin staining. (E-G) Wall thickness (E), internal diameter (F) and wall/lumen ratio (G) of the arteries of mice receiving EVctrl and EV2g treatment for 4 weeks. n = 5. 
n.s., no significance, **P < 0.01, ***P < 0.001 as determined by t-test. (H) Masson’s trichrome staining of the aorta in mice with indicated treatment. Representative 
images of at least 3 mice of each group. Scale bars represent 50 μm. (I–K) Expression of Col3a1 (I), Col1a1 (J) and Spp1 (K) in the arteries of EVctrl and EV2g treated 
mice. Expression of mRNA candidates were normalized to Gapdh expression. Data are expressed as mean ± SEM of at least 3 biological replicates. *P < 0.05, **P <
0.01 by t-test. 
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change (Fig. 4D). To further explore the correlation between miR-320d/ 
miR-423-5p abundance and the blood pressure, 11 more volunteers 
were recruited. Interestingly, we found a significant positive correlation 
between mean blood pressure and the abundance of the two EV-miRNAs 
(EV-miR-320d: R2 = 0.3845, P = 0.0418; EV-miR-423-5p: R2 = 0.3854, 
P = 0.0415) (Fig. 4E, F). 

3.4. EV miR-320d/423-5p from the dysfunctional endothelium contribute 
to the arterial remodeling 

In view of the above data, we assumed that EVs derived from 
dysfunctional endothelial cells might participate in the arterial remod-
eling via transferring miRNA-320d/423-5p. As expected, EV2g treatment 
significantly increased expression of miRNA-320d/423-5p in the aorta 
(Fig. S6). To verify the effect of EV-miRNA-320d/423-5p, miR-320d- 
mimics and miR-423-5p-mimics were thus encapsulated into EV derived 
from control endothelial cells respectively by electroporation. qPCR 
analysis showed that miRNA-mimics were efficiently loaded into the EVs 
(Fig. S7A, B). Then, the EVs were tail vein injected once a week for 4 
weeks, the arterial stiffness was measured by PWV (Fig. 5A). As ex-
pected, both of the EVmiR-320d-mimics group and EVmiR-423-5p-mimics group 
had significant higher PWV, compared with the negative control group 
(Fig. 5B). Moreover, the thickness of vascular wall and the wall/lumen 
ratio increased in the EVmiR-320d-mimics group and EVmiR-423-5p-mimics 

group (Fig. 5C-F). Histology analysis showed increased collagen depo-
sition and disordered arrangement of SMC in the groups treated with the 
EVmiR-320d-mimics and EVmiR-423-5p-mimics (Fig. 5G). Accordingly, mRNA 
expression of Col3a1, Col1a1 and Spp1, was found increased in the two 
groups (Fig. 5H-J). 

3.5. Therapeutic delivery of miR-320d/miR-423-5p inhibitors alleviates 
the arterial remodeling in SHR model 

The above data indicated that EV-mediated delivery of miRNA- 
320d/423-5p might contribute to the SMC phenotype switch and arte-
rial remodeling. In the following experiments, we explored whether 
intervention of the intercellular communication would be therapeutic. 
SHR rat model was included. The PWV of SHR was much higher 
compared with the control Wistar-Kyoto (WKY) rats (Fig. S8A, B). 
Similarly, the thickness of vascular wall and wall/lumen ratio of SHR 
were much larger, compared with WKY (Fig. S8C–F). Moreover, more 
collagen deposition and prominent gaps increased as Masson’s tri-
chrome staining showed in SHR compared with WKY (Fig. S8C). qPCR 
revealed higher mRNA expression of Col3a1, Col1a1 and Spp1 in SHR 
rats (Fig. S8G-I). All of these suggested that high blood pressure aggra-
vated the vascular stiffness and dysfunction in the SHR model, resem-
bling the phenotype in hypertension patients. 

miR-320d-inhibitor and miR-423-5p-inhibitor were thus encapsu-
lated into EV derived from endothelial cells by electroporation respec-
tively. Control EV (EVNC-inhibitor), EVmiR-320d-inhibitor and EVmiR-423-5p- 

inhibitor were injected via tail vein once a week for one month (Fig. 6A). 
The loading efficiency of miRNA-inhibitors was considerable by qPCR 
analysis (Fig. S7C, D). Compared with control group, EVmiR-320d-inhibitor 

group and EVmiR-423-5p-inhibitor treatment significantly decreased the 
aorta PWV in SHR rats (Fig. 6B). Consistent with the functional change, 
the thickness of vascular wall and the wall/lumen ratio was decreased 
after EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor treatment, while the di-
ameters of the blood vessel showed no significant changes (Fig. 6C–F). In 
addition, EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor treatment reduced 
collagen deposition (Fig. 6G) and down-regulated the mRNA expression 

Fig. 4. Profiling of the miRNA abundance in the EVs from hypertension patients. 
(A) Schematic illustration of the procedure of blood harvesting and EV-miRNA sequencing in normal volunteers and hypertension patients. (B) Representative 
electron microscopy of the EVNBP and EVHBP. Scale bars represents 100 nm. (C) Size distributions of EVs from blood samples were compared by NTA. (D) Heat map 
analysis based on the 19 most significant miRNAs of EVs from control group or hypertension group. (E-F) Pearson correlations were performed to investigate the 
correlation between mean blood pressure and the expression levels of EV-miR-320d (E) or EV-miR-423-5p (F). Expression of miRNA candidates were normalized to 
U6 expression. Mean blood pressure represents 1/3SBP +2/3DBP. 
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Fig. 5. EVmiR-320d-mimics and EVmiR-423-5p-mimics treatments recapitulate the arterial remodeling of hypertension. 
(A) Schematic representation of the experimental procedure. (B) The PWV of mice receiving the EVNC-mimics, EVmiR-320d-mimics and EVmiR-423-5p-mimics. Data are means 
± SEM. n = 5, **P < 0.01 by one-way ANOVA. (C) Vascular change as revealed by Hematoxylin/eosin staining. (D-F) Wall thickness (D), internal diameter (E) and 
wall/lumen ratio (F) of the arteries of mice receiving EVNC-mimics, EVmiR-320d-mimics and EVmiR-423-5p-mimics treatment for 4 weeks. n = 5. n.s., no significance, *P <
0.05, **P < 0.01, ***P < 0.001 as determined by one-way ANOVA. (G) Masson’s trichrome staining of the aorta in mice with indicated treatments. Representative 
images of at least 3 mice of each group. Scale bars represent 50 μm. (H-J) Expression of Col3a1 (H), Col1a1 (I) and Spp1 (J) in the arteries of mice receiving EVNC- 

mimics, EVmiR-320d-mimics and EVmiR-423-5p-mimics treatment. Expression of mRNA candidates were normalized to Gapdh expression. Data are expressed as mean ± SEM of 
at least 3 biological replicates. *P < 0.05, **P < 0.01 by one-way ANOVA. 

Fig. 6. EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor treatments alleviate the arterial remodeling in SHR rats. 
(A) Schematic illustration of the experimental procedure. EVs encapsulating miRNA inhibitors were injected into SHR rats once a week for 4 weeks. (B) The PWV of 
SHR rats receiving EVNC-inhibitor, EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor. Data were expressed as mean ± SEM. n = 5, *P < 0.05 by one-way ANOVA. (C) Vascular 
change as revealed by Hematoxylin/eosin staining. (D-F) Wall thickness (D), internal diameter (E) and wall/lumen ratio (F) of the arteries of rats receiving EVNC- 

inhibitor, EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor for 4 weeks. n = 5. n.s., no significance, *P < 0.05, **P < 0.01 as determined by one-way ANOVA. (G) Masson’s 
trichrome staining of the aorta in rats with indicated treatments. Scale bars represent 50 μm. (H-J) Expression of Col3a1 (H), Col1a1 (I) and Spp1 (J) in the arteries of 
SHR rats receiving EVNC-inhibitor, EVmiR-320d-inhibitor and EVmiR-423-5p-inhibitor injection. Expression of mRNA candidates were normalized to Gapdh expression. Data were 
expressed as mean ± SEM of at least 3 biological replicates. *P < 0.05, **P < 0.01 by one-way ANOVA. 
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of Col3a1, Col1a1 and Spp1 in the blood vessels of SHR (Fig. 6H–J). 
In the following experiments, we explored the downstream target of 

miR-320d and miR-423-5p. Inhibition of miR-423-5p with the miRNA 
inhibitor significantly blocked the effects of EV2g on the synthetic 
phenotype switch of vascular SMC in vitro (Figs. S9A–C), suggesting that 
miR-423-5p could regulate the synthetic phenotype switch of vascular 
SMC directly. Unexpectedly, inhibition of miR-320d with the inhibitor 
had no effect on EV2g induced synthetic phenotype switch of vascular 
SMC. The paradoxical roles of miR-320 in EV between in vivo animal 
experiment and the in vitro cell experiments suggested that miR-320 
might regulate other cell types rather than directly on the SMC. 

Previous study has found that miR-423-5p could regulate Mybl2, a 
putative regulator of synthetic phenotype switch of vascular SMC [32, 
33]. In order to further clarify the direct target of miR-423-5p, the 
mRNA level of Mybl2 in MOVAS treated with control or 
miR-423-5p-mimic transfection was analyzed by qPCR. As expected, 
miR-423-5p transfection significantly reduced the expression of Mybl2 
(Fig. S10A). Accordingly, EV mediated delivery of miR-423-5p signifi-
cantly reduced Mybl2 expression in the aorta (Fig. S10B). All the data 
suggested that miR-423-5p in EV2g or EV from hypertension might 
regulate SMC synthetic phenotype switch at least via Mybl2. 

3.6. Increased ROS contribute to high abundance of miR-320d/miR-423- 
5p in EVs 

In view of the above data, we asked whether the change of plasma 
EV-miR-320d/miR-423-5p from hypertension patients were mainly 
from the injured endothelium, the abundance of the two miRNAs level of 
EVctrl and EV2g and their donor cells were then analyzed. Consistent with 
the previous findings that mechanical force induces ROS generation 
[34–37], ROS in the HUVEC with 2 g weight treatment were much 
higher than that in the control group (Fig. 7A, B). ROS scavenger 
N-acetylcysteine (NAC) treatment significantly reduced the ROS 
(Fig. 7A, B), together with the abundance of miR-320d and miR-423-5p 
in donor cells and EVs (Fig. 7C, D). The expression of miR-320d and 
miR-423-5p was significantly up-regulated in both the weight overload 
cells and the derived EV2g (Fig. 7C, D), suggesting that the increased 
abundance in EVs might be due to the enhanced expression of the two 
miRNAs in the donor cells. Together, these findings suggested that hy-
pertension related mechanical force increased miR-320d and 
miR-423-5p abundance in EVs in an ROS dependent manner. 

4. Discussion 

Arterial remodeling is the key feature of hypertension, which in turn 
accelerates the deteriorative progression of blood pressure and gener-
ates a vicious cycle. In the present study, we have revealed that EV from 
the EC could be taken up by the subendothelial SMC in the artery. Upon 
hypertension, the EV from the injured EC could remodel the vessel wall 
at least partially via switching the SMC phenotype with miR-320/miR- 
423. In contrast, therapeutic delivery of miR-320d/423-5p inhibitors 
via engineered EVs alleviated the phenotype in spontaneous hyperten-
sion rat model. 

Endothelium, the largest organ in the body, acts as an important 
regulator of vascular homeostasis, maintaining a balance between 
vasoconstriction, vasodilatation, and regulation of smooth muscle pro-
liferation [38]. Endothelial dysfunction is a prominent feature in hy-
pertension [39]. The pathophysiological mechanisms responsible for 
hypertension are complex, and the endothelium dysfunction could be at 
least partially attributed to up-regulated iNOS (inducible nitric oxide 
synthase) and down-regulated eNOS (endothelial nitric oxide synthase), 
resulting in disturbed release of NO and aberrant vasodilation [4]. It has 
also been reported that endothelial cells, exposed to hemodynamic 
forces of nonuniform and irregular flow, are easily injured [40,41]. The 
disturbed flow could also induce the expression of a number of athero-
genic and thrombogenic genes, proliferation of EC, and modulation of 
synthetic SMC phenotype differentiation [42,43]. Here, we proposed 
that the blood pressure force pushing the vessel wall increased ROS 
generation in the endothelium, which in turn altered the EVs secretion 
and miRNA profile, resulting in the SMC phenotype switch and arterial 
stiffening when taken up by the SMC. Our study here not only provided 
another layer of the pathological mechanism of hypertension, but also 
revealed a relationship between mechanical force and EV yield in the 
model of endothelium. Our results suggested that high physical pressure 
favors EVs production in endothelial cells in vitro. Considering the 
promising future of EVs in drug delivery [44–47], it is interesting to 
optimize the mechanical force in the culture condition toward increased 
yield of EVs for therapeutic purposes. 

Both of EC and SMC are the primary cell types regulating vascular 
homeostasis, and the information exchange between the two cell types is 
considered closely related to the vascular structure and function [16, 
48]. Coordinated functions of EC and SMC could be achieved by various 
mechanisms, such as direct physical contact and paracrine interaction 

Fig. 7. Mechanical force induces EV enrichment of miR-320d and miR-423-5p in an ROS dependent manner. 
(A) Confocal microscope images of the DHE staining of the ROS (red) in HUVECs with different treatments. Nuclei were counterstained with Hoechst. Scale bars 
represent 30 μm. (B) Quantification of the DHE fluorescence intensity in Figure A. Data were presented as means ± SEM. ***P < 0.001 as determined by one-way 
ANOVA. (C-D) qPCR analysis of the abundance of miRNAs in cells with control or 2 g weight loading or 2 g weight loading plus NAC treatment (C) or the derived EVs 
(D). Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by one-way ANOVA. 
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[49,50]. Recently, EV-mediated intercellular communication has been 
intensively studied in different organs, including the cardiovascular 
system. For instance, Zheng et al. found that EVs derived from 
KLF5-overexpressing vascular SMCs could transfer miR-155 to ECs, 
which in turn inhibited EC proliferation and migration, eventually 
impairing the integrity of endothelial barriers [51]. In another study, 
Tong et al. has found that EVs derived from vascular adventitial fibro-
blasts can transfer angiotensin-converting enzyme to vascular SMCs 
[52]. In our study, we found that EVs derived from ECs could be taken up 
by vascular SMCs and significantly contribute to the vascular stiffness 
remodeling process during hypertension. All the studies indicate that an 
active and robust EV-based intercellular communication between EC 
and SMC. However, it remains to be determined that how EC derived 
EVs trafficking to the vascular SMC, for EV uptake involving more than 
one route [53]. Theoretically, the EVs could directly cross the basement 
membrane and endocytosed by the SMC, as EVs, mainly exosomes have 
been found to have the ability to cross types of biological barriers 
[54–56]. Alternatively, the EVs could be released into circulation and 
reach SMC via the vasa vasorum. Further real-time tracing of the in vivo 
labeled EVs with two-photon excitation microscopy might shed light on 
the interesting question. Notably, we here found that EVs derived from 
injured EC displayed higher efficiency in entering vascular SMC, with 
the details unknown. Future studies revealing the targeting moieties in 
the EVs could be harnessed for efficient targeting to the SMCs. 

In our current study, we found dozens of miRNAs in the EVs changed 
significantly in hypertension, especially up-regulated miR-423-5p and 
miR-320d, two miRNAs involved in regulation of SMC phenotype switch 
and function [57–59]. Previously, miR-423 and miR-320 have been re-
ported to be involved in various cardiovascular biological processes [32, 
60,61]. For example, miR-320 is involved in atherosclerosis via targeting 
SRF in endothelium [61], while miR-423 targets Mybl2 (a repressor of 
collagen genes) in multiple cells associated with cardiovascular devel-
opment and cancer progression [32,62]. EV-miR-423 was reported 
being a promising biomarker for heart failure [63,64]. Our study here 
further revealed that EV-related miR-423-5p and miR-320d contribute 
to the arterial stiffening via SMC phenotype switch. 

Notably, EV mediated delivery of either miR-423-5p-inhibitor or 
miR-320d-inhibitor can alleviate vascular stiffness, reverse the pheno-
typic switch of vascular SMC, and thus slow down the progression of 
hypertension in vivo. However, miR-423-5p, rather than miR-320d was 
found to have direct effects on the synthetic phenotype of vascular SMC 
in vitro. It is highly possible that miR-320d in EVs might be act on 
endothelial cells in vivo, which in turn affect the vascular SMCs. The 
explanation is supported by a recent study, which has revealed that 
overexpression of miR-320a in vivo attenuates endothelium cell function 
and promotes atherogenesis, together with significant increase in levels 
of plasma lipid and serum inflammatory cytokines [61]. The assumption 
is also supported by the observation that the EVs could also be taken up 
by endothelium in vivo. 

In addition to the therapeutic effect, the potential of EVs as bio-
markers has broad implications for personalized diagnosis, risk strati-
fication, and prognosis of cardiovascular diseases [65,66]. Considering 
the causative role of miR-320d/423-5p in SMC phenotype switch, it is 
thus reasonable to speculate these two miRNAs may be valuable diag-
nostic biomarkers predicting the arterial remodeling. 

5. Conclusion 

In the present study, we have revealed that EVs from the ECs could be 
taken up by the subendothelial SMCs in the artery. Upon hypertension, 
the EVs from the injured ECs could remodel the vessel wall at least 
partially via switching the SMC phenotype with the miRNAs encapsu-
lated. Our study has not only provided novel insights on the mechanism 
of hypertension associated blood vessel wall remodeling, but also shed 
light on therapeutic intervention of arterial stiffening. 
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