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Abstract. Endothelial progenitor cells (EPCs) have protective 
roles in ischemic injury due to their ability to improve endo-
thelial function and modulate angiogenesis. Microvesicles 
(MVs) are small membrane particles released by various 
cell types, including EPCs, which affect various target 
cells by transferring carried genetic information, including 
microRNAs (miRNAs/miRs). Depending on the stimuli 
and cell types, MVs exert different functions. In the present 
study, oxygen-glucose deprivation (OGD) was used to mimic 
ischemic-hypoxic (HI) insult, where the effects of HI insult on 
EPC-derived MVs (EPC-MVs) were subsequently investigated. 
OGD induced Ca2+ influx in EPCs and increased the release of 
EPC-MVs compared with normoxic conditions. In addition, 
MVs prepared from EPCs cultured under normoxic conditions 
or OGD conditions (OGD-EMVs) had the ability to stimulate 
the proliferation of EPCs. Furthermore, OGD-EMVs induced 
stronger effects on proliferation, which may be associated with 
the upregulation of miR-210 in EPC-MVs. In conclusion, the 
present results indicated that HI insult promoted the release 
of MVs from EPCs and upregulated miR-210 in MVs, leading 
to positive modulation of the proliferation of EPCs cultured 
under normoxic conditions.

Introduction

Endothelial progenitor cells (EPCs) are able to mobilize into 
peripheral blood, home in to an injured area and differen-
tiate into endothelial cells (ECs), thereby contributing to the 
improvement of endothelial function (1-3). Previous studies 
have indicated that EPCs are able to exert a protective effect 
in experimental disease models, including hindlimb ischemia, 
myocardial infarction and kidney injury (4-8). 

Microvesicles (MVs) are small membrane particles 
0.1-1 µm in size (9). In response to different stimuli, MVs are 
released by various cell types, including EPCs, and deliver 
proteins and genetic information, including mRNA and 
microRNA (miRNA/miR), to recipient cells, representing a 
novel method of cell-to-cell communication (10-12). Recent 
studies have reported that MVs released from different stimuli 
exert different functions at recipient cells (13,14). 

Numerous mammalian organs are vulnerable to 
hypoxic-ischemic (HI) insult. HI exposure induces a series 
of changes in mammalian cells that remain incompletely 
understood. In the short term, HI adaptations are important 
for improving survival and function, and may be essential for 
optimal function. 

However, to date, the effects of different pathological 
stimuli on EPC-derived MVs have remained to be fully deter-
mined. Oxygen-glucose deprivation (OGD) is a commonly 
used model to mimic HI in vitro (15). The present study aimed 
to investigate the potential effects of HI on EPC-derived MVs 
(EPC-MVs) by using OGD culture.

Materials and methods

Culture of EPCs. EPC culture and characterization was 
performed as previously described (16,17). In brief, mononu-
clear cells were isolated from the spleens of Sprague Dawley 
(SD) rats (n=6; male; age, 12 weeks; weight, 320-380 g; 
Third Military Medical University, Chongqing, China). The 
cells were counted and seeded on fibronectin‑coated 24‑well 
plates (BD Biosciences) at 1x106 cells/well and then grown 
in EC basal medium 2 (EBM-2; Gibco; Thermo Fisher 
Scientific, Inc.), supplemented with 5% fetal bovine serum 
(FBS; Invitrogen; Thermo Fisher Scientific, Inc.) containing 
an EPC growth cytokine cocktail (Gibco; Thermo Fisher 
Scientific, Inc.) in a 5% CO2 incubator at 37˚C. After 3 days, 
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any non-adherent cells were removed by rinsing three times 
with PBS. Thereafter, the culture medium was changed every 
two days.

OGD. In vitro HI insult was simulated using OGD methods. 
In brief, the cells were washed three times with glucose-free 
medium (125 mM NaCl, 2.8 mM KCl, 1.5 mM MgCl2, 0.05 mM 
MgSO4, 2 mM CaCl2, 0.83 mM NaH2PO4, 24 mM NaHCO3 
and 2 mM HEPES) prior to oxygen removal and placed in an 
anaerobic chamber perfused with a gas mixture of humidi-
fied 95% N2 and 5% CO2 for 3 h at 37˚C. Control cells were 
subjected to three washes to control for the mechanical stress 
associated with medium changes, but otherwise remained in 
the control culture medium at 37˚C in a regular 5% CO2 and 
95% air incubator.

Preparation of MVs. MVs were generated from rat 
EPCs cultured in OGD culture medium (OGD-MVs) or 
normoxic-condition culture medium (n-MVs). In brief, EPCs 
were cultured in 100-mm cell culture dishes. When the cells 
reached 80% confluence, they were washed with PBS and 
then cultured in fresh culture growth medium (EBM-2) or 
glucose-deprivation medium under oxygen-deprivation condi-
tions in the absence of serum. The cell medium, from 12 wells 
as an aliquot, was collected and centrifuged at 300 x g for 
5 min at 4˚C, followed by 2,000 x g for 15 min 4˚C, to remove 
cells and cell debris. The supernatants were ultracentrifuged 
at 100,000 x g (Optima L-80 ultracentrifuge; Beckman Coulter) 
at 4˚C for 2 h, and then resuspended in PBS after two washes 
with PBS, each of which was followed by ultracentrifugation 
at 100,000 x g for 1 h at 4˚C. The protein concentration of MVs 
was quantified via BCA Protein Assay Kit (Beyotime Institute 
of Biotechnology).

Flow cytometry. Cultured cells were trypsinized and 
resuspended in PBS containing 1% bovine serum albumin 
(Gibco; Thermo Fisher Scientific, Inc.). Cell suspensions were 
incubated with different antibodies, including CD133-APC 
(1:100; cat. no. 130-090-422; Miltenyi Biotec), CD34-FITC 
(1:50; cat. no. sc-7324; Santa Cruz Biotechnology, Inc.), von 
Willebrand factor (vWF)-FITC (1:200; cat. no. ab8822; Abcam) 
and fetal liver kinase (Flk)-1-AF647 (1:50; cat. no. sc-6251 
AF647; Santa Cruz Biotechnology, Inc.) for 30 min at room 
temperature in the dark. MVs were resuspended and incubated 
for 30 min at 4˚C in the dark with Annexin V‑FITC (BD 
Biosciences). Isotype‑matched (IgG) non‑specific antibodies 
served as negative controls. After incubation, labeled cells 
or MVs were resuspended with PBS and analyzed using flow 
cytometry (BD Biosciences).

Transmission electron microscopy. For scanning transmission 
electron microscopy, MVs were fixed in Karnovsky fixative, 
dehydrated in alcohol, dried on a glass surface and coated with 
gold by sputter. The specimens were visualized using a Philips 
Tecnai-10 transmission electron microscope (Philips). 

Intracellular Ca2+ detection. The Ca2+-sensitive indicator 
Fluo-3/AM (BD Biosciences) was used to determine intra-
cellular Ca2+. The dye-loading buffer contained Fluo-3-AM 
(dissolved in DMSO and pluronic acid) at a final concentra-

tion of 4 mM in serum-free cell culture maintenance medium 
containing 20 mM HEPES and 2.5 mM probenecid. The 
cells were incubated with the dye-loading buffer for ~30 min 
at 37˚C. Ca2+ levels were determined using a FACScan flow 
cytometer (BD Biosciences) with an excitation wavelength of 
488 nm and an emission wavelength of 525 nm.

Co‑culture assay of EPC‑MVs and EPCs. EPC-MVs were 
labeled with DiI (Sigma-Aldrich; Merck KGaA) according to 
the manufacturer's protocol. In brief, EPC-MVs were labeled 
with 10 µM DiI in PBS for 10 min at room temperature. An 
equal volume of FBS was added to stop the staining reac-
tion. EPC-MVs were then ultracentrifuged and resuspended 
in culture medium for co-culture experiments, wherein the 
labeled EPC-MVs were added to EPCs, followed by culture for 
24 h in an incubator (37˚C, 5% CO2). Cell nuclei were stained 
with DAPI (Sigma-Aldrich; Merck KGaA). The interaction 
between EPC‑MVs and EPCs was examined by fluorescence 
microscopy (Nikon Corp.).

Cell viability assay. Cell viability was assessed with a 
Cell Counting Kit-8 (CCK-8; Dojindo). EPCs were seeded 
into 96-well plates (50,000 cells in 100 µl/well). Following 
co-culture with n-MVs, OGD-MVs and pretreated 
OGD‑MVs by using RNase (Thermo Fisher Scientific, Inc.), 
10 µl CCK-8 solution was added to each well, according to 
the manufacturer's protocol. After incubation at 37˚C for 3 h 
in a humidified CO2 incubator, the optical density (OD) for 
each well was measured using a microplate reader (Bio-Rad 
Laboratories, Inc.) at a wavelength of 450 nm. The OD values 
were then used to calculate the cell viability by setting the 
control as 100%.

Reverse transcription‑quantitative (RT‑q)PCR analysis of 
miR‑210. miR‑210 expression was quantified by RT‑qPCR, as 
described previously (18). Total RNA was extracted from MVs 
harvested from EPC culture medium using a TRIzol isolation 
system, according to the instructions of the manufacturer 
(Invitrogen; Thermo Fisher Scientific, Inc.). Complementary 
DNA was synthesized using an miScript RT kit (Qiagen). 
RT‑qPCR was performed with specific primers for miR‑210 
or U6 and a miScript SYBR Green PCR Kit (Qiagen) on a 
real-time PCR system (Bio-Rad Laboratories, Inc.). U6 was 
used as the internal control. The primers used are listed in 
Table I. The thermocycling conditions were: Initial dena-
turation at 94˚C for 4 min, followed by a total of 35 cycles 
of 94˚C for 20 sec, 60˚C for 30 sec and 72˚C for 30 sec. All 
experiments were run in triplicate and the relative expression 
of miR-210 was calculated using the 2-ΔΔCq method (19).

miR‑210 overexpression in EPCs. EPCs were transfected 
with miR210 mimics (sense, 5'-CUG UGC GUG UGA CAG 
CGG CUG A-3' and antisense: 5'-UUG ACA CGC ACA CUG 
UCG CCG A; 20 nM; Western Biomedical Technology) using 
Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 48 h. In the control group, EPCs were trans-
fected with scrambled miRNA (miRNA-NC; 20 nM; Western 
Biomedical Technology). Overexpression was then verified 
by RT-qPCR. The viability of the EPCs was detected using 
CCK-8 assay. The control group were EPCs which were trans-
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fected with 20 nM scrambled miRNA (miRNA-NC; sense, 
5'-UUC UCC GAA CGU GUG UCA CGU TT-3' and antisense, 
5'-ACG UGA CAC GUU CGG AGA ATT-3'; Western Biomedical 
Technology).

Statist ical analysis. Values are expressed as the 
mean ± standard deviation and analyzed using SPSS v.18.0 soft-
ware (SPSS, Inc.). Statistical analyses were performed using 
one-way ANOVA with Tukey's post hoc test for comparison 
among multiple groups or the Student's t-test for comparison 
between two groups. P<0.05 was considered to indicate statis-
tical significance. All statistical analyses were performed in a 
blinded manner.

Results

Isolation and identification of EPCs. EPCs were isolated from 
12-week-old SD rats and successfully propagated in vitro. 
Isolated spleen-derived EPCs exhibited a spindle-shaped 
morphology after 4-7 days of culture (Fig. 1A and B). Although 
there is currently no specific marker, it is generally agreed that 
rat EPCs are positive for CD133, CD34, vWF and Flk-1 (20,21). 
EPCs at passage 5 were identified by flow cytometry using 
these cell makers. In the present study, 55‑95% of the cells were 
tested positive for CD133-, CD34-, vWF- or Flk-1 (Fig. 1C-F; 
Table II). The data confirm that the cells used in the present 
study were indeed EPCs.

OGD promotes the release of MVs. Protein quantification 
indicated that OGD treatment increased the total protein in 
MVs harvested from EPC culture medium. A clear increase 
in the total protein content of MVs was observed after OGD 
(485.42±11.01 vs. 567.79±14.89 µg/ml with n-MVs and 
OGD-MVs, respectively; P<0.05; Fig. 2A). In addition, in the 
images captured via transmission electron microscopy, more 
MVs were observed in the OGD group compared with those 
in the normoxic group (Fig. 2B). These results implied that 
increased numbers of MVs were released by EPCs after OGD 
treatment.

Previous studies have suggested that Ca2+ influx has 
a vital role in the process of MV release and that HI may 
induce cellular Ca2+ influx (22). To determine whether the 
release of MVs after OGD pre-treatment is associated with 
Ca2+ influx, intracellular Ca2+ levels were detected using the 

fluorescent Ca2+ indicator Fluo-3/AM. In the present study, it 
was indicated that treatment of EPCs with OGD resulted in 
an apparent Ca2+ fluctuation. As presented in Fig. 3, a clear 
increase in the fluorescence intensity was observed in the 
OGD group as compared with that in the normoxic group 
(562.75±27.40 vs. 1,426.50±18.34% in the normoxic and OGD 
groups, respectively; P<0.05). The results suggested that the 
release of MVs from EPCs following OGD treatment was also 
associated with Ca2+ influx.

OGD treatment induces increased expression of miR210 
in MVs. Considering miR-210 is sensitive to hypoxia and is 
involved in certain pathogeneses associated with hypoxia, 
miR-210 levels in MVs were examined. As presented in Fig. 4, 
RT-qPCR analysis revealed that the levels of miR-210 were 

Figure 1. Culture and identification of EPCs. (A and B) Morphology of EPCs 
after (A) 4 days and (B) 7 days of culture, assessed under a light microscope 
(scale bar, 10 µm); (C‑F) EPCs were identified by flow cytometry following 
labeling with antibodies against (C) CD133, (D) CD34, (E) vWF and (F) Flk-1; 
isotype IgG served as a negative control (negative controls are presented in 
the left-hand panels and EPCs in the right-hand panels). EPC, endothelial 
progenitor cell; vWF, von Willebrand factor; Flk-1, fetal liver kinase 1.

Table I. Primers used for quantitative PCR analysis.

Gene/primer
direction Sequence

miR-210 
  Forward 5'-GTGCAGGGTCCGAGGT-3'
  Reverse 5'-CTGTGCGTGTGACAGCGGCTGA-3'
U6 
  Forward 5'-CTCGCTTCGGCAGCACA-3'
  Reverse 5'-AACGCTTCACGAATTTGCGT-3'

miR, microRNA.
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markedly increased in OGD-MVs as compared with those in 
the normoxic group. In addition, a time-dependent increase 
was also observed in miR-210 expression in the OGD group. 
These results demonstrated that miR-210 may be produced and 
secreted by EPCs, and packaged further into MVs in response 
to OGD (HI insult).

MVs incorporated into EPCs after in vitro co‑incubation. 
To observe whether MVs could be incorporated into EPCs, 
DiI-labeled MVs were added into EPCs culture. After 
co-incubation of DiI-labeled MVs with EPCs for 24 h, DiI 
fluorescence was detected in EPCs. Immunofluorescence 
analysis suggested that the MVs were incorporated into the 
EPCs (Fig. 5).

MVs promote the proliferation of EPCs. As OGD led to 
upregulated miR-210 expression in MVs and miR-210 is 

associated with cell proliferation, it was presumed that 
MVs treated with OGD may be involved in modulating the 
proliferation of EPCs. For this purpose, EPCs were cultured 
with MVs collected from OGD and normoxic culture media, 
and it was revealed that co-culture with MVs increased EPC 
proliferation; the increase in the OGD-MV group was the 
most significant (Fig. 6).

Figure 3. Intracellular Ca2+ levels in endothelial progenitor cells were 
detected by Fluo‑3/AM flow cytometry. (A and B) Flow cytometric analysis 
of intracellular Ca2+ levels in (A) the normoxic group and (B) OGD group. 
(C) Histograms of Ca2+ fluorescence intensity in the normoxic group and 
OGD group. *P<0.05 vs. normoxic group (mean ± standard deviation, n=4). 
OGD, oxygen-glucose deprivation. 

Figure 2. OGD treatment increases the release of MVs from EPCs. (A) Total 
protein content of MVs was quantified; *P<0.05 vs. normoxic group. 
(B) Images of MVs collected from the aliquot of EPCs culture medium using 
ultracentrifugation in the normoxic group and OGD group, captured by a 
transmission electron microscope (scale bar, 200 nm). MV, microvesicle; 
OGD, oxygen-glucose deprivation; n-MVs, MVs in normoxic culture; EPC, 
endothelial progenitor cell.

Figure 4. Relative expression of miR-210 as detected by reverse transcrip-
tion-quantitative PCR. The expression of miR-210 in collected MVs was 
increased at 2, 4, 12 and 24 h after treatment with OGD, while there was 
no significant change in miR‑210 expression in the normoxic group. *P<0.05 
vs. normoxic group (mean ± standard deviation, n=3). MV, microvesicle; 
miR, microRNA; n-MVs, MVs in normoxic culture; miR, microRNA; OGD, 
oxygen-glucose deprivation.

Table II. Ratio of positively labeled cells identified by flow 
cytometry. 

Marker Positive Negative

CD133 58.98±1.98 43.72±2.05
CD34 71.80±1.66 30.79±1.69
vWF 82.40±1.07 19.22±1.16
Flk-1 95.61±0.65 2.1±1.21

Values are expressed as the mean ± standard deviation (n=3). vWF, 
von Willebrand factor; Flk-1, fetal liver kinase 1.
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Figure 5. Microvesicle incorporation into EPCs was observed by fluorescence microscopy. (A) n‑MV were incorporated into EPCs; (B) MVs treated with OGD 
were incorporated into EPCs (blue, DAPI; red, DiI; magnification, x800; scale bar, 25 µm). EPC, endothelial progenitor cell; MV, microvesicle; n‑MVs, MVs 
in normoxic culture; OGD, oxygen-glucose deprivation.

Figure 6. Effects of MVs on EPC proliferation as measured by a Cell Counting Kit-8 assay. EPCs were co-cultured with MVs released from cells with different 
pre-treatments. EPCs in the three co-cultured groups exhibited increased proliferation compared with that of monocultured EPCs, and MVs released from 
the group pre-treated with OGD exhibited the highest proliferative effects, which was counteracted by RNase. *P<0.05 vs. control group, ^P<0.05 vs. n-MV 
group, #P<0.05 vs. OGD-MVs group (mean ± standard deviation, n=4). EPC, endothelial progenitor cell; MV, microvesicle; OGD, oxygen-glucose deprivation; 
n-MVs, MVs in normoxic culture.

Figure 7. Effects of miR-210 mimics on EPCs. EPCs were transfected with miR-210 mimics. (A) The expression of miR-210 in EPCs after transfection was 
detected using reverse transcription-quantitative PCR. (B) Proliferation of EPCs after transfection was detected using a Cell Counting Kit-8 assay. *P<0.05 vs. 
control group (mean ± standard deviation, n=4). EPC, endothelial progenitor cell; miR, microRNA.
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Previous studies have indicated that treatment of MVs with 
high concentrations of RNase inactivated the RNAs carried 
by MVs (10,23). In the present study, the involvement of MVs 
in EPC proliferation was further confirmed by using RNase 
to pre-treat MVs. With the digestion of RNase, the prolifera-
tion of EPCs was visibly decreased as compared with that in 
the other two co-culture groups lacking pre-treatment with 
RNase, but it remained slightly higher than that in the control 
group (Fig. 6). 

miR‑210 mimics promote the proliferation of EPCs. To further 
confirm whether miR‑210 is involved in EPC proliferation, 
EPCs were transfected with miR-210 mimics. As presented in 
Fig. 7, transfection of miR-210 mimics led to overexpression 
of miR‑210 and a significant increase in the proliferation of 
EPCs, indicating an association between miR-210 and EPC 
proliferation. 

Discussion

In the present study, MVs derived from EPCs that had been 
subjected to OGD were obtained. There were three major 
results: First, it was demonstrated that OGD induced Ca2+ 
influx in EPCs. Furthermore, it was revealed that OGD 
increased the release of EPC-MVs compared with that under 
normoxic conditions. Finally, it was demonstrated that OGD 
increased the level of miR-210, and transfection of miR-210 
mimics into EPC-MVs led to stimulation of EPC proliferation 
under normal culture conditions.

Therapeutic angiogenesis and vasculogenesis have emerged 
as promising therapies to treat ischemic diseases (24,25). 
Ischemic injury is multifactorial in its etiology. One of the 
factors involves the disruption of vascular integrity, causing 
vessel vulnerability. It is well known that the endothelium 
serves as a barrier between vessel walls and the blood, and 
has an essential role in regulating vascular homeostasis (26). 
It has been demonstrated that EPCs are able to mobilize in 
the peripheral blood, home in to an injured area, differentiate 
into ECs and promote vascular repair. Furthermore, evidence 
indicates that transplantation of EPCs promotes new vessel 
formation and alleviates injury to ischemic tissues, suggesting 
that EPCs actively contribute to angiogenesis and vasculogen-
esis (27-29).

Transplantation of EPCs is a potential therapy for ischemic 
diseases (5-8). However, similar to other types of stem cells, 
certain limitations still exist, including the mode of action, 
immunogenicity, tumorigenicity, proliferation capacity and 
overall feasibility of use (30). Further studies on the optimi-
zation of the safety and efficacy of stem cell transplantation 
are required, while recent studies have provided novel insight, 
including information on MVs.

MVs shed from the surface of viable cells and act as 
paracrine mediators due to their ability to incorporate into 
target cells in order to exert their functions. In particular, the 
therapeutic potential of MVs has been taken into consideration 
when designing studies. By using a model of kidney injury 
induced by ischemia-reperfusion, it has been demonstrated 
that the injection of MSC-derived MVs has a significant 
protective effect on renal function (31,32). Another study 
suggested that MVs derived from ECs modulated astrocyte 

function, blood-brain barrier integrity and cerebral blood 
flow, indicating MVs may serve as a novel therapeutic target 
for ischemic stroke (33). The biological functions of MVs are 
tightly associated with their contents. Contents of MVs are 
not randomly packaged, but influenced by various factors, 
including external stimuli. Hence, the package of MVs is 
a precisely regulated process. RNA inactivation in MVs, 
achieved by treatment with high concentrations of RNase, is 
able to reduce the protective effects of MVs (32,34), indicating 
that genetic information transferred by MVs has a pivotal role 
in their biological functions.

Endogenous miRNAs have been identified to have essential 
roles in gene regulation to modulate physiological and patholog-
ical processes. miRNAs are short, non-coding RNA molecules 
of ~19-23 nucleotides in length, which function as inhibitors of 
target gene expression by inducing mRNA degradation or trans-
lational repression (35,36). Serval studies have demonstrated 
that expression of a certain set of miRNAs is upregulated under 
hypoxia, including miR-210 (37-40). miR-210 is evolutionarily 
conserved and widely expressed in various cell and tissue 
types. In specific cell types, including primary vascular ECs, 
hypoxia induces an augmented expression of miR-210 (38,41). 
Data on the genetic structure indicate that the promoter region 
of miR-210 carries a functioning hypoxia response element 
(HRE), which may be recognized by hypoxia-inducible 
factor-1α for the induction of miRNA transcription upon 
exposure to hypoxia (42,43). Thus, miR-210 is sensitive to 
hypoxic stimuli and has an important role in modulating 
hypoxia-induced pathogeneses. A diverse range of genes have 
been demonstrated to be direct targets of miR-210, including 
iron‑sulfur cluster assembly protein ISCU1/2, fibroblast growth 
factor receptor-like 1, FLASH/caspase-8 associated protein-2, 
HOXA3, RAD52 homolog, DNA repair protein and tyrosine 
kinase ligand ephrin-A3 (41,44-48). Through the suppression of 
direct target transcripts, miR-210 is involved in modulating the 
processes of cellular survival, metabolism, proliferation, DNA 
repair and endothelial angiogenesis (38). 

Thus, together with the in vitro results of the present study, 
it is indicated that HI pre-treatment may activate stronger 
protective effects of EPC-MVs through increasing the release 
and elevating the expression of miR-210 in the EPC-MVs. It is 
possible that the beneficial effects of EPC‑MVs induced by HI 
insult may contribute to injury repair. However, further studies 
focusing on the detailed effects and mechanisms of the release 
and contents of EPC-MVs induced by HI insult are required.

In conclusion, the present study demonstrated that treat-
ment with EPC-MVs produced under HI conditions was able 
to promote the proliferation of EPCs, which was associated 
with elevated expression of miR-210. The effects of HI insult 
on EPC-MVs may offer novel therapeutic strategies for tissue 
injury. 
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