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Essential hypertension, one of the most common and im-
portant health problems worldwide, is a major risk factor for 
stroke, myocardial infarction, heart and kidney failure, and 
premature deaths.1 More recently, studies have paid more at-
tention to the role of inflammation in the pathogenesis of hy-
pertension.2 In fact, hypertension is now thought as a chronic 
low-grade inflammatory disease.3 Inhibition of inflammation 
may be a potential therapeutic strategy in hypertension. The 
classical renin–angiotensin system (RAS), which consists of 
a series of biological and enzymatic reactions resulting in the 
generation of angiotensin II (Ang II), is a vital system respon-
sible for the regulation of blood pressure.4 Recent studies have 

focused on the new components of the RAS, such as Ang-
(1–7). Ang-(1–7), via its G protein-coupled receptor Mas 
receptor, has several effects, including vasodilation and anti-
inflammation.5,6 Many studies have shown that blood pres-
sure in Mas gene-deleted mice is elevated,7–10 though studies 
also showed that administration of a Mas receptor antagonist 
A-779 does not affect the chronic hypertensive effects of Ang 
II in normal rats.11

Extracellular vesicles (EVs) are heterogeneous plasma 
membrane-derived vesicles released from most eukary-
otic cells to the extracellular space in normal and disease 
states.12,13 On the basis of their size and secretory origin, 
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BACKGROUND
Essential hypertension is associated with increased plasma 
concentrations of extracellular vesicles (EVs). We aimed to determine 
the role of monocyte miR-27a in EVs on arterial Mas receptor expres-
sion, and its involvement in the pathogenesis of hypertension.

METHODS
THP-1 cells were transfected with miR-27a mimic and miR-27a 
inhibitor, and EVs were collected. Mas receptor expression and 
endothelial nitric oxide synthase (eNOS) phosphorylation were 
determined by immunoblotting. Sprague–Dawley (SD) rats re-
ceived EVs via tail-vein injection. Blood pressure (BP) was meas-
ured with the tail-cuff method. The vasodilatory response of 
mesenteric arteries was measured using a small vessel myograph.

RESULTS
EVs from THP-1 cells increased rat BP by impairing Ang-(1–7)-
mediated vasodilation in mesenteric arteries, which was further 
exaggerated by EVs from lipopolysaccharides-treated THP-1 cells. 
As the receptor and key signaling of Ang-(1–7), next experiments 
found that Mas receptor expression and eNOS phosphorylation 

were decreased in mesenteric arteries from EVs-treated SD rats. 
Screening studies found miR-27a in EVs may be involved in this 
process. Through transfection with miR-27a inhibitor or miR-27a 
mimic, we found that miR-27a downregulates Mas receptor expres-
sion in endothelial cells. Injection of EVs from miR-27a-transfected 
HEK-293 cells decreased Mas receptor and eNOS phosphorylation 
in mesenteric arteries, impaired Ang-(1–7)-mediated vasodilation 
and increased BP. Earlier effects were reversed using cells with 
downregulation of miR-27 in EVs.

CONCLUSIONS
Monocyte miR-27a in EVs decreases Mas receptor expression and eNOS 
phosphorylation in endothelium, impairs Ang-(1–7)-mediated vasodi-
lation, and causes hypertension. Understanding the contributions of 
EVs in the pathogenesis of hypertension may facilitate their use as a 
diagnostic biomarker.
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EVs are categorized as exosomes, microvesicles, and apop-
totic bodies. Exosomes are 30–100 nm in diameter and de-
rived from the fusion of multivesicular bodies to the plasma 
membrane; microparticles, ranging from 100 to 1,000 nm, 
are thought to be the product of exocytic budding; apoptotic 
bodies are more than 1,000 nm in diameter and are formed 
when the cell undergoes programmed cell death.12,13 EVs are 
released into biological fluids, including interstitial, blood, 
and urine, and then transferred into the cytosol and nucleus 
in the recipient cells, even at a distance.14 Several pieces of 
evidence have shown that EVs are important in the patho-
genesis of cardiovascular diseases, including atherosclerosis, 
heart failure, and hypertension.15–18

The association between EVs and hypertension is of 
current interest. In hypertensive patients, the plasma and 
urine EV levels are increased.18 However, it is still unclear 
whether or not EVs are involved in the pathogenesis of hy-
pertension. The components of EVs are complex, including 
many functional molecules such as microRNAs (miRNA), 
messenger RNAs (mRNAs), proteins, DNA fragments, and 
lipids. On the basis of published data, comparison of plasma 
miRNA levels between hypertensive and healthy controls, 
and analysis of miRNA changes after lipopolysaccharides 
(LPS) treatment,19 we found that miR-27a is a candidate 
compound found in EVs, whose target gene is Mas receptor, 
predicted by TargetScan and miRTarBase softwares. Because 
of the important role of the Mas receptor in vascular endo-
thelial function,20,21 we hypothesized that miR-27a in EVs 
is involved in hypertension by downregulation of Mas re-
ceptor expression and impairment of the vasodilatory effect 
of Ang-(1–7). Therefore, in this study, we sought to deter-
mine the role of monocyte miR-27a in EVs on arterial Mas 
receptor expression and function and its involvement in the 
pathogenesis of hypertension.

MATERIALS AND METHODS

Cell culture

Human acute monocytic leukemia (THP-1) cells [19] 
were purchased from cell bank of Chinese Academy of 
Sciences (Beijing, China). Human umbilical vein endothe-
lial cells (HUVECs)22 and HEK-293 cells were purchased 
from American Type Culture Collection (ATCC, 
Gaithersburg, MD). All cells were cultured at 37 °C in 95% 
air and 5% CO2 atmosphere. HUVECs were cultured in 
Dulbecco’s modified eagle’s medium media supplemented 
with 1% penicillin/streptomycin/amphotericin-B and 10% 
fetal bovine serum (FBS; Fisher Scientific, Pittsburgh, PA). 
THP-1 cells were cultured in RPMI-1640 Media (HyClone, 
Logan, UT) and 10% FBS. To simulate the inflammatory 
state, THP-1 cells were treated with LPS (100  ng/ml) for 
24 hours.23

EV isolation

EVs from cell culture supernatants were isolated and 
collected after a series of centrifugation, filtration, and 

ultracentrifugation steps according to our and other pre-
vious reports.24,25 Briefly, when the cells have grown to 
about 90% confluence, the cell culture supernatants were 
collected and centrifuged at 500 g for 20 minutes, and the 
initial pellets were discarded to remove residual cells. Then, 
the supernatants were centrifuged again at 1,500 g for 20 
minutes, and the pellets were also discarded to remove any 
additional debris. After re-centrifugation at 110,000 g for 70 
minutes, the final pellets containing EVs were resuspended 
in FBS-free medium. All steps were performed at 4 °C. The 
EVs were quantified by cell counting.

Electron microscopy

For negative staining transmission electron microscopy 
(TEM), the EVs were adsorbed to copper-coated mesh-grids 
for 2 minutes and rinsed in filtered phosphate-buffered sa-
line (PBS). EVs on the grids were immediately fixed with 4% 
glutaraldehyde for 1 minute and then negatively stained with 
2% (wt/vol) Na-phosphotungstate for 1 minute. Microscopic 
examinations were then carried out using Hitachi-7500 TEM 
(Hitachi, Soka City, Saitama, Japan), operated at 80 kV.24,26

Detection of EVs by flow cytometry

When THP-1 cells have grown to about 90% confluence, 
EVs and cells not pretreated with latex beads were counted 
using BD Accuri C6 flow cytometry (BD Biosciences, 
Franklin Lakes, NJ). RPMI 1640 cell culture medium was 
used as negative control. Data were analyzed using the BD 
Flow Plus software.27

RNA isolation and quantitative RT-PCR

Total RNA was extracted from cells or EVs using TRIzol 
reagent (Invitrogen, Carlsbad, CA). Quantitative real-time 
polymerase chain reaction (qRT-PCR) was then performed 
using TaqMan miRNA probes (Applied Biosystems, Foster 
City, CA), according to the manufacturer’s instructions. 
Briefly, total RNA was reverse-transcribed to complemen-
tary DNA, using reverse transcriptase and a stem-loop RT 
primer (TOYOBO, Tokyo Japan). RT-PCR was performed 
using a TOYOBO PCR kit and an 7300 Sequence Detection 
System (Applied Biosystems). All reactions were performed 
in triplicate, including no-template controls. After the reac-
tion, the threshold cycle values were obtained using fixed 
threshold settings. A series of synthetic miRNAs, at known 
concentrations, were also reverse-transcribed and amplified 
to generate the standard curve. The expression levels of each 
target miRNA, obtained using the standard curve, were 
normalized by U6 snRNA.

Cell transfection

Synthetic pre-miR-27a, miR-27a mimic, miR-27a inhib-
itor, a mimic control, and short double-stranded RNAs were 
purchased from RiboBio (Guangzhou City, China). HEK-293 
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and THP-1 cells were transfected with equal amounts of syn-
thetic miR-27a mimic, miR-27a inhibitor, and a mimic con-
trol RNA, using Lipofectamine 2000 (Invitrogen), according 
to the manufacturer’s instructions. The cells were harvested 
after 24 hours post-transfection.

Prediction of Mir-27a Targets

TargetScan (www.targetscan.com), starBase (http://
starbase.sysu.edu.cn/), TarBase (http://microrna.gr/
tarbase/), and miRBase (http://mirbase.org/index.shtml) 
were used to predict miR-27a targets. The targets were 
clustered by biological functions using blast2go (GO) tool 
(http://www.blast2go.com/b2ghome).

Luciferase assay

The full-length 3′-untranslated regions (UTR) of Mas re-
ceptor was cloned from human genomic DNA and inserted 
into psiCHECK-2 vector (Promega, Madison, WI) to gen-
erate psiCHECK-2–3′-UTR-Mas luciferase reporter system. 
Twenty-four hours before transfection, 1.2 × 104 cells were 
seeded into a 96-well plate. In brief, 10 pmol of miR-27a 
mimics or negative miRNA mimics (negative control) 
were co-transfected into cells with 100  ng of psiCHECK-
2–3′-UTR-Mas, respectively, using DharmaFect Duo re-
agent (Dharmacon, Lafayette, CO). Luciferase assay 
was performed 24 hours after transfection, via the dual-
luciferase reporter assay system (Promega, Madison, 
WI).28 Firefly luciferase activity was normalized to Renilla 
luciferase activity.

Immunoblotting

Cell lysates were boiled in sample buffer (35  mM 
Tris-HCl, pH 6.8, 4% SDS, 9.3% dithiothreitol, 0.01% 
bromophenol blue, and 30% glycerol) at 95 °C for 5 minutes. 
The proteins in samples, containing 50 μg cell protein, were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) with 10% polyacrylamide gel, 
and then electroblotted onto nitrocellulose membranes 
(Bio-Rad, Berkeley, CA). The blots were blocked over-
night with 5% nonfat dry milk in PBS-T (0.05% Tween 20 
in 10  mM PBS) at 4  °C with constant shaking, and then 
incubated with antibodies in 5% nonfat dry milk in Tris-
buffered saline/Tween buffer for 1 hour at room tempera-
ture. Those antibodies include Mas receptor (1:500; Santa 
Cruz Biotechnology, Santa Cruz, CA), eNOS, phospho-
eNOS Ser1177, and phospho-eNOS Thr495 (1:1,000; Cell 
Signaling Technology, Danvers, MA). The membranes were 
washed 3 times with Tris-buffered saline/Tween buffer and 
then incubated with peroxidase-labeled goat anti-rabbit 
(1:15,000; Santa Cruz, CA) for 12 hour at 4  °C and devel-
oped for the detection of the specific protein using enhanced 
chemiluminescence reagents (Amersham, Little Chalfont, 
UK). The densities were normalized by glyceraldehyde-3-
phosphate dehydrogenase  (GAPDH) (1:400; Santa Cruz, 
CA).

Animals

All Sprague–Dawley (SD) rats were housed in plastic 
cages and fed normal rodent chow and tap water at Daping 
Hospital. At 8 weeks of age, SD rats received tail-vein 
injections of PBS, normal THP-1 EVs (2 106), or LPS-treated 
THP-1 EVs (2 × 106) twice a week for 4 weeks. Blood pressure 
was measured weekly, using the tail-cuff method (ML125; 
PowerLab, AD Instruments, Castle Hill, Australia). All the 
rats were killed by an overdose of pentobarbital (100  mg/
kg body weight) at the end of the experiment. The mesen-
teric arteries and plasma of the rats were collected for further 
experiments.

All study procedures were approved by the Third 
Military Medical University Animal Use and Care 
Committee. All experiments conformed to the guidelines 
of the ethical use of animals, and all efforts were made 
to minimize animal suffering and reduce the number of 
animals used.

Preparation and study of small resistance arteries

Male SD rats (230–240  g) were anesthetized with so-
dium pentobarbital (50  mg/kg), tracheotomized, and 
then the arterial blood samples were collected from the 
abdominal aorta. The entire mesenteric bed was removed 
carefully and placed in ice-cold physiological salt solu-
tion (PSS). The mesenteric arteries were dissected from 
the surrounding fat and connective tissues. Third-order 
branches of the superior mesenteric artery were cut into 
rings approximately 2  mm in length and mounted on 
40  µm stainless-steel wires in Mulv any-Halpern small-
vessel myograph (model M610, J.P. Trading, Science Park, 
Aarhus, Denmark).29,30 The rings were maintained in PSS 
at 37  °C and continuously bubbled with oxygen (95%) 
and carbon dioxide (5%), as in our previous reports. All 
dissecting procedures were carried out with extreme care 
to protect the endothelium from inadvertent damage. In 
one set of experiments, the endothelium was removed by 
pulling a hair along the vessel, and successful denudation 
of the endothelium was then confirmed by the absence of 
relaxation with the addition of acetylcholine (Ach, 10–6 
M). At first, the rings were contracted with phenyleph-
rine and high-potassium PSS (KPSS, 125 mM) to obtain 
the maximal response. When the response to phenyleph-
rine reached a plateau, the response curves to Ang-(1–7) 
were measured by a cumulative concentration-dependent 
protocol (10–10 to 10–6 M). Responses to every single con-
centration of Ang-(1–7) were observed for 1 minutes. To 
test the specificity of the vasorelaxation caused by the Mas 
receptor, the rings were incubated with A779, a Mas re-
ceptor antagonist, for 30 minutes before the treatment 
with Ang-(1–7).31

Statistical analysis

The data are expressed as mean ± SEM. Comparison within 
groups was made by one-way analysis of variance (or paired 
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t-test when only 2 groups were compared), and comparison 
among groups (or t-test when only 2 groups were compared) 
was made by factorial analysis of variance with Holm–Sidak 
test. A value of P < 0.05 was considered significant.

RESULTS

Extraction and identification of EVs

EVs from THP-1 cell culture supernatants were isolated 
and collected after a series of centrifugation, filtration, and 
ultracentrifugation24,25 and identified by several methods in-
cluding TEM, flow cytometry analysis, and immunoblotting. 
First, the EVs in the pellets were visualized by TEM; they 
showed the characteristic phospholipid bilayer-enclosed EV 
structure, between 30 and 1,000 nm in diameter (Figure 1A), 
similar to previous reports.19,24 Then, EVs more than 200 nm 
were obtained by (Figure 1B). Finally, they were confirmed 
by immunoblotting for markers of EVs,32–34 such as CD14, 
argonaute 2 (AGO2), CD63, heat shock protein 70 (HSP70), 
and tumor susceptibility gene 101 (TSG101; Figure 1C).

Increased blood pressure in SD rats treated with EVs from 
THP-1 cells

Previous studies have reported that EVs are increased 
in plasma or serum from hypertensive patients and rats 
with Ang II-induced hypertension.35–37 Therefore, EVs 
play an important role in the regulation of blood pressure. 
Our results showed that the systolic blood pressures of 
EV-treated SD rats were significantly higher than vehicle-
treated rats; the significant difference was found after treat-
ment for 4 weeks and remained elevated until the end of 
the study (Figure 2). To determine the consequence of in-
flammation on EV-mediated increase in blood pressure, we 
determined the effect of LPS-treated THP-1 cells on blood 
pressure. We found that treatment with LPS (100  ng/ml) 
for 24 hour increased the number of EVs in THP-1 cells 
(Supplementary Figure 1). Moreover, the systolic blood 
pressure was increased to a greater extent in SD rats injected 
with EVs from LPS-incubated THP-1 cells than those SD 
rats injected with EVs from vehicle-incubated THP-1 cells 
(Figure 2).

Figure 1.  Identification and characterization of extracellular vesicles (EVs) from THP-1 cells. (A) Electron micrographs of EVs. EVs were isolated and col-
lected after a series of centrifugation, filtration, and ultracentrifugation steps. EVs with different sizes from cell culture supernatants were observed under 
transmission electron microscopy (TEM). The EVs are 100–1,000 nm in diameter. The scale bars indicate 0.2 μm (a) and 100 nm (b). (B) flow cytometry 
(FCM) analysis. Cell samples and THP-1 EVs were analyzed by BD Accuri C6 FCM. Forward scatter (FSC), plotted by the cell size on the horizontal axis; side 
scatter (SSC), plotted by cellular components on the vertical axis. (C) CD14, AGO2, CD63, HSP70, and TSG101 expressions in EVs. EVs (1x107/mL, 200 µL), 
isolated from THP-1 cells, were separated on SDS-PAGE, electroblotted onto nitrocellulose membrane, and subjected to immunoblotting with antibodies 
against CD14 (1:500), AGO2 (1:2000), CD63 (1:500), HSP70 (1:400), and TSG101 (1:400). Lane 1: THP-1 cells; lane 2: EVs from THP-1 cells; and lane 3: RPMI 
1640 cell culture medium as negative control.
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Impaired Mas receptor expression and function in the 
arteries of SD rats treated with EVs from THP-1 cells, which 
was worsened by LPS pretreatment

We next determined the effect of several vasoactive 
substances38,39 on vascular function in third-order branches 
of superior mesenteric arteries, such as Ang-(1–7), so-
dium nitroprusside, phenylephrine, and acetylcholine. We 
found that the vasoconstrictor effect of phenylephrine was 
increased in EV-treated rats; the vasoconstrictor effect was 
further increased in EVs treated with LPS (Supplementary 
Figure 2). Furthermore, we also found that Ang-(1–7)-
induced (Figure 3A), but not sodium nitroprusside- and 
acetylcholine-induced (Supplemental Figures 3 and 4), vaso-
dilation was impaired in phenylephrine-preconstricted mes-
enteric arteries from EVs-treated rats, which was worsened 
by EVs from LPS-incubated THP-1 cells (Figure 3A). The 
decreased vasodilatory effect of Ang-(1–7) was associated 
with decreased Mas receptor expression in the mesenteric 
arteries from EV-treated rats. The aggravation of the im-
paired vasodilatory effect of Ang-(1–7) with treatment of 
EVs from LPS-incubated THP-1 cells was associated with 
a further decrease in Mas receptor expression in the mes-
enteric arteries (Figure 3B). As a major pathway in Mas 
receptor signaling, the phosphorylation of eNOS was meas-
ured.40 We found that the phosphorylated eNOS expression 
of mesenteric arteries was decreased in EV-treated SD rats, 
which was decreased further after the injection of EVs from 
LPS-incubated THP-1 cells (Figure 3C).

The results of the in vivo experiments were corroborated by in 
vitro experiments. Compared with vehicle treatment, treatment 
with EVs (2 × 106, 24 hours) decreased Mas receptor expression 
and eNOS phosphorylation in cultured HUVECs. These effects 
were worsened after incubation with EVs from LPS (100 ng/ml, 
24 hour) treated THP-1 cells (Figures 3D and 3E).

MiR-27a in EVs is involved in the elevation of blood 
pressure caused by injection of EVs

EVs contain components of cells, including extracel-
lular receptors and ligands, lipids on the outside and cyto-
plasmic proteins and RNAs (mRNA, miRNA, and others) 
inside.12–14 To determine which component(s) play an im-
portant role in the regulation of blood pressure in vivo, 
EVs were treated with Triton X-100 (0.5%) and incubated 
with RNase (100 µg/ml) for 30 minutes. The RNase-treated 
and untreated EVs were injected via the tail vein twice a 
week for 4 weeks in SD rats. Injection of RNase-treated EVs 
prevented the increase in systolic blood pressures caused by 
EV treatment of SD rats (Figure 4A). Thus, RNAs, including 
miRNAs, may play a vital role in the EV-induced elevation 
of blood pressure.

EVs from THP-1 cells contain a variety of miRNAs,30 
including miR-148a, miR-150, miR-181a, miR-124a, and 
miR-27a. Among these miRNAs, 3 miRNAs, miR-148a, 
miR-181a, and miR-27a, are associated with the RAS.41–43 
To distinguish which miRNAs are involved in the EVs-
induced increased blood pressure, we first compared the 
expressions of those 3 miRNAs in plasma from hyperten-
sive patients and healthy subjects (Supplementary Table 1). 
Both miR-27a and miR-181a expressions were higher in 
hypertensive patients than healthy subjects, whereas there 
was no difference in miR-148a levels between the 2 groups 
(Figure 4B). Therefore, miR-148a was excluded from the 
candidate list.

We, next, investigated the endogenous expressions of 
miRNAs in HEK-293 and THP-1 cells, and HUVECs. 
Among the 3 cell lines, the levels of miR-181a and miR-27a 
were highest in THP-1 cells (Figure 4C). HUVECs were then 
incubated with EVs from HUVECs, THP-1 cells, and HEK-
293 cells. Only EVs from THP-1 cells, not HUVECs and 
HEK-293 cells, increased the miR-27a and miR-181a levels 
in the recipient HUVECs (Figure 4D). We also found that 
incubation of THP-1 cells with LPS (100  ng/ml, 24 hour) 
further increased the expressions of both miR-27a and miR-
181a (Figure 4E), suggesting the possibility that miR-27a 
and miR-181a are involved in the EV-mediated regulation 
of blood pressure.

To determine the role of miR-27a and miR-181a in the 
regulation of blood pressure, HEK-293 cells were transfected 
with pre-miR-27a or pre-miR-181a. The increased 
expressions of the 2 miRNAs were confirmed in whole cells 
(Figure 5A) and their corresponding EVs (Figure 5B) by 
RT-PCR. Then, the EVs were injected into SD rats via the tail 
vein twice a week for 4 weeks. The results showed that pre-
miR-27a EVs, not pre-miR-181a EVs, increased the systolic 
blood pressure of SD rats (Figure 5C). Further studies found 
that in pre-miR-27a EV-treated-SD rats, Ang-(1–7)-induced 
vasodilation was impaired in the mesenteric arteries 
preconstricted with phenylephrine (Figure 5D). Consistent 
with the results of EVs from THP-1 cells (Figures 3B-3E), 
pre-miR-27a EV also decreased the expressions of the Mas 
receptor and p-eNOS in mesenteric arteries (Figures 5E).

Figure 2.  The hypertensive effect of THP-1 extracellular vesicles 
(EVs) on Sprague–Dawley (SD) rats. After THP-1 cells were treated with 
lipopolysaccharides (LPS) (100  ng/ml) for 24 hour, EVs were collected. 
SD rats received tail-vein injections of phosphate-buffered saline (PBS), 
normal THP-1 EVs (2 × 106), or LPS-treated THP-1 EVs (2 × 106) twice a 
week for 5 weeks. Blood pressure was measured once per week using 
the tail-cuff method (ML125, PowerLab, AD Instruments, Castle Hill, 
Australia; n = 6/group, *P < 0.05 vs. control; #P < 0.05 vs. EVs).
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Figure 3.  Impaired Mas receptor expression and function in the arteries of Sprague–Dawley (SD) rats treated with vehicle (control), or extracellular 
vesicles (EVs) from THP-1 cells treated with vehicle or LPS. (A) Effect of THP-1 EVs Ang-(1–7)-mediated vasodilation. After the SD rats were treated with EVs 
from THP-1 cells (2 × 106) or lipopolysaccharides (LPS)-treated THP-1 cells (2 × 106) twice a week for 4 weeks, third-order branches of mesenteric arteries 
were obtained. The mesenteric arterial rings were preconstricted with phenylephrine (10–5 M) and then treated with varying concentrations of Ang-(1–7) 
(10–10 to 10–6 M; n=6/group, *P < 0.05 vs. control; #P < 0.05 vs. EVs). (B and C) Effect of THP-1 EVs on the expression of Mas receptor and phosphorylated 
eNOS (p-eNOS) in the mesenteric artery of SD rats. SD rats received tail-vein injections of phosphate-buffered saline (PBS), normal THP-1 EVs (2 × 106), 
or LPS-treated THP-1 EVs (2 × 106) twice a week for 4 weeks. Third-order branches of mesenteric arteries of the rats were collected. Mas receptor (B) and 
p-eNOS (C) protein expressions were quantified by immunoblotting (n = 6/group, *P < 0.05 vs. control; #P < 0.05 vs. EVs). (D and E) Effect of THP-1 EVs on 
the expression of Mas receptor and p-eNOS in recipient human umbilical vein endothelial cells (HUVECs). HUVECs were incubated with vehicle (control), 
normal THP-1 EVs (2 × 106) or LPS-treated THP-1 EVs (2 × 106) for 24 hour. Mas receptor (D) and p-eNOS (E) protein expressions were quantified by immu-
noblotting (n = 6/group, *P < 0.05 vs. control; # P < 0.05 vs. EVs).
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Figure 4.  Micro RNAs (miRNAs) involved in the extracellular vesicle (EV)-mediated regulation of blood pressure. (A) Role of RNA in the EV-mediated reg-
ulation of blood pressure. EVs from THP-1 cells were treated with or without Triton X-100 (0.5%) and RNase (100 μg/ml) for 30 minutes. The RNase-treated 
and untreated EVs were injected via the tail vein twice a week for 4 weeks in Sprague–Dawley (SD) rats. Systolic blood pressure of SD rats was measured 
by the tail-cuff method (n = 6/group, * P< 0.05 vs. others). (B) The expressions of miR-148a, miR-27a, and miR-181a in EVs of healthy subjects and hyper-
tensive patients. After the plasma (30 ml) of healthy subjects and hypertensive patients was collected, EVs were isolated. The expressions of miR-148a, 
miR-27a, and miR-181a were determined by qRT-PCR (n = 6/group,*P < 0.05 vs. EVs from healthy subjects). (C) The expressions of miR-27a and miR-181a 
in EVs from different cells. EVs were collected from human umbilical vein endothelial cells (HUVECs), THP-1 cells, and HEK-293 cells that were cultured for 
24 hour. The expressions of miR-27a and miR-181a were quantified by qRT-PCR. The corresponding miRNA expressions in HUVECs were used as a control 
(n = 6/group, *P <0.05 vs. others; #P < 0.05 vs. EVs from HUVECs). (D) The expressions of miR-27a and miR-181a in HUVECs treated with EVs from different 
cells. HUVECs were incubated with EVs from HEK-293 cells or THP-1 cells for 24 hour. The expressions of miR-27a and miR-181a were quantified by qRT-
PCR. The miRNA expressions in untreated HUVECs were used as a control (n = 6/group,*P < 0.05 vs. others). (E) Comparison of miR-27a and miR-181a 
expressions in EVs from vehicle (control) and human umbilical vein endothelial cells (LPS)-treated THP-1 cells. EVs were isolated from THP-1 cells treated 
vehicle or LPS (100 ng/ml) for 24 hour. The expressions of miR-27a and miR-181a were quantified by qRT-PCR (n = 6, *P < 0.05 vs. control).
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Figure 5.  Effect of miR-27a in extracellular vesicle (EV)-mediated increase in blood pressure. (A and B) The expressions of miR-27a and miR-181a in 
HEK-293 cells or EVs from HEK-293 cells transfected with pre-miR-27a or pre-miR-181a for 24 hour. The expressions of miR-27a and miR-181a in HEK-293 
cells (A) or EVs from HEK-293 cells (B) were determined by qRT-PCR. The miRNA expressions in untransfected cells were used as a control (n = 3/group, 
*P < 0.05 vs. control). (C) Effect of miR-27a and miR-181a on the blood pressure. EVs were collected after HEK-293 cells were transfected with pre-ncRNA 
(control), pre-miR-27a, and pre-miR-181a for 24 hours. Then EVs were injected into Sprague–Dawley (SD) rats via the tail vein, twice a week for 4 weeks. 
Blood pressure was measured once a week by the tail-cuff method (n = 3/group, *P < 0.05 vs. others). (D) Effect of miR-27a on the regulation of Ang-
(1–7)-mediated vasodilation. After SD rats were treated with EVs (2 × 106) from HEK-293 cells transfected with pre-miR-27a or ncRNA twice a week for 4 
weeks, third-order branches of mesenteric arteries were obtained. Mesenteric arterial rings were preconstricted with phenylephrine (10–5 M) and then 
treated with varying concentrations of Ang-(1–7) (10–10 to 10–6 M; n = 3/group,*P < 0.05 vs. control). (E) Effect of EVs from HEK-293 transfected with pre-
miR-27a on the expressions of Mas receptor and p-eNOS in the mesenteric arteries of SD rats. After SD rats were treated with EVs (2 × 106) from HEK-293 
transfected with vehicle (control), pre-miR-27a or ncRNA twice a week for 4 weeks, mesenteric arteries were isolated. The protein expressions of Mas 
receptor and p-eNOS were quantified by immunoblotting (n = 3, *P < 0.05 vs. control).
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Mas receptor is the target protein of monocyte miR-27a 
in EVs

Bioinformatics data confirmed that Mas receptor is one 
of the targets of miR-27a, predicted by TargetScan and 
miRTarBase softwares, supporting the hypothesis that miR-
27a is a candidate for EV-induced hypertension. Genomic 
alignment showed that there is a miR-27a binding site 
in the 3′-UTR of the Mas receptor (Figure 6A). We, then, 
investigated the regulation of Mas receptor expression by 
miR-27a in vitro. THP-1 cells were transfected with a miR-
27a inhibitor or a miR-27a mimic; the successful cell trans-
fection was determined in the EVs from individual cells 
(Figure 6B). EVs from above transfected THP-1 cells were 
incubated with the HUVEC cells, and then expression of 
Mas receptor was examined. Results showed that the miR-
27a inhibitor increased Mas receptor expression, whereas 
the overexpression of miR-27a decreased Mas receptor ex-
pression in the recipient HUVECs (Figure 6C), indicating 
that miR-27a negatively regulates the expression of Mas 
receptors.

To test whether or not the regulation of miR-27a on 
Mas receptor is via a direct or indirect mechanism, we 
constructed luciferase reporters with entire wild-type Mas 
3′-UTR or a mutant Mas 3′-UTR. Following their confirma-
tion by sequencing, they were co-transfected into HEK-293 
cells with miR-27a mimic (100 nM) or mimic (Vehicle) con-
trol. We found that neither the mimic controls nor the mu-
tant miR-27 3′-UTR had any effect on the luciferase activity 
in transfected HEK-293 cells. By contrast, miR-27a mimic 
decreased the luciferase activity in HEK-293 cells transfected 
with Mas–3′-UTR-wild-type (Figure 6D).

DISCUSSION

The effect of EVs on the regulation of blood pressure is 
still unclear. In our present study, we found that the blood 
pressure of SD rats was higher after intravenous injection of 
EVs from THP-1 cells. The EV-mediated increase in blood 
pressure in the SD rats was enhanced after the intravenous 
injection of EVs from THP-1 cells incubated with LPS treat-
ment, presumably related to inflammation.

Figure 6.  Effect of monocyte miR-27a on the regulation of Mas receptor expression. (A) Genomic alignment showed of miR-27a binding site in the 3′-
UTR of the Mas receptor predicted by TargetScan and miRTarBase softwares. (B) The expression of miR-27a in extracellular vesicles (EVs) from THP-1 cells 
treated with miR-27a inhibitor or mimic. EVs were collected from THP-1 cells transfected with miR-27a mimic (50 nM and 100 nM) or miR-27a inhibitor 
(100 nM) for 24 hours. The expression of miR-27a in EVs was quantified by qRT-PCR (n = 3/group, *P < 0.05 vs. Control, # P < 0.05 vs. 50 nM miR-27a mimic). 
(C) The protein expression of Mas receptor in HUVEC cells incubated with EVs from THP-1 cells transfected with miR-27a mimic and miR-27a inhibitor. 
THP-1 cells were transfected with miR-27a mimic (50 nM and 100 nM) and miR-27a inhibitor (100 nM) for 24 hours, and then EVs were collected, which 
were next incubated with the human umbilical vein endothelial cells (HUVECs) for 24 hours. Mas receptor protein expression was quantified by immuno-
blotting (n = 3/group, *P < 0.05 vs. Control, #P < 0.05 vs. 50 nM miR-27a mimic). (D) Luciferase analysis of the effect of miR-27a mimic on the regulation of 
Mas receptor expression. Luciferase activity was measured in HEK-293 cells co-transfected with miR-27a, pMIR-MAS-3′-UTR (wild-type), or pMIR-MAS-3′-
UTR (mutant) treated with vehicle (control) or miR-27 mimic (100 nM; n = 6/group, *P < 0.05 vs. control).
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To uncover the mechanisms underlying the role of EVs 
in the regulation of blood pressure, we studied the effect 
of several vasodilators and phenylephrine on the mesen-
teric artery, and found that Ang-(1–7)-induced but not 
nitroprusside- and acetylcholine-induced vasodilation 
was impaired in phenylephrine-preconstricted mesenteric 
arteries from EVs-treated rats, which was aggravated by 
using EVs from LPS-incubated THP-1 cells. Ang-(1–7) is a 
product of the cleavage of Ang-II by angiotensin-converting 
enzyme 2, prolylcarboxypeptidase, and prolyl endopepti-
dase.44 By contrast to Ang II, Ang-(1–7), via its Mas receptor, 
exhibits vasodilatory, natriuretic, and diuretic effects, leading 
to a lowering blood pressure.44,45 We found the expressions 
of both Mas receptor and the phosphorylation of eNOS, one 
of its signaling pathway, were decreased in the mesenteric 
arteries in EV-treated SD rats, which was worsened after 
treatment with EVs from LPS-incubated THP-1 cells. These 
suggested that monocyte EVs, by impairing Mas receptor ex-
pression and function, are involved in the pathogenesis of 
hypertension.

As mentioned earlier, EVs contain proteins, lipids, ge-
netic material such as genomic and mitochondrial DNAs, 
small and long-coding and non-coding RNA (mRNA, 
miRNA, and lncRNA), and other cytosolic components and 
molecules.12–17 After degradation of EV RNAs with Triton 
X-100 and RNAase, the increased blood pressures in the 
EVs-treated SD rats were attenuated, suggesting the role of 
RNAs, possibly miRNAs, in the EVs-induced hypertension. 
Several studies have shown a relationship between miRNAs 
and hypertension.46,47 Moreover, the expression of certain 
urinary exosomal miRNAs is associated with the blood pres-
sure response to sodium intake.48 Vascular miRNAs also me-
diate mineralocorticoid receptor-induced vasoconstriction 
and the increase in blood pressure with aging.49 In this study, 
we showed that miR-27a EVs, not miR-181a or miR-148a, 
from THP-1 cells increased the systolic blood pressure of SD 
rats, indicating a role of miR-27a in mediating the increase 
in blood pressure caused by monocyte EVs.

It is well known that RAS plays a vital role in the regula-
tion of blood pressure.4–6 There are some reports showing 
that miRNAs are involved in the regulation of RAS.41–43 
For example, miRNAs can regulate the expression of AT1R 
and endothelial angiotensin-converting enzyme and mod-
ulate Ang II-induced endothelial inflammation, migration 
and ERK1/2 activation.50–52 Studies have shown abundant 
levels of mir-27a in blood and plasma exosomes, which are 
increased in individuals with the metabolic syndrome.53 
MiR-27a is also reported to be associated with the regulation 
of RAS.43,54,55 Our results showed increased miR-27a level in 
THP-1 cells, which was further enhanced after treatment of 
LPS. Importantly, bioinformatics data predicted the Mas re-
ceptor as a target of miR-27a; there is a miR-27a binding site 
in 3′-UTR of the Mas receptor. In loss- and gain-of-function 
experiments, we found that a miR-27a inhibitor increased, 
whereas miR-27a overexpression decreased Mas expres-
sion in HUVECs. Our results also showed that a miR-27a 
mimic inhibited relative luciferase activity of Mas receptor 
3′-UTR vector containing wild-type, but not mutant binding 
site of miR-27a, which suggests that Mas receptor is a di-
rect target of miR-27a. The alteration of miR-27a expression 

in EVs has physiological significance because injection of 
EVs from miR-27a-transfected HEK-293 cells increased the 
blood pressure in SD rats. Moreover, Ang-(1–7) induced-
vasodilation was impaired by miR27a in mesenteric arteries 
preconstricted by phenylephrine. These results show that 
miR-27a from monocyte EVs negatively regulate Mas re-
ceptor expression and function, i.e., vasodilation.

There are 3 limitations to our study. First, our present 
study could not distinguish the contribution of EV subtypes, 
including exosome, microvesicle, or apoptotic body. Second, 
Mas receptor knockout mice should be used in the future to 
demonstrate the importance of Mas receptor in the elevated 
blood pressure. Third, we only measured eNOS phosphoryl-
ation, direct measurement of nitric oxide production should 
be performed in the future.

In summary, our study shows direct evidence supporting 
the hypothesis that monocyte miR-27a in EVs decreases Mas 
receptor expression, phosphorylation of eNOS, and impairs 
Ang-(1–7)-mediated vasodilation, which may be involved 
in the pathogenesis of hypertension. Therefore, in clinic, we 
not only pay attention to the monocyte itself but also need 
to realize the importance of EV and its contents in the de-
velopment of hypertension, which might be resistant to the 
medicine. Finding a therapeutic strategy to attenuate the ef-
fect of those factors in EVs, which elevate blood pressure, is 
an important issue in the future.
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