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Abstract

Restenosis is a severe complication after percutaneous transluminal coronary angioplasty which limits the long-term efficacy
of the intervention. In this study, we investigated the efficiency of exosomes derived from AT2R-overexpressing bone mes-
enchymal stem cells on the prevention of restenosis after carotid artery injury. Our data showed that AT2R-EXO promoted
the proliferation and migration of vascular endothelial cells and maintained the ratio of eNOS/iNOS. On the contrary, AT2R-
EXO inhibited the proliferation and migration of vascular smooth muscle cells. In vivo study proved that AT2R-Exo were
more effectively accumulated in the injured carotid artery than EXO and Vehicle-EXO controls. AT2R-EXO treatment could
improve blood flow of the injured carotid artery site more effectively. Further analysis revealed that AT2REXO prevents
restenosis after carotid artery injury by attenuating the injury-induced neointimal hyperplasia. Our study provides a novel
and more efficient exosome for the treatment of restenosis diseases after intervention.
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Abbreviations iNOS Inducible nitric oxide synthase
AngII Angiotensin II MMP2 Matrix metalloproteinase 2
ATIR Angiotensin I type receptor MMP9 Matrix metalloproteinase 9
AT2R Angiotensin II type receptor NIH Neointimal hyperplasia
AT2R-EXO Exosomes derived from AT2R-overex- TNF-a Tumor necrosis factor o

pressing BMSC TGF-p1 Transforming growth factor beta 1
BMSCs Bone mesenchymal stem cells VECs Vascular endothelial cells
CTGF Connective tissue growth factor Vehicle-EXO  Exosomes derived from vehicle-control
eNOS Endothelial nitric oxide synthase BMSC
EXO Exosomes derived from control BMSC VSMCs Vascular smooth muscle cells
IL-1B Interleukin-1 a-SMA o Smooth muscle actin
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Coronary artery disease is a common threat to human health
which is also a prominent death-causing cardiovascular
disease [1]. Despite numerous improvements in technical
equipment and surgical materials, studies have shown in
stent restenosis within 8 to 12 months after surgery-induced
mechanical injuries is the most primary pathological issue
which limits the prognoses of patients [2, 3]. It is well
known that the main cause of stent restenosis is neointimal
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«Fig. 1 The identification of ART2-contained exosomes. A Repre-
sentative transmission electron microscopy images of our isolated
exosomes. B Nanoparticle tracking analysis of the size of the isolated
particles. C Immunoblotting analysis of the expression of exosomal
markers and AT2R in our isolated exosomes

hyperplasia (NIH), which is strongly associated with the
differentiation, proliferation, and migration of vascular
endothelial cells (VECs) and smooth muscle cells (VSMCs)
[4, 5]. However, because of the lack of clear understanding
of the molecular mechanism of the formation of neointima,
the treatment of restenosis is still far from satisfactory.

Studies have shown that the biological effects of angiotensin
II type 2 receptor (AT2R) is antagonistic to the effects of angi-
otensin II typel receptor (AT1R), which is negatively corre-
lated with the vascular tension, cell proliferation and migration
[6, 7]. Our previous study has shown that the overexpression
of AT2R significantly reduced the neointimal hyperplasia of
carotid artery after percutaneous coronary intervention in rats
[8]. Since the expression of AT1R is maintained at a high-level
during life-time and further increased after vascular injury,
while the expression of AT2R only slightly reappeared after
vascular injury. Therefore, enhancing the expression of AT2R
in injured vessels may be beneficial to the prevention and treat-
ment of restenosis.

Exosomes are extracellular tiny cell membrane vesicles
with a diameter of 30—150 nm and cargoes of lipids, pro-
teins, RNA, miRNAs, and mRNAs [9, 10]. By fusing with
the recipient cells and releasing the cargoes, exosomes
could influence their function and physiology. Therefore,
they are considered as the crosstalk factors in intercellular
communication [11, 12]. Recently, exosomes have been
confirmed with a variety of repair functions. For example,
M2 macrophage-derived exosomes soften nearby VSMCs,
hence accelerating the vascular tissue repair process after
intravascular stent implantation [12]. Our previous study
also reported that bone mesenchymal stem cells (BMSCs)-
derived exosomes could suppress NIH after artery injury
by activating the Erk1/2 signaling pathway [13]. Neverthe-
less, there is still no clear conclusion on how exosomes
affect the behavior of VSMCs and VECs during the repair
after stent implantation. Also, whether the exosomes
derived from AT2R-overexpressing BMSCs play a role in
the angiogenesis is still unknown.

In the present study, we hypothesized that exosomes
derived from AT2R-overexpressing BMSC could more
effectively promote the activation of vascular endothelial
cells after vascular damage to prevent restenosis. We aim
to investigate the role of exosomes derived from AT2R-
overexpressing BMSCs in restoring vascular function after
damage and to clarify the mechanism of these exosomes in
prevent NIH and providing new ideas for the treatments and
prevention of restenosis.
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Materials and Methods
Cell Collection and Culture

The bone marrow cells were collected form the medul-
lary cavity of tibia and femur of four-week-old SD rats and
cultured in MSCM medium supported with 5% exosome-
depleted fetal bovine serum (FBS), 1% mesenchymal stem
cell growth supplement, and 1% penicillin/streptomycin
(P/S) Solution (7501, Sciencell, USA) at 37 °C with 5%
CO,. Then CD29 (FITC-labeled), CD90 (PE-labeled) posi-
tive, and CD11b negative (eFluor® 450-labeled) cells were
further isolated by flow cytometry analysis. The rat vas-
cular (carotid artery) endothelial cells and smooth muscle
cells were cultured in 1640 medium (L220KJ, Basalmedia,
Shanghai, China) supported with exosome-free 10% FBS
(SV30087, Hyclone, America) and 1% P/S solution (S110JV,
Basalmedia, Shanghai, China) at 37 °C with 5% CO.,.

Isolation and Characterization
of Mesenchymal Stem Cell-Derived
Exosomes

After 72 h of culture with Monensin (4 pM: M8670, Solar-
bio, Beijing, China), exosomes were isolated from the
BMSCs culture supernatant by using the Exo Quick-TC Kit
(EXOTC50A-1, System Biosciences, USA) according to the
manufacturer’s instructions. Then, exosomes were further
assessed by transmission electron microscopy, nanoparticle
tracking analysis and immunoblotting analysis of exosomal
markers.

Cell Viability Assay

The cell counting kit-8 (CCK-8, CA1210, Solaribio, Bei-
jing, China) was used to assess the cell viability of VECs
and VSMCs. Briefly, cells were seeded at 1 X 103 cells/
well into a 24-well plate overnight. Then cells were treated
with hypoxia (1% O,, 5% CO,, 94% N,) and with 125 ng/
mL, 250 ng/mL, 500 ng/mL, and 1000 ng/mL of indicated
exosomes for 24 h and 48 h. At each time point, 30 uL of
CCK-8 reagent was added into each well and cultured for 2 h
in dark. The absorbance was measured at 450 nm by using
Microplate Reader.

TUNEL Assay and Measurement NO Level

VECs and VSMCs were seeded at 5 x 10* cells/well into
a 6-well plate overnight. Then VECs were treated with
hypoxia (1% O,, 5% CO,, 94% N,) and with 250 ng/mL
of indicated exosomes for 48 h. VSMCs were treated with
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hypoxia (1% O,, 5% CO,, 94% N,) and with 500 ng/mL
of indicated exosomes for 48 h. Then, cell apoptosis was
detected by using TUNEL assay kit (ab206386, Abcam)
according to the manufacturer’s instructions. The NO
level in the VECs supernatant samples were analysed by
using an enzyme-linked immunosorbent assay kit (Shang-
hai Yueyan Biological Technology Co., Ltd, China)
according to the manufacturer’s instructions.

Cell Migration Assay

The HTS Transwell®-24-well Permeable Support with
8.0-pm pore polyester membrane and 6.5 mm Inserts
(#3422, Corning, USA) was used for migration assay.
Briefly, 1 x 10* cells were seeded in the upper tran-
swell chamber in 200uL serum-free medium. Fuel
the lower chamber with 500uL culture medium and
250 ng/mL of indicated exosomes for VECs or 500 ng/
mL of indicated exosomes for VSMCs, and treat with
hypoxia (1% O,, 5% CO,, 94% N,) for 48 h. Then,
cells adherent on the undersurface of the membrane
were fixed with 4% PFA and stained by 0.05% crystal
violet. Images of five random fields under inverted
microscope were taken for each chamber to count the
the number of migrated cells.

Immunoblotting

Cells were lysed in ice-cold NP-40 buffer (N8032, Solar-
ibio, Beijing, China) with the protease/phosphatase inhibi-
tor cocktail (KGP2100, Keygen, China). A total of 30 pg
protein of each sample were resolved by Precast-Gel
(PGO01210-S, Solarbio, Beijing, China) and transferred to
nitrocellulose membranes (P-N66485, Solarbio, Beijing,
China). After blocking with 5% skim milk for 1 h, the
membrane was incubated with primary antibodies over-
night at 4°C: anti-CD9 (1:1000, 98,327, Cell Signaling
Technology, USA), anti-CD63 (1:1000, 25,682—1-AP,
Proteintech, USA), anti-CD81 (1:1000, 66,866—1-1g, Pro-
teintech, USA), anti-HSP70 (1:1000, 66,183—1-Ig, Pro-
teintech, USA), anti-Calnexin (1:1000, 10,427-2-AP, Pro-
teintech, USA), anti-AT2R (1:1000, ab92445, abcam, UK),
anti-eNOS (1:1000, 27,120-1-AP, Proteintech, USA), anti-
iNOS (1:1000, 18,985-1-AP, Proteintech, USA), anti-f-
actin (1:1000, 66,009—-1-Ig, Proteintech, USA), anti-CTGF
(1:1000, 23,936—1-AP, Proteintech, USA), anti-TGF-f1
(1:1000, 21,898—1-AP, Proteintech, USA), anti-a-SMA
(1:1000, 19,245, Cell Signaling Technology, USA), anti-
SM-MHC (1:1000, 21,404—1-AP, Proteintech, USA), anti-
Luciferase (1:1000, ab185926, abcam, UK), anti-IL-1§
(1:1000, 16,806—1-AP, Proteintech, USA), anti-TNF-a

Fig.2 The effects of AT2R-EXO on vascular endothelial cells and »
smooth muscle cells under hypoxia. A VECs growth was analyzed by
cck-8 after hypoxia induced and treated with different concentrations
of the indicated exosomes for 24 h and 48 h. Data are the means +SD
from five independent experiments. *P<0.05 and **P<0.01 vs.
hypoxia group; #P <0.05 vs. vehicle-EXO group. B VSMCs growth
was analyzed by cck-8 after hypoxia induced and treated with differ-
ent concentration of the indicated exosomes for 24 h and 48 h. Data
are the means + SD from five independent experiments. *P <0.05 and
**¥P<0.01 vs. hypoxia group; #P <0.05 vs. vehicle-EXO group. C
Representative images showed the result of TUNEL assay to detect
the effect of exosomes on hypoxia-induced cell apoptosis. The apop-
tosis ratio is shown in histogram. Data are the means + SD from three
independent experiments. **P <0.01 vs. hypoxia group; ##P <0.01
vs. vehicle-EXO group. D Representative microphotographs show-
ing the migration of VECs after hypoxia induced and treated with
exosomes for 24 h. The migrated cell numbers are shown in histo-
gram. Data are the means+SD from three independent experi-
ments. *¥*P<0.01 vs. hypoxia group; ##P <0.01 vs. vehicle-EXO
group. E Representative microphotographs showing the migration
of VSMCs after hypoxia induced and treated with exosomes for
24 h. The migrated cell numbers are shown in histogram. Data are
the means +SD from three independent experiments. **P <0.01 vs.
hypoxia group; ##P <0.01 vs. vehicle-EXO group

(1:1000, 17,590-1-AP, Proteintech, USA). After wash, the
membrane was incubation with corresponding horserad-
ish peroxidase-conjugated secondary antibodies for 1 h,
and developed by using SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (34,580, Thermo Scientific,
MA, USA).

ELISA Assay

1 x 10° VECs were seeded in each well of 6-well plate and
incubate overnight. Then cells were treated with hypoxia
(1% O,, 5% CO,, 94% N,) and with 125 ng/mL, 250 ng/
mL, 500 ng/mL, and 1000 ng/mL of indicated exosomes
for 24 h and 48 h. The supernatants were collected.
ELISA assay for secretion of TNF-a and IL-1p were
performed using human cytokine ELISA Kit (ab181421
and ab214025, abcam, UK) according to manufacturer
instructions.

Animal Experiments

The construction of animal models of carotid artery injury
in rats has been described in detail in our previously study
[13]. The rats were randomly divided into sham operation,
normal saline, Exo, Vehicle-EXO, and AT2R-EXO groups
(n=20/group). For the exosome groups, 0.5 mL of 200 pg/
mL exosomes were intravenously injected every 3 days. The
normal saline group received the same volume of normal
saline. After 2 weeks of treatment, ten rats were sacrificed
in each group. The carotid arteries of 5 rats were used for
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intravital imaging, and the carotid arteries of other 5 rats
were used in subsequent analyses. The remaining rats were
treated for another 2 weeks. During the treatment, the blood
flow of the injured carotid artery site was measured by the
spectrum Doppler.

H&E, Masson Staining, Inmunohistochemistry,
and Immunofluorescence

Five rats of each group were sacrificed on weeks 2 and 4
after the treatment. The injured carotid arteries were har-
vested and fixed in 4% paraformaldehyde. Then, carotid
artery samples were dehydrated and embedded in paraffin.
The samples were sectioned into 6-pum-thick pieces, fol-
lowed by staining with hematoxylin and eosin (H&E) and
Masson staining. The Image-Pro Plus software program
(Media Cybernetics, Rockville, MD) was used to meas-
ure the intimal to medial area ratio (I/M), neointimal area,
media area, and collagen of the injured carotid arteries. For
immunohistochemistry, the sections were deparaffinized,
blocked and incubated with anti-CTGF (1:200, 23,936-1-
AP, Proteintech, USA), anti-TGF-p1 (1: 200, 21,898-1-AP,
Proteintech, USA), anti-a-SMA (1: 200, 19,245, Cell Sign-
aling Technology, USA). For immunofluorescence, frozen
sections were punched by 1% Triton X-100 (9002-93-1,
Solarbio, Beijing, China), blocked, and incubated with anti-
eNOS (1:300, 27,120-1-AP, Proteintech, USA) and anti-
AT?2R (1:250, ab92445, Abcam, UK).

Zymography Assay

The zymography assay kit (P1700, Apply.gen, Beijing,
China) was used to assess the activities of MMP2 and
MMPO. Briefly, injured carotid arteries were ground in lig-
uid nitrogen and lysed with 5 times the volume of lysis buffer
(RO010 Solaribio, Beijing, China) for 30 min in ice bath.
A total of 50 pg protein of each sample was resolved by
10% SDS-PAGE which was supported with gelatin (10 mg/
mL). Then the PAGE gel was washed with buffer (2.5% Tri-
ton X-100, 50 mmol/L Tris—HCl, 5 mmol/L CaCl2, pH7.6)
twice for 40 min/each, and further washed with buffer
(50 mmol/L Tris-HC, 5 mmol/L CaCl2) twice for 20 min/
each. Next, the gel was incubated in buffer (50 mmol/L Tris,
pH7.5, 150 mmol/L NaCl, 10 mmol/L CaCl,, 0.02%Brij-35)
at 37°C for 4 h. Then, the gel was further stained with Com-
massie blue staining solution.

Statistical Analysis

In our study, the Student’s ¢ test was used to compare the
difference between two groups. The ANOVA and Tukey post

@ Springer

hoc tests of pairwise differences (Tukey HSD) were used to
determine the difference of multiple groups. The statistical
analysis was performed using SPSS 19.0 software, data are
shown as the means + SD. Difference with a P value less
than 0.05 was considered significant.

Results
The Identification of ART2-Contained Exosomes

Transmission electron microscopy showed the round-
shaped membrane vesicles of our isolation (Fig. 1A).
Particle size analysis revealed that the size of the isolated
particles ranged from 70 to 150 nm (Fig. 1B). Further,
the exosome-associated protein markers were detected by
immunoblotting. Our data show that BMSC lysis control
and all exosome particles expressed CD9, CD63, CD&81,
and HSP70, while calnexin was only expressed in BMSC
lysis control; In addition, AT2R was detected in exosomes
derived from AT2R-overexpressing BMSC (AT2R-
EXO), but not in exosomes derived from control BMSC
(EXO) or exosomes derived from vehicle-control BMSC
(Vehicle-EXO) (Fig. 1C). Additionally, we observed
that PKH67-1abelled AT2R-EXO were effectively accu-
mulated in the cytoplasm of vascular endothelial cells
(Suppl. Figure 1A).

The Effects of AT2R-EXO on Vascular Endothelial
Cells and Smooth Muscle Cells Under Hypoxia

To further study the role of AT2R-EXO in the formation
of neointima after vascular injury, we first studied the
effects of AT2R-EXO on the proliferation of VECs and
VSMCs under hypoxia. Our data show that all BMSC-
derived exosomes had a significant proliferation-promot-
ing effect on VECs. Compared with EXO and vehicle-
EXO treatment, the AT2R-EXO treated cells had a faster
proliferation rate with the best effect at a concentration of
250 ng/ml for 48 h (Fig. 2A). On the contrary, all BMSC-
derived exosomes inhibited the proliferation of VSMCs,
and the inhibition of AT2R-EXO at the concentration of
500 ng/mL and 1000 ng/ mL was significantly stronger
than that of the EXO and vehicle-EXO control groups
(Fig. 2B). Then, TUNEL assay was used to detect cell
apoptosis. Our results show that exosomes can reduce
hypoxia-induced apoptosis of VECs, and AT2R-EXO
had a better inhibitory effect than EXO and vehicle-EXO
controls. On the contrary, exosomes promoted hypoxia-
induced VSMCs apoptosis, and AT2R containing exo-
some had the most obvious apoptotic-promoting effect
(Fig. 2C). We further tested the effect of exosomes on
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«Fig.3 The Mechanism of AT2R-EXO in the inhibition of neointimal
hyperplasia. A Immunoblotting analysis of the expression of eNOS
and iNOS in VECs after hypoxia induced and treated with exosomes
for 48 h. Relative levels were quantitatively analyzed using Imagel
(NIH). Results are the mean+SD from three independent experi-
ments. **P < (.01 vs. untreated control group; ##P <0.01 vs. hypoxia
group; §P<0.01 vs. vehicle-EXO group. B The secretion of IL-1f
was detected by ELISA assay in VECs after hypoxia induced and
treated with exosomes for 24 h and 48 h. C The secretion of TNF-a
was detected by ELISA assay in VECs after hypoxia induced and
treated with exosomes for 24 h and 48 h. Data are the means +SD
from nine independent experiments. *P<0.05 and **P<0.01 vs.
hypoxia group; #P <0.05 vs. vehicle-EXO group. D NO levels in
VECs. Data are shown as mean+SD of three independent experi-
ments performed in duplicate. ##P<0.01, hypoxia+AT2R-EXO
treatment vs. hypoxia treatment only; **P <0.01, hypoxia+ AT2R-
EXO+L-NAME treatment vs. hypoxia+AT2R-EXO treatment; E
immunoblotting analysis of the expression of the indicated genes in
VSMCs after hypoxia induced and treated with exosomes for 48 h.
Relative expression levels were quantitatively analyzed using Imagel
(NIH). Results are the mean+SD from three independent experi-
ments. **P <0.01 vs. untreated control group; ##P <0.01 vs. hypoxia
group; §P <0.01 vs. vehicle-EXO group

cell migration. BMSC-derived exosomes treatment could
partially alleviate the hypoxia-induced inhibitory effect of
VECs; among them, AT2R-EXO had the best alleviating
effect (Fig. 2D); On the contrary, hypoxia promoted the
migration of VSMCs. Treatment with exosomes inhib-
ited the migration, among them, AT2R-EXO had the best
inhibitory effect (Fig. 2E).

The Mechanism of AT2R-EXO in the Inhibition
of Neointimal Hyperplasia

To investigate how AT2R-EXO function in the formation
of neointima, we investigated the expression of endothe-
lial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iNOS) in VECs. Our results show that
hypoxia significantly changed the ratio of eNOS/iNOS,
which is manifested by a decrease in eNOS expression
and an increase in iNOS expression at protein level. Treat-
ment with BMSC-derived exosomes induced the raise of
eNOS expression and partially inhibited the upregulation
of iNOS, among them AT2R-EXO had the most signifi-
cant effect (Fig. 3A). To further confirm the protective
effect of AT2R-EXO on VECs under hypoxia, we detected
the expression of downstream inflammatory factors of
iNOS pathway by ELISA assay. Our results showed that
hypoxia significantly induced the secretion of tumor
necrosis factor a (TNF-a) and interleukin-1 B (IL-1f) in
VECs. BMSC-derived exosomes treatment could inhibit
hypoxia-induced the secretion, with the best inhibition
effect of AT2R-EXO at a concentration of 250 ng/mL
(Fig. 3B, C). Next, we detected the level of NO which is

@ Springer

the most well-known vasodilator and regulated by eNOS.
Our results showed that hypoxia significantly decreased
the NO level in VECs; AT2R-EXO (250 ng/mL) could
restore the level of NO, while the L-NAME (50 uM)
treatment abolished the effect of AT2R-EXO (Fig. 3D).
In addition, we also investigated the expression of genes
related to phenotypic transformation in VSMCs. Immu-
noblotting showed that the expression of transforming
growth factor beta 1 (TGF-f1) and its downstream con-
nective tissue growth factor (CTGF) were upregulated
under hypoxia, and the expression of a smooth muscle
actin (a-SMA) and smooth muscle myosin heavy chain
(SM-MHC) were significantly inhibited, while treatment
with BMSC-derived exosomes significantly inhibited the
alteration of those gene expression with the best inhibi-
tion effect of AT2R-EXO (Fig. 3E).

The Effect of AT2R-EXO on NIH After Carotid Artery
Injury In vivo

To further study the effect of AT2R-EXO on NIH after
carotid artery injury in vivo, we first established a BMSC
stably fusion expressing renilla luciferase-CD63 by ret-
roviral infection (Suppl. Figure 1B). Then, after the cells
were infected with AT2R-overexpression lentiviral vec-
tor or empty control lentiviral vector, we successfully
extracted renilla luciferase-labeled AT2R-EXO, EXO
control, and vehicle-EXO control (Suppl. Figure 1C).
Next, those BMSC-derived exosomes were used to treat
the rat carotid artery injury animal models by intrave-
nous injection. After 2 weeks of treatment, we took the
rat carotid artery for intravital imaging to detect the
aggregation of exosomes (n=35). Our results show that
all BMSC-derived exosomes were found to accumu-
late in the injured carotid artery, and the aggregation
of AT2R-EXO was better than EXO and vehicle-EXO
controls (Fig. 4A). H&E and Masson staining were per-
formed to analyze neointimal hyperplasia after 2 weeks
and 4 weeks of treatment with BMSC-derived exosomes
(n=5) (Fig. 4B). The intimal/media (I/M) was measured
as an index. Our data show that carotid artery injury
increased the value of I/M compared to that in the sham
group at both 2 weeks and 4 weeks. Although there was
no significant reduction the I/M in the BMSC-derived
exosomes groups compared to that in the saline group at
2 weeks, after 4 weeks of treatment, the I/M values of
all BMSC-derived exosomes groups were significantly
reduced; moreover, the reduction of AT2R-EXO group
was lower than that in the EXO and vehicle-EXO con-
trol groups (Fig. 4C). The neointimal area, media area
and collagen area in the BMSC-derived exosomes were
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all significantly reduced compared to that in the saline
group at 4 weeks. Consistently, the inhibition effect of
AT2R-EXO treatment on the formation of injury-induced
neointimal and collagen was much more pronounced than
that of EXO and vehicle-EXO treatment (Fig. 4D-F).

. The Effects of AT2R-EXO on the Function of Injured
Carotid Artery

To further verify that systemic injection of AT2R-EXO
suppressed the neointimal hyperplasia after carotid artery
injury, we detected the activity of matrix metalloproteinase
2 and 9 (MMP2 and MMP9) in the injured carotid artery
tissue samples (Fig. 5A). Our results show that the activi-
ties of MMP2 and MMP9 were significantly increased at
2 weeks after carotid artery injury, and treatment with
BMSC-derived exosomes could partially inhibit their
enhanced activities, among which the inhibition effect of
AT2R-EXO was the most significant. Four weeks after
injury, the activity of MMP2 and MMP9 decreased sig-
nificantly compared with that at 2 weeks, and BMSC-
derived exosomes treatment further promoted their activ-
ity decreasing, among which AT2R-EXO even promoted
their activity back to normal level (Fig. 5B). In addition,
the spectrum Doppler was used to detect the blood flow of
the injured carotid artery site. Our results show that after
carotid artery injury, the blood flow of each experimental
group decreased gradually and reached the lowest value at
the fourth week; compared with saline control group, the
blood flow of the BMSC-derived exosome-treated groups
was significantly higher, the treatment effect of AT2R-EXO
was better with a higher blood flow than that of EXO and
vehicle-EXO control groups (Fig. 5C). Further immunob-
lotting analysis showed that slightly expression of AT2R
was detected at 2-week in all carotid artery injured groups.
However, except a small amount of AT2R protein could be
detected in the AT2R-EXO treatment group, AT2R was no
longer detectable at 4 weeks (Fig. 5D). Moreover, BMSC-
derived exosomes treatment inhibited the injury-induced
upregulation of CTGF, TGF-f1, IL-1p, and TNF-a of the
injured carotid artery, and enhanced the expression of
a-SMA and SM-MHC; among them, AT2R-EXO had the
most significant effect (Fig. 5D, E). In addition, immuno-
fluorescence was used to examine the expression of CTGF,
a-SMA, and TGF-f1. Our results show that the treatment
of BMSC-derived exosomes could decrease the fluores-
cence intensity of CTGF and TGF-p1, while increasing
the fluorescence intensity of eNOS and a-SMA compared
to that in the saline group after both 2 and 4 weeks (Suppl.
Figure 2).

Fig.4 The effect of AT2R-EXO on NIH after carotid artery injury»
in vivo. A Representative intravital images showing the aggrega-
tion of exosomes in the rat carotid artery injury animal models after
2 weeks of treatment by intravenous injection. The luminescence is
shown in histogram. Data are the means +SD from five independent
experiments. **P<0.01 vs. vehicle-EXO group. B Representative
images showing the H&E and Masson staining analysis of the forma-
tion of neointimal hyperplasia at 2 weeks and 4 weeks (n=5/group,
magnifications, X40). C Quantitative analysis of the intimal area /
media area ratio, D the neointimal area, E the media area, and F the
collagen area of the indicated groups. Data are the means+SD from

vs. saline group; §P <0.05 vs. vehicle-EXO group

Discussion

Our study uses the antagonistic effects of ATIR and AT2R
in the recovery of carotid arterial injury. The expression of
angiotensin II (Ang II) was significantly upregulated after
carotid artery injury [14, 15]. As a well-known receptor of
Ang II, AT1R always maintains a high level of expression
during the growth and development of the body, and its
expression is further increased after vascular injury [16,
17]. The over-expressed Ang II interacts with AT1R lead-
ing to the proliferation of VSMCs, the subintimal migra-
tion, and inhibition of their apoptosis, as well as promot-
ing the secretion of a large amount of extracellular matrix
which participate in vascular remodeling and promote the
occurrence and development of restenosis [18, 19]. Com-
pared to AT1R, another receptor for Ang II and AT2R
presents the negative effects [20]. The biological effects
mediated by AT2R are antagonistic to the effects of AT1R
on vascular tension, cell proliferation, and migration [21].
Study has shown that injection of AT2R overexpression
adenovirus vector significantly reduces the neointimal
hyperplasia of the carotid artery with balloon injury in rats
[22]. Our previous study has also demonstrated that condi-
tional expression of the AT2R in MSCs inhibits neointimal
formation after arterial injury [8]. However, it has been
reported that long-term overexpression of AT2R may lead
to impairing the myocardial contractility in transgenic mice
[23]. Studies have also shown that AT2R induces apoptosis
in a dose-dependent manner, and moderate increasing of
AT2R protects cardiac function from ischemic injury [24].
Therefore, appropriately enhancing AT2R expression in
injured vessels may be beneficial to the prevention and
treatment of restenosis.

AT2R is mostly expressed on the cell membrane [25,
26]. Exosomes are endocytic vesicles that are packaged by
the cell membrane for substances exchange between cells
[27]. Therefore, it was hypothesized that by increasing
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Fig.4 (continued)

injured carotid artery. After treatment with BMSC-derived
exosomes, H&E and Masson staining were firstly used
to assess the formation of neointimal hyperplasia. Next,
gelatinase assay was used to test the activity of MMP2 and
MMP9 in the damaged site. Then, the spectrum Doppler
was used to detect the blood flow of the injured carotid
artery site. Our results of these tests show that the injection
of BMSC-derived exosomes can prevent the formation of
NIH in rat models, and the rats in the AT2R-EXO group
had the best effect. These results suggest that AT2R might
promote the positive effect of exosomes in carotid artery
injury in vivo application.

Conclusion

In carotid artery injury, on one hand, AT2R-EXO treat-
ment promotes the proliferation and migration of VECs as
well as reduces the injured-induced apoptosis resulting in
accelerating of reendothelialization of injured artery. On the
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other hand, AT2R-EXO treatment inhibits the proliferation
and migration of VMSCs as well as increases the injured-
induced apoptosis, preventing the transition of VSMCs
from the contractile phenotype to the synthetic phenotype.
Together, AT2R-EXO prevents restenosis after carotid
artery injury by attenuating the injury-induced neointimal
hyperplasia.

Fig.5 The effects of AT2R-EXO on the function of injured carotid p
artery. A Representative images showing the zymography analysis of
the activity of MMP2 and MMP9 in the injured carotid artery tissue
samples after treatment with exosomes for 2 weeks and 4 weeks. B
The relative activity is shown in histogram. Data are the means +SD
from five independent experiments. **P<(.01 vs. sham group;
##P <0.01 vs. saline group; §P <0.05 vs. vehicle-EXO group. C The
spectrum Doppler detecting of the blood flow of the injured carotid
artery site. Data are the means+SD from five independent experi-
ments. ##P <0.01 vs. saline group; P<0.05 vs. vehicle-EXO group.
D Immunoblotting analysis of the expression of the indicated genes
in the injured carotid artery tissue samples after treatment with
exosomes for 2 weeks and 4 weeks. E Relative expression levels were
quantitatively analyzed using ImageJ (NIH). Data are the means +SD
from three independent experiments. **P<0.01 vs. sham group;
##P <0.01 vs. saline group; §P <0.05 vs. vehicle-EXO group
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