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Abstract

Rationale: Angiogenesis is a crucial step towards tissue repair and regeneration after ischemia. The
role of circulating exosomes in angiogenic signal transduction has not been well elucidated. Thus,
this study aims to investigate the effects of coronary serum exosomes from patients with myocardial
ischemia on angiogenesis and to elucidate the underlying mechanisms.

Methods and Results: The patients were enrolled according to the inclusion and exclusion
criteria. Coronary blood was obtained from the angiography catheter. Serum exosomes were
purified and characterized by their specific morphology and surface markers. In vitro analysis showed
that compared to exosomes from healthy controls (con-Exo), exosomes from patients with
myocardial ischemia (isc-Exo) enhanced endothelial cell proliferation, migration and tube formation.
In 2 mouse hind-limb ischemia model, blood perfusion and histological staining demonstrated that
isc-Exo significantly promoted blood flow recovery and enhanced neovascularization compared to
con-Exo. Further, we revealed that cardiomyocytes, but not cardiac fibroblasts or endothelial cells,
were initiated to release exosomes under ischemic stress; cardiomyocytes might be the source of
bioactive exosomes in coronary serum. In addition, microarray analysis indicated that miR-939-5p
was significantly down-regulated in isc-Exo. By knockdown and overexpression analyses, we found
that miR-939-5p regulated angiogenesis by targeting iINOS. miR-939-5p inhibited both iNOS’s
expression and its activity, attenuated endothelial NO production, and eventually impaired
angiogenesis.

Conclusions: Exosomes derived from patients with myocardial ischemia promote angiogenesis via
the miR-939-iINOS-NO pathway. Our study highlights that coronary serum exosomes serve as an
important angiogenic messenger in patients suffering from myocardial ischemia.
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Introduction

Ischemic heart disease is the leading health largely restore coronary perfusion after acute

concern all over the world which is responsible for
about 8.2 million deaths and many more heart failures
globally each year, leaving a heavy economic burden
[1]. Although percutaneous coronary intervention can

myocardial infarction (MI), it is powerless to rebuild
the damaged microvascular architecture in ischemic
myocardium. Since angiogenesis is a crucial step
towards tissue repair and regeneration after ischemia,
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exploring the angiogenic mechanism has long been a
holy grail of cardiovascular research.

Recently, a growing number of studies have
suggested the key role of cell-to-cell communication
in cardiac remodeling post MI. The surviving cardiac
cells try to communicate with nearby or distant cells
by sending warning or regulatory signals in order to
maintain homeostasis and promote cardiac repair [2].
Exosomes are a group of newly defined extracellular
vesicles and are characterized by their size, markers
and origin [3]. They are typically 30-100 nm in size
and contain specific surface markers like CD9, CD63
and flotillin. They are produced by inward budding of
the cytoplasmic multivesicular bodies and released by
the fusion of the multivesicular body and cell
membrane [3]. Accumulating evidence have demons-
trated the important functions of exosomes in cell-cell
communications: exosomes can act as cargos to
deliver specific nucleic acids and proteins to the target
cells and eventually regulate the phenotype of host
cells [4-7]. Recently, stress-induced exosomes which
are released under pathological conditions have
attracted increasing attention [8-10]. Vicencio et al.
reported that plasma exosome quantity was increased
under ischemic stress. These stress-induced exosomes
could transfer Hsp70 to cardiomyocytes, thus
activating the ERK pathway [9]. Zhang et al. reported
the function of serum exosomes from patients with
atherosclerosis and showed that they promoted
endothelial cell migration by exosomal delivery of
miR-150 to endothelial cells [11]. Whether the exoso-
mes under myocardial ischemia conditions could play
a regulatory role on endothelial cells is still not clear.

In this study, we investigated the role of
coronary serum exosomes from the patients with
myocardial ischemia (isc-Exo) and healthy controls
(con-Exo), and evaluated their angiogenesis effects
and miRNA profiles. We also revealed that pro-
angiogenesis exosomes might be released from
ischemic cardiomyocytes and were delivered to endo-
thelial cells. The isc-Exo had lower levels of miR-939-
5p compared to con-Exo which promoted endothelial
angiogenesis through the iNOS-NO pathways.

Materials and Methods

Patients

Patients with chest pain and electrocardiogram
evidences of suspected myocardial ischemia in the
past three months who underwent diagnostic cardiac
catheterization in Shanghai East Hospital were
enrolled in this study. Exclusion criteria included: 1)
diabetes (fasting glucose > 7.0 mM or postprandial
glucose > 11.1 mM); 2) poorly controlled blood
pressure; 3) hyperlipidemia (total cholesterol > 5.9

mM or total triglyceride > 2.26 mM); 4) evidence of
infections; 5) other contraindications such as cancer,
hepatic or nephritic diseases. After the angiography
procedure, patients who had more than 70% stenosis
were collected as the ischemic group. These patients
were diagnosed as stable angina or acute coronary
syndrome (ACS). Those with less than 50% stenosis or
without stenosis were collected as the control group.
These patients were eventually diagnosed as stable
angina or myocardial bridge. All the enrolled patients
had signed the informed consent form and the
experiments were approved by the Shanghai East
Hospital Ethics Committee.

Exosome isolation

Exosomes were isolated from the sera of the
ischemic group and control group. 10 mL blood was
drawn from the Johnson’s Cordis 5F or 6F catheter
into a sterile centrifuge tube from the aortic sinus.
After that, all the blood samples were centrifuged at
2,400 g for 10 minutes at 4 °C to remove cells and
debris, then the supernatants were centrifuged at 860
g for 10 minutes at 4 °C to further purify the serum.
The serum exosomes were isolated using the
ultracentrifugation method. Briefly, 1 mL serum was
diluted in 10 mL PBS and filtered by a 0.22 pm filter.
Then the samples were centrifuged at 150,000 xg at 4
°C overnight. The supernatant was discarded and the
exosome pellet was dissolved in 11 mL PBS. Then the
samples were centrifuged at 150,000 xg 4°C for 2 h
[12]. The final exosome pellets were dissolved in 50 pL
RIPA lysis buffer (Beyotime, P0013C) and quantified
by the protein concentration. BCA Protein Assay kit
(Thermo, 23225) was used to determine the exosome
protein concentration as previously described. The
pellets were also dissolved in 500 pL TRIzol reagent
(Invitrogen, 15596026) for RNA evaluation and 250 pL
PBS for exosome downstream analysis.

Electron microscopy

Transmission  electron  microscopy  was
conducted to identify the morphology of
serum-derived exosomes as previously described [13].
After fixation by 1% glutaraldehyde for 2 h at room
temperature, exosomes were loaded on carbon-coated
electron microscopy grids and negatively labeled with
phosphotungstic acid for 5 min. The microscopy
images were captured by a JEOL JEM-1400
transmission electron microscope operating at 120 kV.

Western blot analysis

Western blot was used to identify the surface
markers of exosomes: CD9 (Abcam, ab92726); CD63
(Abcam, ab134045); Flotillin (Abcam, ab41927) and
protein levels of Alix (Abcam, ab186429); Tsgl01
(Abcam, ab125011); Rabl1la (Abcam, ab128913); iNOS
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(Novusbio, NB300-605). Briefly, 5x loading buffer was
mixed with protein lysis and heated at 95 °C for 5 min.
Then, the samples were loaded on 12% SDS-PAGE
polyacrylamide gels and run at 80V for 30 min before
120V for 1 h and then transferred to the polyvinyl-
idene fluoride membrane at 300mA for 1 h. The
membrane was incubated in 5% nonfat milk (CST,
9999s) and then exposed to the primary antibody:
anti-CD9  (1:500); anti-CD63 (1:200); anti-flottilin
(1:5000); anti-Alix (1:1000); anti-Tsgl101 (1:1000);
anti-Rablla (1:5000); anti-iNOS (1:200) at 4°C over-
night. After carefully washing with 1x Tris-buffered
saline with tween, the membrane was incubated with
secondary antibody (1:10000) at room temperature for
1 h. The protein band was detected and captured by
LI-COR Odyssey Infrared Imaging.

Quantitative RT-PCR analysis

qPCR analysis was performed for gene
expression. Briefly, RNA was extracted by TRIzol
reagent (Invitrogen, 15596026) and reverse-transcript
reaction was conducted using the PrimeScript RT
reagent kit (TaKaRa, RR047A). The miRNA reverse
transcription and qPCR primers were purchased from
Guangzhou Ribobio Corporation. The iNOS primers
were: CAGCGGGATGACTTTCCAA (forward) and
AGGCAAGATTTGGACCTGCA (reverse). The (-
actin primers were: AGGCATCCTCACCCTGAAGTA
(forward) and CACACGCAGCTCATTGTAGA (reve-
rse) as previously reported [14]. The qPCR was
conducted using the SYBR Premix Ex Taq II kit
(TaKaRa, RR820A) on an Applied Biosystems 7500
Real-Time PCR System. The relative expression level
was calculated by the 2(-2ACT),

Cell culture

Primary rat neonatal cardiomyocytes, mouse
cardiac endothelial cells, HUVEC, and NIH3T3 cell
lines were cultured as previously described. Briefly,
primary cardiomyocytes were harvested by collagen-
ase II digestion and confirmed by immunofluoresc-
ence staining with specific markers [15]. The mouse
primary endothelial cells were harvested by
collagenase I digestion and CD31 magnetic bead
separation and cultured in EGM-2 media (Lonza,
3162). 45 g/L glucose DMEM (Gibco, 11965)
containing 10% FBS was used to culture the primary
cardiomyocytes and cell lines. The cells were
incubated in an incubator at 37 °C, 5% CO,. The
hypoxia experiments were conducted using the
Genbag (BioMerieux, 45534). The cells were incubated
under hypoxia conditions for 24 h.

Interactions between HUVECs and exosomes

Exosome staining was conducted as previously
described [16]. 0.25 pL Calcein AM (Invitrogen,

L3224) was used to label 100 pL exosomes dissolved
in PBS at 37 °C for 20 min. Then 100 pL labeled
exosomes were diluted in 400 pL DMEM and
incubated with HUVECs for 6 h. The HUVECs were
then labeled with Phalloidin (CST, 8953) (1:200) and
DAPI (1:10000) at room temperature for 15 min. The
cells were then captured using a Leica Confocal Laser
Scanning Microscope and the images were 3D
reconstructed using confocal Z-stack images [17].

Cell proliferation

Cell proliferation was assessed by the cell
counting kit-8 (Dojindo, CK04-11), Cell-Light EAU kit
(Ribobio, C10310-3) and also by manual cell counting.
Briefly, 100 pL cell suspension containing 3000 cells
was dispensed in a 96-well plate. The HUVECs were
treated with different doses of isc-Exo (100 pg/mL or
200 pg/mL); con-Exo (100 pg/mL or 200 pg/mL) and
PBS. After 24 h, 10 pL CCK-8 reagent was added to
the medium and incubated for 3 h. The OD level was
measured by the spectrophotometric microplate
reader at 450 nm. For EdU analysis, the reagent was
added to the 96-well plate and incubated for 2 h to
label EAU. Then the cells were captured by the Leica
Fluorescence Microscope.

Cell migration analysis

HUVEC migration was analyzed using 8.0 um
Transwell inserts (Corning, 3422) and the scratch
wound assay. In detail, cells were resuspended in
serum-free DMEM and 2x10> cells per well were
seeded into the Transwell inserts to allow the cells to
migrate through the 8.0 um pore polycarbonate
membrane to the underside with DMEM containing
10% FBS. The cells were then treated with isc-Exo or
con-Exo or PBS and incubated for 8 h at 37 °C, 5%
COs. At the time point, cells inside each insert were
removed with cotton swabs and the migrated cells on
the underside were stained with crystal violet
solution for 10 min and counted in five microscopic
random fields. The scratch wound assay was
conducted by resuspending HUVEC in 6-well plates
and starving for 12 h before experiments. The scratch
wound was generated by a pipette tip. isc-Exo,
con-Exo or PBS were used respectively. After 18 h, the
wound area was observed and analyzed. The ratio of
non-migrated area divided by the baseline area was
used to calculate the migration effects.

Matrigel tube formation

In vitro tube formation analysis was evaluated on
50 pL Matrigel Matrix (BD, 356234) in a 96-well plate.
2x10* cells per well were dispensed onto the Matrigel.
Then the cells were treated with isc-Exo, con-Exo and
PBS. After incubating for 8 h, the tube formation was
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analyzed by calculating the number of nodes and total
tube length.

Evaluation of iNOS activity and NO levels

The iNOS activity of the cell supernatant was
evaluated by the NOS Activity kit (Nanjing Jiancheng,
A014) and supernatant NO levels were evaluated by
the Griess Reagent kit (Invitrogen, G7921). Briefly,
HUVECs were seeded in 6-well plates and the cells
were then treated with mimic, inhibitor or scrambled
miRNA for 72 h. Cell supernatants were thereafter
obtained and centrifuged at 95 g for 5 min to remove
debris. The supernatants were added to 96-well plates
and the reagents of the NOS Activity kit or the Griess
Reagent kit were added and incubated according to
the protocols. The absorbance was measured at 530
nm and 548 nm, respectively, by a spectrophotometric
microplate reader.

Animals

Wild type, male C57BL/6 mice aged 10-12 weeks
and new born SD rats were purchased from Shanghai
Sippr-BK Laboratory Animal Co. Ltd. The animals
were fed under a specific pathogen free environment
in the Shanghai East Hospital animal laboratory. All
animal experiments were conducted under the rules
approved by the Shanghai East Hospital Ethics
Committee.

Mouse model of hind-limb ischemia and
myocardial infarction

Unilateral hind-limb ischemia was conducted as
previously described [18] by surgically excising and
ligating the two sides of the left femoral artery from
the proximal iliac-femoral artery to the distal branch
of the femoral common artery. The right limb was left
as control. One day after the surgery, the hind-limb
was measured by Laser-Doppler Perfusion Imaging to
ensure the effects of ligation. Meanwhile, isc-Exo and
con-Exo were diluted with PBS to a final
concentration of 1x10% pg/mL and the hind-limb
ischemic mice were randomly treated with 200uL
isc-Exo, con-Exo or PBS (n = 5 per group) by
quadriceps muscle injection using a 1mL syringe.
After the injection, Laser-Doppler Perfusion Imaging
was used to monitor the blood flow recovery at 7, 14
and 21 days. The hind-limb blood flow perfusion was
assessed by the ratio of ischemic limb divided by the
control limb. The myocardial infarction model was
conducted as previously described [19]. Briefly, the
mice were anaesthetized and intubated. The heart was
exposed by separating the ribs. The left anterior
descending coronary artery was then ligated. The
chest was then closed. The ischemic zones were
collected 3 days after the myocardial infarction.

Microarray and data analysis

Total RNA was extracted from the isc-Exo and
con-Exo groups by using the miRNeasy Mini Kit
(Qiagen, 217004). The RNA was quantified by Thermo
ND-2000 NanoDrop and Agilent 2100 Bioanalyzer. Six
Agilent Human miRNA (860K, Design ID: 070156)
microarrays were used in the experiment. The RNA
labeling and array hybridization were conducted
using the miRNA Complete Labeling and Hyb Kit
(Agilent technologies, 5190-0456) according to the
manufacturer’s instructions. Slides were scanned by
Agilent Microarray Scanner (Agilent technologies, G2
565CA) and Agilent Feature Extraction software v10.7
with default settings. Raw data were normalized by
the Quantile algorithm in the R software [20].

After acquiring the raw data, the differently
expressed miRNAs were calculated using the t-test.
Those with > 2-fold change and P-value < 0.05 were
regarded as significantly different. Volcano plots and
heat maps were generated by using Microsoft Excel
2010. The function analysis was conducted using the
GO analysis (http:/ /www.geneontology.org) to show
the involved biological functions. The pathway
analysis was conducted using the KEGG. The GO and
KEGG results were ranked by enrichment factors,
which were used to reveal the most associated
functions and pathways.

Histological and immunofluorescence analysis

The ischemic muscles after 21 days were
harvested, paraformaldehyde fixed and embedded in
paraffin. The sections were stained by hematoxylin
and eosin. For immunohistochemistry and immunof-
luorescence staining, the sections were incubated with
primary antibody: CD31 (CST, 3528s) (1:100); a-SMA
(Abcam, ab7817) (1:50) overnight, followed by secon-
dary antibody.

Luciferase assay

A dual-luciferase reporter assay system and
Sirius single tube luminometer were used to test
luciferase activity. The 3’-UTR of the iNOS sequence
containing the predicted miR-939-5p binding sites and
its mutant were cloned into the plasmid vector and
transfected into HEK293 cells. A Renilla luciferase
vector was co-transfected in all transfections descry-
bed to monitor transfection efficiency. All luciferase
results were reported as relative light units: the
average of the Photinus pyralis firefly activity
observed divided by the average of the activity
recorded from the Renilla luciferase vector.

Statistical analysis

All the experiments were repeated at least three
times and all the data are shown as mean * standard
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errors of the mean. Unpaired t-test was used to
analyze the differences between groups and a P-value
< 0.05 was regarded as statistically significant.

Result

Characterization of serum exosomes

Twenty patients were enrolled in the study. The
baseline characteristics of the enrolled patients are
shown in Table 1. The two kinds of serum exosomes
were purified by the ultracentrifugation method as
previously reported [12]. Nanosight analysis showed
that the particle size distribution of the two kinds of
purified exosomes were between 30-100 nm (Figure
1A). Transmission electron microscopy was used to
identify the morphology of purified exosomes which
showed a round, cup-shaped morphology ~50 nm in
diameter, indicating that the main contents of the
microvesicles were exosomes (Figure 1B, C). Meanw-
hile, specific exosome markers (CD9, CD63, Flotillin)
were expressed in both the two kinds of exosomes
(Figure 1D). All together, these results confirmed that
the main contents of the purified microvesicles were
exosomes.

Serum-derived exosomes were internalized by
endothelial cells

To verify if the serum exosomes could interact
with endothelial cells, the purified exosomes were
labeled with Calcein AM and co-incubated with
endothelial cells for 6 h. The endothelial cells were
then labeled with Phalloidin and DAPI and captured
by confocal microscope. The 3D Z-stack reconstru-
ction images showed that the green-labeled exosomes
were internalized and mainly located in the
cytoplasm of endothelial cells after co-incubation,
indicating that serum exosomes could indeed interact
with endothelial cells (Figure 1E).

Isc-Exo promoted endothelial cell
proliferation, migration and tube formation

Previous studies indicated that exosomes could
act as cargos to transport regulatory signals. In order
to determine the effects of serum-derived exosomes
on endothelial cells, HUVECs were co-incubated with
both kinds of exosomes. In the proliferation analysis,
isc-Exo better promoted endothelial cell proliferation
compared to con-Exo after 24 h of treatment, as
indicated by the Edu and CCKS8 analyses (Figure
2A-C). Follow-up manual cell counting also
confirmed the above results (Figure 2D). Meanwhile,
the proliferative effect of exosomes on endothelial
cells showed a dose-dependent response. In addition,
vascular formation ability was assessed by Matrigel
assay and it revealed that isc-Exo increased the
number of nodes and total tube length compared to

con-Exo, indicating its pro-angiogenesis ability
(Figure 2E-G). Furthermore, transwell and scratch
wound assay were used to determine the migration of
endothelial cells after treatment by the two kinds of
exosomes. It was shown that both isc-Exo and
con-Exo could promote the migration of endothelial
cells, while isc-Exo showed greater effects than
con-Exo both by migrated area in the wound assay
(Figure 2H, I) and migrated number of cells in the
Transwell assay (Figure 2], K). Overall, isc-Exo
showed prior effects than con-Exo in angiogenesis-
related processes including proliferation, migration
and tube formation, indicating that exosomes derived
from coronary serum of patients with myocardial
ischemia might contain some different angiogenesis
signals compared to exosomes from controls. Hence,
coronary serum-derived exosomes were angiogenesis
regulators while isc-Exo showed prior effects.

Isc-Exo promoted angiogenesis in mouse
hind-limb ischemia

To further determine the in vivo angiogenesis
effects of isc-Exo and con-Exo, a mouse hind-limb
ischemia model was generated and the two kinds of
exosomes were intramuscularly injected 1 day after
the surgery. At7 and 14 days post-surgery, the isc-Exo
and con-Exo groups did not show an advantage in
blood flow recovery compared to the PBS group.
However, after 21 days post injection, the isc-Exo
group showed a significantly 2-fold higher blood
perfusion than the con-Exo group. Meanwhile, there
was no significant difference in blood perfusion
between the con-Exo group and the PBS group
showing that isc-Exo promoted ischemic injury repair
while con-Exo did not (Figure 3A, B). In addition, the
ischemic limb skin appearance of the three groups at
21 days also showed a similar trend. There was no
scar or ischemic appearance on the ischemia limb skin
in the isc-Exo group after 21 days, while we could see
scarring in the PBS group and swelling in the con-Exo
group (Figure 3C). Further, muscle samples were
harvested, sectioned and stained. The angiogenesis
ability after the ischemia was determined by vascular
marker CD31.The isc-Exo group showed a significan-
tly higher capillary density compared to the con-Exo
group both by immunohistochemistry (Figure 3E) and
immunofluorescence (Figure 3F), indicating isc-Exo’s
potential role in microvascular construction. Overall,
the in vivo mouse limb ischemia analysis revealed
that, compared to the con-Exo group, the isc-Exo
group significantly increased the capillary density,
thus enhancing the post ischemic injury repair.
Coronary serum-derived exosomes were positive
regulators in post ischemia recovery while isc-Exo
showed stronger healing ability.
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Figure 1. Characterization and internalization pathways of coronary serum exosomes. (A) The particle diameter distribution ratio measured by
Nanosight analysis of isc-Exo (blue) and con-Exo (red), which indicated that most of the particles were between 30-100 nm. (B, C) The transmission electron
microscopy appearance of exosomes. Bars indicate 200 nm and 50 nm, respectively. (D) The CD9, CD63 and Flotillin expression levels in both con-Exo and isc-Exo.
(E) Representative horizontal and vertical images of a 3D Z-stack reconstruction showing labeled exosomes (green) were located in HUVEC cytoplasm (red). Bars

indicate 10 ym.

Pro-angiogenic isc-Exo might be secreted by
hypoxic cardiomyocytes

In order to investigate the source of the
pro-angiogenic exosomes in coronary serum, exosome
biogenesis-related marker proteins (Alix, Tsg101 and
Rablla) were evaluated in the main kinds of cardiac
cells (cardiomyocytes, fibroblasts and endothelial
cells). We first generated the mouse myocardial
infarction model and evaluated the protein levels in
the border zones of the ischemic myocardium. This
revealed that Alix was strikingly up-regulated in the
ischemic myocardium (Figure 4A). In addition, in
primary cardiomyocytes treated with hypoxia, Alix
and Rablla were up-regulated (Figure 4B), while in
hypoxic endothelial cells (Figure 4C) and fibroblasts
(Figure 4D), the three proteins remained unchanged
and even down-regulated. In conclusion, ischemic
and hypoxic stress up-regulated the exosome
biogenesis-related proteins in specific cell types, thus

initiating the biogenesis of exosomes. We assumed
that the ischemic cardiomyocytes might be the source
of functional exosomes in this situation.

Table 1. The baseline characteristics of enrolled patients.

Characteristics Ischemia (N = 10) Control (N =10)
Age (year) 69.6+8.2 61.7+7.1
Male (%) 80 60
Glucose (mM) 5.3+1.8 5.8+1.4
Cholesterol (mM) 3.6+£0.8 3.6£1.0
Triglyceride (mM) 1.2+04 1.4+0.5
LDL (mM) 1.8+0.6 1.9+0.5
TnT positive (%) 30 0
Characteristics of lesion

LAD (%) 60 50

LCX (%) 20 10

RCA (%) 20 20
Statins (%) 90 50
ACEI&ARB (%) 60 40
LV dysfunction (%) 10 0
PCI history (%) 90 20
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Figure 2. Effects of isc-Exo and con-Exo on in vitro angiogenesis. (A, B) The isc-Exo group showed greater proliferative effects than con-Exo at both 200
pg/mL and 400 pg/mL doses in EdU-positive cells measured by CCK8 absorbance (C) and manual cell count (D). (E) The isc-Exo group showed better vascular
formation ability than con-Exo in tube formation analysis measured by number of nodes (F) and tube length (G). isc-Exo promoted endothelial cell migration, as
evaluated by scratch wound assay (H) and analyzed by the ratio of non-migrated area divided by the baseline wound area (l). (J) The Transwell assay also revealed the
same trend as the wound assay and was analyzed by the number of migrated cells (K). Bars indicate 200 pym in all pictures. * indicates P < 0.05.
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Figure 3. Healing effects of isc-Exo and con-Exo on mouse ischemic injury after hind-limb ischemia. (A) Blood flow recovery evaluated by
Laser-Doppler perfusion imaging 0, 7, 14, 21 days after surgery. The left side was the ischemia limb and the right side was the normal control limb. Bars indicate 1 cm.
(B) The healing effect of blood perfusion recovery was analyzed by the perfusion ratio of the ischemia side divided by that of the normal control side. The isc-Exo
group showed better blood perfusion recovery effects compared to the con-Exo group 21 days after surgery. (C) The ischemic limb skin appearance 21 days after
surgery. The PBS group showed scarring on the left ischemia limb and the con-Exo group showed swelling in the whole ischemia limb. Meanwhile, the isc-Exo group
showed a better recovery. Muscle sections stained by hematoxylin and eosin (D), CD31 immunohistochemistry (E) and CD31 and a-SMA immunofluorescence (F).
The arrows indicate the microvessels in the muscle and the bars indicate 100 ym in the pictures. red: a-SMA, green: CD31, blue: DAPI. (G) The capillary density in

the ischemia muscles was analyzed by the number of microvessels per cm2. The isc-Exo group showed higher capillary density than the con-Exo group. * indicates P
< 0.05.

profile of isc-Exo and con-Exo as previous studies
indicated that miRNAs are one of the main functional
contents in exosomes. In order to identify the miRNA
profile of isc-Exo and con-Exo, we chose three ACS
patients and three control patients and collected their
serum exosome samples to conduct a microarray

miR-939-5p was down-regulated in isc-Exo

Both the in vitro and in vivo analyses revealed
that isc-Exo enhanced angiogenesis compared to
con-Exo. To investigate the underlying angiogenic
roles in exosomes, we further explored the miRNA
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analysis. In the end, five miRNAs (miR-939-5p,
miR-1246, miR-3679-5p, miR-4787-3p and miR-6085)
were found to be down-regulated and one (miR-4307)
was found to be up-regulated in isc-Exo compared to
con-Exo. The differently expressed miRNAs were
shown as a volcano plot and a heat map (Figure 5A,
B). Follow-up qPCR verification showed a similar
trend as the microarray results (Figure 5E).
Bioinformatics analyses including GO and KEGG
analyses were then conducted to reveal the most
related processes and pathways. The most enriched

biological processes were cardiac conduction
communication, = TGF-B  regulation,  glucose
transcription and heart morphology apoptosis,

indicating that the exosomes were involved in various
biological = processes including cardiac cell
communication and immune regulation (Figure S1A).
To further investigate the endothelial- and
cardiomyocyte-related processes, we screened the
related GO terms and found that the differently
expressed miRNAs were mainly associated with

endothelial cell differentiation, fate commitment,
migration, proliferation and cell chemotaxis which
revealed the potential role of these miRNAs in
endothelial differentiation and angiogenesis-related
processes (Figure 5C). Meanwhile, the differently
expressed miRNAs were mainly related to
cardiomyocyte conduction, relaxation, membrane
potential, differentiation and tissue growth (Figure
5D). In order to find out the functional miRNAs
involved in the endothelial cell regulation,
gain-of-function analysis was conducted by
transfecting miRNA mimics into HUVEC. We chose
miR-939-5p, miR-1246, miR-4787-3p and their mimics
were transfected for 24 h. The cell proliferation was
then evaluated and showed that endothelial cell
proliferation was inhibited by miR-939-5p and
miR-4787-3p but not by miR-1246, compared to the
control mimic (Figure 5F). As miR-939-5p has been
reported to be involved in angiogenesis, we chose
miR-939-5p for further down-stream analysis.
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Figure 4. Exosome biogenesis related proteins under hypoxia stress.The expression of exosome biogenesis-related proteins Alix, Tsgl01 and Rabl1a in
ischemic myocardium (A) primary cardiomyocytes (B) primary endothelial cells (C) and fibroblasts (D). Alix showed a higher expression in the ischemic myocardium
and hypoxic cardiomyocytes. Rabl 1a was also higher in hypoxic cardiomyocytes. However, the hypoxic endothelial cells and fibroblasts did not show an increase in
any of Alix, Tsgl01 or Rabl la. * indicates P < 0.05 and NS indicates P > 0.05. The protein levels are shown as the experiment group divided by the control group.
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and NS indicates P > 0.05).

miR-939-5p attenuated endothelial cell
proliferation and tube formation

To test whether miR-939-5p could regulate
angiogenesis, the effect of miR-939-5p on endothelial

cell proliferation and tube formation was evaluated.
The miR-939-5p mimic and inhibitor were transfected
into HUVEC for gain- and loss-of function analyses.
From proliferation assay, miR-939-5p overexpression
significantly attenuated endothelial cell proliferation,
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as evaluated by CCKS8, while miR-939-5p inhibitor
could promote cell proliferation compared to the
control side (Figure 6A). Tube formation was then
evaluated on a Matrigel assay. The miR-939-5p mimic
could significantly impair the vascular formation
ability when evaluating the number of nodes and total
tube length. In contrast, miR-939-5p inhibitor enhan-
ced vascular formation capability compared to the
inhibitor control, indicating its pro-angiogenesis
effects (Figure 6B-D). Taken together, these data
showed that miR-939-5p could strongly attenuate the
angiogenesis ability by down-regulating angiogen-
esis-related activities including proliferation and tube
formation. miR-939-5p could be an angiogenesis
suppressor and inhibition of miR-939-5p promoted
angiogenesis.

miR-939-5p targeted iINOS and regulated NO
production

Previous studies have shown that miR-939-5p
could regulate endothelial function by targeting
VE-cadherin [21] and y-catenin [22]. Guo ef al
previously revealed that miR-939-5p down-regulated
iNOS in cultured hepatocytes [14]. Combining
bioinformatics analysis and previous results, we chose
iNOS as a candidate target in endothelial cells. To
verify if iNOS was the direct target of miR-939-5p,
luciferase assay was conducted. The 3’-UTR of NOS2
(INOS) sequence containing the predicted miR-939-5p
binding sites was cloned into the plasmid vector and
the plasmid vector was transfected into HEK293 cells.
miR-939-5p mimic or control were then transfected
into HEK293 cells and the luciferase activity was
tested. miR-939-5p mimic strikingly down-regulated
the luciferase activity in the iNOS 3'UTR WT group
but did not suppress luciferase activity in the iNOS
3'UTR Mut group (Figure 6E). The above results
confirmed that iNOS was the direct target of
miR-939-5p. To further investigate whether
miR-939-5p could down-regulate iNOS in endothelial
cells, the mimic and inhibitor of miR-939-5p were
transfected into HUVEC and the mRNA and protein
levels of iNOS were evaluated. After 72 h of
transfection, the mRINA level of iNOS was knocked
down by miR-939-5p and the inhibitor of miR-939-5p
restored iNOS levels (Figure 6F). The western blot
analysis also revealed that miR-939-5p overexpression
could down-regulate iNOS protein levels in
endothelial cells and miR-939-5p inhibitor
up-regulated iNOS expression (Figure 6G, H).
Furthermore, we also tested if miR-939-5p could
influence the activity of iNOS in endothelial cells. The
activity of iNOS was evaluated after transfection: the
miR-939-5p mimic could down-regulate iNOS
activity, while miR-939-5p knock-down improved

iNOS activity though there was no statistical
difference (Figure 6I). NO levels were finally
evaluated, which indicated that miR-939-5p
overexpression could impair NO production, while
miR-939-5p inhibitor enhanced NO production
(Figure 6]). In order to test if eNOS, another important
regulator of endothelial NO production, takes part in
the regulatory pathways, we used nitroglycerin to
induce the eNOS expression in endothelial cells.
Previous studies indicated that nitroglycerin mainly
induces NO production through the eNOS pathway
[23]. In our study, nitroglycerin significantly
increased NO levels; however, none of the miR-939-5p
mimic or inhibitor could influence eNOS pathways
(Figure S1E, F). In conclusion, miR-939-5p could
target iINOS and down-regulate its mRNA and
protein levels in endothelial cells. In addition,
miR-939-5p attenuated the activity of iNOS thus
repressing NO production.

Isc-Exo with lower miR-939-5p unlocked the
iNOS signaling pathway in endothelial cells

To test if the miR-939-5p-iNOS pathway is truly
involved in exosome regulation, we thus investigated
the miR-939-5p and iNOS levels in isc-Exo- and
con-Exo-treated endothelial cells. After treatment
with exosomes for 72 h, the cellular miR-939 level was
3-fold higher in the con-Exo-treated endothelial cells
(Figure 7A). The mRNA and protein levels of iNOS
were both induced in the isc-Exo-treated group
(Figure 7B-D), demonstrating an active iNOS pathway
in endothelial cells. These results indicated that the
lower miR-939-5p in isc-Exo could largely free the
iNOS signaling pathway and thus achieve its
angiogenic effect.

Discussion

Exosomes, which carry functional messages,
play an essential role in cell-cell communication
under both physiological and pathophysiological
conditions [2, 24]. However, most of the studies have
only investigated the exosomes derived from cultured
cells or mice, knowledge about human
sample-derived exosomes are still limited. In our
current study, the exosomes were purified from
human coronary blood which was drawn from a
catheter positioned in the aortic sinus. Zhang et al.
revealed that mouse cardiomyocytes could release
cell-specific exosomes to the bloodstream under
ischemic conditions [25]. We thus designed the study
to draw blood from the places neighboring the
ischemic myocardium, which might also release
tissue- and cell-specific exosomes.
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Figure 6. The effect of miR-939-5p on angiogenesis and down-stream targets. The effect of the miR-939-5p mimic or inhibitor on endothelial cell
proliferation (A) and tube formation (B-D). The bar indicated 200 pym. miR-939-5p mimic strikingly repressed endothelial cell proliferation and tube formation and
miR-939-5p inhibitor reserved the trend. (E) Plasmid vectors of human NOS2 (iNOS) 3"-UTR or its mutation were transfected into HEK293 cells followed by
miR-939-5p mimic or control transfection. Dual luciferase activity assay showed that miR-939-5p mimic targeted iINOS 3’-UTR but not its mutation. The effect of
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Figure 7. miR-939 and iNOS levels after isc-Exo and con-Exo
treatment. (A) After treatment by isc-Exo and con-Exo, the miR-939
expression of con-Exo-treated cells was 3-fold higher than that of
isc-Exo-treated cells. (B) Meanwhile, the INOS mRNA level was 5-fold higher in
the isc-Exo group. (C, D) The iNOS protein level in the isc-Exo-treated cells
was also higher than that of con-Exo-treated cells. * indicates P < 0.05.

In this study, we found that both kinds of
exosomes could be internalized by endothelial cells
and isc-Exo accelerated endothelial cell proliferation,
tube formation and migration. Meanwhile, isc-Exo
showed a much better capability for post ischemic
injury repair and angiogenesis than con-Exo in limb
ischemia. To figure out the functional contents in
exosomes, we conducted a microarray analysis to
investigate the different miRNA profile in these two
kinds of exosomes. As a result, miR-939-5p, miR-1246,
miR-3679-5p, miR-4787-3p and miR-6085 were
down-regulated, while miR-4307 was found to be
up-regulated in the isc-Exo group compared to the
con-Exo group. Further GO analysis revealed that the
miRNAs were associated with endothelial cell
differentiation, fate commitment, migration and
proliferation. Then, miR-939-5p, miR-1246 and
miR-4787-3p were evaluated by gain-of-function
analysis in endothelial cells. Finally, miR-939-5p and
miR-4787-3p showed significant suppression on cell
proliferation. miR-939-5p has been reported to be
involved in various biological processes [21, 22]. For
example, Modica et al. revealed that miR-939-5p could
impair the endothelial monolayer barrier thus
promoting breast cancer metastasis [21]. In another
study, miR-939-5p was reported to suppress
endothelial cell angiogenesis by targeting y-catenin
[22]. Although these studies suggest the
anti-angiogenic effects of miR-939-5p, the source and
delivery route of miR-939-5p in ischemic disease
remain unknown. Most importantly, the biological

significance of miR-939-5p variation between
ischemia and non-ischemia patients has not been
evaluated.

Currently, we found that the serum exosomal
miR-939-5p was lower in the myocardial ischemia
compared to normal conditions. By manipulating
miR-939-5p levels, the coronary serum-derived exoso-
me acts as a messenger to regulate endothelial cell
function and thus unlocks endogenous angiogenesis
after myocardial ischemia. Previous studies reported
that cardiomyocytes could release cell-specific
exosomes to the bloodstream under ischemic
conditions [25]. To explore the possible source of these
angiogenic exosomes, both ischemic myocardium and
hypoxic cardiomyocytes were studied. As a result, the
exosome biogenesis-related marker proteins were
activated in ischemic myocardium and hypoxic
cardiomyocytes but not in endothelial cells or
fibroblasts. These findings suggest that exosome
biogenesis in cardiomyocytes is more sensitive to
ischemic stress. Based on our findings and previous
reports, we speculate that cardiomyocytes might be
the source of angiogenic serum exosomes under
ischemic conditions. By gain- and loss-of-function
analyses, we found that miR-939-5p could repress
angiogenesis by down-regulating endothelial cell
proliferation and tube formation. Although the
post-transcription inhibition of miR-939-5p on iNOS
has been previously reported in cultured hepatocytes
[14], we demonstrated that miR-939-5p directly
targeted the 3’'UTR of iNOS in endothelial cells and
found that miR-939-5p acted as a repressor of both
expression and activity of iNOS.

NO is widely involved in many physiological
and pathological processes [26]. It is produced from
L-arginine by NOS catalyst. In cardiovascular
diseases, NO has been shown to exert many
cardioprotective roles [27]. Previous studies indicated
that NO is involved in smooth muscle cell [28],
endothelial cell [29] and blood cell [30] regulation. In
endothelial cells alone, NO was shown to enhance
endothelial cell proliferation and migration and
attenuated apoptosis [27, 31]. As many studies have
demonstrated that NO is an essential mediator in
VEGF-induced endothelial angiogenesis [32, 33], the
lower level of miR-939-5p in endothelial cells after
isc-Exo treatment may strengthen VEGF signal
transduction, thus increasing angiogenic response.

Complicated origins and varying purification
methods largely plague the study of circulating
extracellular vesicles in cardiovascular diseases.
Mallat et al. and Mizrachi et al. who have made some
early researches in this area, found that in ACS
patients, endothelial cell-derived microparticles were
increased [34, 35]. Boulanger et al. further revealed
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that microparticles derived from ACS patients would
influence the eNOS pathway which in the end
impaired NO capability [36]. These early studies used
“microparticles” to describe the purified extracellular
vesicles as they were shed mainly from various kinds
of cells including platelets, leukocytes or endothelial
cells which did not rigorously distinguish apoptotic
bodies, microvesicles and exosomes [3]. However,
these early studies clearly suggested the potential
regulatory function of circulating extracellular
vesicles. Recent studies have begun to focus on
“exosomes” which are more specific than “micro-
particles” due to the promoted ultracentrifugation
isolation methods [13]. With the rapid development of
"-omics" technology, recent studies have also revealed
that the protein profile of circulating exosomes after
myocardial infarction is strikingly changed which
provided potential biomarkers and novel targets for
post-infarct regulation [37]. There was an interesting
study [22] that investigated the circulating miRNAs in
ischemic patients with sufficient or poor coronary
collateral circulation. They found that circulating
miR-939-5p is significantly down-regulated in the
serum of sufficient coronary collateral circulation
patients. The circulating miRNA, wunlike the
target-delivered exosomal miRNA, acts as a rover in
circulation, which means it may react with any cell
type the blood stream reaches. Since we found an
exosome-mediated delivery of miR-939-5p to
endothelial cells, it could better explain the fact that
patients with lower levels of miR-939-5p patients have
more sufficient collateral circulation.

There remain some limitations that we should
acknowledge. First of all, the clinical sample size
enrolled in this study was relatively small, which
might neglect other functional miRNAs in patients
with myocardial ischemia. Secondly, due to the
complicated exosomal contents, the miR-939-iINOS-
NO pathway might only be one of multiple pathways
that regulate angiogenesis. The residual proteins in
the purified exosomes might also play a role in
exosome regulation.

In summary, the present study suggests that
hypoxic cardiomyocytes may release functional
exosomes (isc-Exo) into coronary artery serum, and
isc-Exo acts as an angiogenic signal as its lower
miR-939-5p level promotes NO production in
endothelial cells. Our findings advance the current
knowledge of endogenous angiogenesis with the
novel route of exosomal miRNA in myocardial
ischemia.
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