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Oxidative stress‑induced endothelial 
cells‑derived exosomes accelerate skin 
flap survival through Lnc NEAT1‑mediated 
promotion of endothelial progenitor cell 
function
Linlin Guo1,2†, Yuxuan Chen1,2†, Xiaoling Feng1,2†, Di Sun1,2, Jiaming Sun1,2, Shan Mou1,2, Kangcheng Zhao3* and 
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Abstract 

Background:  Flap transplantation is commonly used in reconstructive surgery. A prerequisite for skin flap survival 
is sufficient blood supply. However, such approaches remain unclear. This study aimed to explore the underlying 
mechanisms of exosomes derived from human umbilical vascular endothelial cells (HUVECs) exposed to oxidative 
stress on endothelial progenitor cells (EPCs) and their subsequent influence on the survival of skin flaps.

Methods:  HUVECs were treated with various concentrations of H2O2 to establish an oxidative stress model. To 
investigate the effects of H2O2-HUVEC-Exos and HUVEC-Exos, Cell Counting Kit-8, tube formation, invasion assays, and 
quantitative real-time polymerase chain reaction (qRT-PCR) were performed in EPCs. Microarray analysis was used 
to reveal the differentially expressed long non-coding RNAs (lncRNAs) in the H2O2-HUVEC-Exos and HUVEC-Exos. In 
addition, gene silencing and western blotting were employed to determine the mechanism behind lncRNA nuclear 
enrichment enriched transcript 1 (Lnc NEAT1) in EPCs. Further, a rat skin flap model was used to determine the role of 
the exosomes in skin flap survival in vivo.

Results:  HUVECs were stimulated with 100 μmol/L H2O2 for 12 h to establish an oxidative stress model. 
H2O2-HUVEC-Exos promoted the proliferation, tube formation, and invasion of EPCs and remarkably increased skin 
flap survival compared to the HUVEC-Exos and control groups. Sequencing of exosome RNAs revealed that the Lnc 
NEAT1 level was dramatically increased in the H2O2-HUVEC-Exos, leading to activation of the Wnt/β-catenin signaling 
pathway. Comparatively, knockdown of Lnc NEAT1 in HUVEC-Exos and H2O2-HUVEC-Exos significantly inhibits the 
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Background
Skin flap techniques are extensively used in tissue recon-
struction [1]. The survival of flaps after transplanta-
tion depends mainly on angiogenesis [2]. In addition, 
ischemia–reperfusion injury and excessive oxidative 
stress may initiate a cascade to damage flap tissue vas-
cular endothelial cells and cause tissue cell apoptosis, 
ultimately leading to skin flap necrosis [3]. Therefore, 
enhancing the blood supply to the flap, relieving oxida-
tive stress damage, and inhibiting apoptosis are crucial 
for improving flap viability [4, 5]. The loss of vitality of 
the skin flap, ranging from 9 to 65%, has a serious influ-
ence on the patient’s quality of life [6]. Proangiogenic 
molecules (vascular endothelial growth factors, VEGF) 
and drugs (valproic acid and pravastatin) have been con-
sidered promising approaches to enhancing flap survival 
by promoting angiogenesis and inhibiting apoptosis [7–
9]. However, these approaches remain controversial.

The function of exosomes in vascularization has 
attracted increased attention. Exosomes, a type of vesi-
cle with a diameter of approximately 50–150  nm, are 
secreted from almost all cell types [10]. Exosomes are 
mediators that deliver functional proteins, microRNAs 
(miRNAs), mRNA, and non-coding RNAs (ncRNAs) to 
neighboring or distant cells and play a key role in regu-
lating intercellular communication [11, 12]. Li et al. dem-
onstrated that exosomes derived from human umbilical 
vascular endothelial cells (HUVECs) could induce hepa-
tocarcinoma invasion and metastasis by promoting angi-
ogenesis in an in  vivo model [13]. Moreover, ischemic 
endothelial cells exhibit distinct RNA and protein pro-
files and angiogeneic ability compared to cells from a 
non-ischemic state [14]. Interestingly, exosomes derived 
from ischemic endothelial cells have a more robust effect 
on promoting axonal growth [14]. However, whether 
exosomes derived from human vascular endothelial cells 
under oxidative stress play a role in skin flap survival still 
needs to be further investigated.

In the last decade, long non-coding RNAs (lncRNAs) 
have emerged as novel regulators of biological processes. 
Studies have reported that lncRNAs regulate gene tran-
scription and post-transcriptional gene expression levels 

by binding to DNA, RNA, or proteins and further partici-
pate in various physiological and pathological processes, 
such as mediating cell proliferation, migration, and apop-
tosis [15, 16]. LncRNA nuclear enrichment enriched 
transcript 1 (Lnc NEAT1) has been found to be abnor-
mally upregulated in various human cancer types with 
the ability to promote tumor growth [17]. It has been 
reported that Lnc NEAT1 mediated by exosomes can 
facilitate endometrial cancer progression [18]. Recent 
evidence indicates that Lnc NEAT1 regulates stem cell 
function [19, 20]. Nevertheless, the roles of Lnc NEAT1 
in EPC function and skin flap survival remain unknown.

Endothelial progenitor cells (EPCs), which are a type 
of bone marrow-derived circulating progenitor cells for 
the endothelial lineage, have garnered considerable inter-
est in their role in neovascularization and vascular repair 
[21, 22]. EPCs have been reported to be able to migrate 
to the hypoxic/ischemic sites where they secrete a cas-
cade of angiogenic factors, transdifferentiate into mature 
endothelial cells, and participate in angiogenesis to form 
new blood vessels [23–25]. Furthermore, EPCs have 
the ability to prevent endothelial cells from apoptosis 
and preserve their angiogenic potential under oxidative 
stress conditions [22]. A previous study demonstrated 
that transplantation of EPCs could facilitate thrombus 
resolution by altering the vein microenvironment [26]. 
However, the number of EPCs in peripheral blood is lim-
ited. Therefore, it is critically important to improve the 
recruitment of EPCs to disease sites and enhance the 
angiogenic potential of EPCs.

In the present study, we aimed to observe the effect of 
exosomes derived from HUVECs stimulated by oxidative 
stress and under normal conditions on EPC functions 
and the changes in Lnc RNA profiles. Herein, we iden-
tified that exosomal Lnc NEAT1 can be transferred to 
EPCs, thereby promoting EPC angiogenesis via the Wnt/
β-catenin signaling pathway. We further demonstrated 
that the transplantation of exosomal cargo containing 
Lnc NEAT1 facilitated the survival of skin flaps in a rat 
modified McFarlane flap model. Thus, our results suggest 
that HUVEC exosomal Lnc NEAT1 acts as a promising 
therapeutic approach for skin flap tissue repair.

angiogenic capacity of EPCs, reduced the survival area of skin flap and downregulated the expression levels of Wnt/β-
catenin signaling pathway proteins, whereas Wnt agonist partly reversed the negative effect of NEAT1 downregula-
tion on EPCs through the Wnt/β-catenin signaling pathway.

Conclusions:  Exosomes derived from HUVECs stimulated by oxidative stress significantly promoted the pro-angi-
ogenic ability of EPCs through the Wnt/β-catenin signaling pathway mediated by Lnc NEAT1 and hence enhanced 
random flap survival in vivo. Therefore, the application of H2O2-HUVEC-Exos may serve as an alternative therapy for 
improving random skin flap survival.

Keywords:  Oxidative stress, Exosomes, Endothelial progenitor cells, Angiogenesis, Lnc NEAT1, Skin flap
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Methods
Cell culture
Human umbilical vein endothelial cells (HUVECs) were 
purchased from Cell Bank of Chinese Academy of Sci-
ences (Shanghai, China). HUVECs were grown in RPMI 
1640 medium (HyClone, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (Evergreen, Hangzhou, Zhe-
jiang, China) and 1% penicillin–streptomycin solution 
(Biosharp, Hefei, Anhui, China) and maintained at 37 °C 
in a 5% CO2 humidified atmosphere.

Umbilical cord blood was collected from donors with 
informed consent, which was approved by the Ethics 
Committee of Huazhong University of Science and Tech-
nology. The mononuclear cells were fractionated from 
the umbilical cord blood by gradient centrifugation with 
human peripheral blood lymphocyte separation solu-
tion (TBD, Tianjin, China) according to the manufac-
turer’s instructions. The isolated mononuclear cells were 
seeded onto cell culture dishes coated with 0.01% human 
fibronectin (Solarbio, Beijing, China) at a density of 
5 × 106 cells/cm2 in EGM-2 BulletKit (Lonza, Basel, Swit-
zerland), and maintained at 37 °C in a 5% CO2 humidified 
atmosphere. EPCs from passages 1 to 3 were used in the 
subsequent studies.

Cell counting kit‑8 (CCK8)
HUVECs and EPCs were seeded in 96-well plates (103 
cells/well). HUVECs were treated with different concen-
trations of H2O2 (0, 50, 100, 200, 400  μmol/L) for 8,12 
and 24  h, respectively. EPCs were co-cultured with dif-
ferent concentrations of exosomes (HUVEC-Exos and 
H2O2-HUVEC-Exos: 25, 50,100  μgm/L) for 24  h. After 
washing three times with PBS, 10  μl CCK-8 reagent 
(Beyotime Biotechnology, Shanghai, China) was added 
to each well and incubated at 37 °C for 1 h. The absorb-
ance was measured at 450 nm using a microplate reader 
(BioTek, VT, USA).

Superoxide dismutase (SOD) activity assay
HUVECs were seeded in 10-cm dishes (106 cells/dish) 
and then treated with different concentrations of H2O2 
(0, 50, 100, 200, and 400  μmol/L) for 8, 12, and 24  h, 
respectively. The total Superoxide Dismutase Assay Kit 
with WST-1(Jiancheng Biotech Ltd., Nanjing, China) was 
used to detect SOD activity according to the manufactur-
er’s instructions.

Flow cytometry analysis
HUVECs were treated with various concentrations of 
H2O2 (0, 50, 100, 200, and 400  μmol/L). After treat-
ment, cells were harvested and washed with PBS. Apop-
tosis was detected using an FITC Annexin V Apoptosis 
Detection kit (Catalog no: 556547, BD Biosciences, San 

Jose, CA, USA). The upper left quadrant represents a 
mechanically injured cell, and the upper right quadrant 
represents a late apoptotic cell. The lower left quadrant 
is a normal cell, and the lower right quadrant is an early 
apoptotic cell. In this experiment, the proportion of the 
upper right quadrant and lower right quadrant was used 
as the percentage of apoptotic cells. The data were ana-
lyzed using the FlowJo software (version 10.7.1, Stanford 
University, USA).

To identify EPCs, 1 × 106 EPCs were used for each 
antibody in a separate tube and incubated with 20 μl of 
antibodies for 30 min on ice. The cells were washed three 
times with PBS to remove unbound antibodies. The cell 
suspension was aspirated and analyzed by flow cytom-
etry (BD LSRFortessa™ X-20, San Jose, CA, USA). Flow 
cytometry analysis was performed in triplicate for each 
sample. The following antibodies were used: fluorescein 
isothiocyanate (FITC)-conjugated CD34 (Catalog no: 
555822), phycoerythrin (PE) conjugated-CD133 (Catalog 
no: 566595), allophycocyanin (APC) conjugated-CD309 
(Catalog no: 560495), PE conjugated-CD14 (Catalog no: 
345785), APC conjugated-CD45 (Catalog no: 557659), all 
antibodies were purchased from BD Biosciences, San 
Jose, CA, USA).

Dil‑Ac‑LDL/ FITC‑UEA‑1 staining
The adherent cells were incubated in a medium contain-
ing Dil-Ac-LDL (2.4 μg/ml; MKBio, Shanghai, China) at 
37  °C for 1  h, washed twice, and fixed in 4% paraform-
aldehyde for 10  min. The cells were then incubated in 
FITC-UEA-1 lectin (10 μg/ml; MKBio, Shanghai, China) 
for 1 h. 4’, 6-diamidino-2-phenylindole (DAPI, Beyotime 
Biotechnology, Shanghai, China) was used to observe the 
cell nuclei. Images were acquired using a confocal micro-
scope (Nikon, Tokyo, Japan). Double-positive staining for 
DiI-Ac-LDL and FITC-UEA-1 lectin was considered an 
EPC.

Isolation of exosomes derived from HUVECs
HUVECs were treated with 100  μmol/L H2O2 serum-
free RPMI 1640 medium (HyClone, USA) and serum-
free RPMI 1640 medium for 12 h. Then, the two groups 
of HUVECs were cultured in serum-free medium for 
72  h. Additionally, after transfecting HUVECs and 
H2O2-HUVECs (treated with 100 μmol/L H2O2 for 12 h) 
with NEAT1 siRNA lentivirus, the two groups of cells 
were also cultured in serum-free medium for 72 h before 
extracting the supernatant. Thereafter, exosomes were 
extracted from the four groups of HUVECs and the col-
lected medium was centrifuged at 300 × g for 10 min to 
remove the cell pellet. and then subjected to centrifuga-
tion at 2000 × g for 10 min and at 10,000 × g for 30 min, 
followed by a 0.22 μm sterilized filter (MilliporeExpress® 
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PES membrane, Millex, Bedford, MA, USA) to remove 
larger diameter vesicles. The supernatants were cen-
trifuged at 110,000 × g for 70  min, and the extracted 
exosomes were re-suspended in pre-cooled PBS. To eval-
uate the exosomal concentration, exosomes were lysed 
in radio-immunoprecipitation assay (RIPA) lysis buffer, 
and then  a bicinchoninic acid (BCA) protein assay kit 
(Servicebio, Wuhan, Hubei, China) was applied to detect 
protein concentration in exosomes according to the man-
ufacturer’s instructions.

Internalization of exosomes
To visualize the internalization of exosomes in EPCs, 
exosomes were stained with DiI dye (Solarbio, Beijing, 
China). After the DiI-exosomes were co-cultured with 
EPCs for 4  h, the EPCs were stained with Calcein AM 
(Beyotime Biotechnology, Shanghai, China) and DAPI 
(Beyotime Biotechnology, Shanghai, China) to visual-
ize the cytoplasm and nucleus, respectively. The uptake 
was imaged using a confocal microscope (Nikon, Tokyo, 
Japan).

Nanoparticle tracking analysis (NTA)
Nanoparticle tracking analysis using a ZetaView (Par-
ticle Metri, Bavaria, Germany) was used to analyze the 
particle size distribution and concentration of exosomes. 
When the exosomes were irradiated by a blue laser 
(488  nm), the movement of exosomes under Brownian 
motion was recorded in videos. Three videos of 60 s were 
taken, and particles sizes were analyzed by NTA software 
analyzed using the in-build ZetaView Software (version 
8.02.31, Particle Metri, Bavaria, Germany).

Transmission electron microscope (TEM)
Exosomes diluted in PBS were dropped on the red wax, 
and a polymethyl vinyl acetate/carbon-coated copper 
mesh was placed in the droplet and allowed to stand at 
room temperature for 20 min. The filter paper absorbed 
excess liquid, and the sample was fixed with 2% para-
formaldehyde (PFA) for 2  min. The copper mesh was 
washed three times with double distilled water and coun-
terstained with 2% phosphotungstic acid (PTA) for 1 min. 
The filter paper removed the excess liquid from the cop-
per mesh and dried overnight at room temperature. 
Imaging was performed using an electron microscope 
(Tecnai G2 20, Thermo Fisher Scientific, Cleveland, OH, 
USA).

Transwell assay
A transwell chamber was used (24-well plate, JETBI-
OFIL, Guangzhou, Guangdong, China) for the invasion 
assay. 200  μl of serum-free medium containing 5 × 103 
EPCs was added to the upper chamber, and 600  μl of 

serum-free medium with different concentrations of 
exosomes (control group: 0  μg/ml, HUVEC-Exos group 
or H2O2-HUVEC-Exos group: 25, 50, and 100  μg/ml; 
si-NEAT1-HUVEC-Exos: 100  μg/ml, si-NEAT1-H2O2-
HUVEC-Exos group: 100  μg/ml, si-NEAT1-HUVEC-
Exos (100 μg/ml) + HLY78 (20 μg/ml, MedChemExpress, 
NJ, USA), si-NEAT1-H2O2-HUVEC-Exos (100  μg/
ml) + HLY78 (20 μg/ml)) was added to the lower cham-
ber. After incubation for 24 h, non-migrating cells above 
the filter were wiped off with a cotton swab. The fil-
ters were fixed with 4% paraformaldehyde and stained 
with DAPI (Beyotime Biotechnology, Shanghai, China). 
Invaded cells were quantified in three representative 
microscopic fields at 200 × magnification with three fields 
per chamber.

Tube formation assay
EPCs (1 × 104) were added to a 96-well culture plate 
coated with Matrigel (50  μl/well, BD Biosciences, 
San Jose, CA, USA) in EPC basic medium with dif-
ferent concentrations of exosomes (HUVEC-Exos 
group or H2O2-HUVEC-Exos group: 25, 50, and 
100  μg/ml; si-NEAT1-HUVEC-Exos: 100  μg/ml, si-
NEAT1-H2O2-HUVEC-Exos group: 100  μg/ml, si-
NEAT1-HUVEC-Exos (100  μg/ml) + HLY78 (20  μg/ml, 
MedChemExpress, NJ, USA), si-NEAT1-H2O2-HUVEC-
Exos (100  μg/ml) + HLY78 (20  μg/ml)) or PBS (con-
trol group). After 8 h of incubation, tube formation was 
observed under a confocal microscope (Nikon, Tokyo, 
Japan) at 40 × magnification with at least four fields. The 
number of nodes, branches, and total branch length was 
measured using ImageJ (National Institutes of Health, 
USA).

Western blot analysis
Total protein extracts were quantified using a BCA assay 
kit (Thermo Fisher Scientific, Cleveland, OH, USA), 
separated by 10% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), and then trans-
ferred to nitrocellulose membranes. The immunoblots 
were blocked with 5% fat-free dry milk at room tem-
perature for 1  h and incubated with primary antibodies 
overnight at 4 °C, followed by incubation with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies 
for 1  h at room temperature. Protein bands were visu-
alized by enhanced chemiluminescence. Band intensi-
ties were analyzed by densitometry using Image-Pro 
Plus (Media Cybernetics, USA). β-Actin was used as 
an internal control. The following primary antibodies 
were used: anti-human CD63 antibody (1:1000, AF5117, 
Affinity, Melbourne, Australia), anti-human CD81 anti-
body (1:1000, DF2306, Affinity, Melbourne, Australia), 
anti-human calnexin antibody (1:1000, AF5362, Affinity, 



Page 5 of 22Guo et al. Stem Cell Research & Therapy          (2022) 13:325 	

Melbourne, Australia), anti-human β-actin antibody 
(1:1000, 66,009-Ig, Abcam, Cambridge, UK), anti-human 
β-catenin antibody (1:1000, ab32572, Abcam, Cambridge, 
UK), anti-human c-myc antibody (1:1000, Af0358, Affin-
ity, Melbourne, Australia), and anti-human cyclin D1 
antibody (1:1000, ab16663, Abcam, Cambridge, UK).

Quantitative real‑time polymerase chain reaction (qRT‑PCR)
Total RNA from cell samples was extracted using TRIzol 
(Invitrogen, Carlsbad, CA, USA) and reverse transcribed 
into cDNA using a first-strand cDNA synthesis kit 
(Thermo Fisher Scientific, Cleveland, OH, USA) accord-
ing to the manufacturer’s protocol. All reactions were 
performed in triplicate. qRT-PCR was performed under 
the following thermal conditions: 95  °C for 10  min, fol-
lowed by 40 cycles of 95 °C for 15 s, 60 °C for 60 s, and 
72  °C for 60  s. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as a normalization control. 
All results were calculated using the 2-ΔΔCt method 
and normalized to GAPDH. The primers used were as 
follows:

hsa- vascular endothelial growth factor A (VEGFA): 
forward, ATC​CAA​TCG​AGA​CCC​TGG​TG, and reverse, 
ATC​TCT​CCT​ATG​TGC​TGG​CC;

hsa- platelet derived growth factor C (PDGFC): for-
ward, GAA​CTG​TGC​CTG​TTG​TCT​CC, and reverse, 
ACA​CAC​AGT​CAC​ACT​CCT​CA;

has- prime time entertainment network (PTEN): for-
ward, CAC​GAC​GGG​AAG​ACA​AGT​TC, and reverse, 
GGT​TTC​CTC​TGG​TCC​TGG​TA;

hsa-NEAT1: forward, GCC​TTG​TAG​ATG​GAG​CTT​
GC, and reverse, GCA​CAA​CAC​AAT​GAC​ACC​CT.

Establishment of skin flap model
All procedures were approved by the guidelines of the 
Animal Research Committee of the Huazhong Univer-
sity of Science and Technology. All experiments involv-
ing animals were purchased from Hubei Bainte Biological 
Technology Co., Ltd. (China). Twenty-five male Sprague–
Dawley rats (8  weeks old, weighing 400–450  g) were 
used. All rats were randomly divided into five groups: 
control group (n = 5), HUVEC-Exos group (n = 5), 
H2O2-HUVEC-Exos group (n = 5), si-NEAT1-H2O2-
HUVEC-Exos group (n = 5), and si-NEAT1-HUVEC-
Exos group (n = 5). After anesthesia with pentobarbital 
sodium (6  mg/100  g intraperitoneally), the dorsal mid-
line was used as the longitudinal axis, and the pedicle 
was located on the bilateral iliac crest articulation to 
design a rectangular flap area (3 × 12  cm) in each rat. 
Each flap was divided into three equally sized zones: 
proximal (area I), intermediate (area II), and distal (area 
III) zones. The skin and subcutaneous tissue were sepa-
rated from the underlying fascia as previously reported 

[9]. All blood vessels were completely incised, and each 
flap was immediately returned and sutured in  situ with 
4–0 non-absorbable sutures. After the operation, 500 µg 
of different types of DiR-labeled exosomes (HUVEC-
Exos, H2O2-HUVEC-Exos, si-NEAT1-HUVEC-Exos, 
si-NEAT1-H2O2-HUVEC-Exos) in 200  µl PBS or 200  µl 
PBS alone (control) were injected into the tail vein imme-
diately. Fourteen days after the operation, the rats were 
killed for histological examination.

Flap survival evaluation
After surgery, the texture, tissue elasticity, and color of 
the flaps were monitored continuously for 14  days. The 
following criteria were used to identify necrosis: rigid 
texture, poor elasticity, black flap, and no bleeding when 
cutting the flap. The rats were killed on day 14. The 
necrotic and living flap areas were measured. The per-
centage of survival area was calculated as follows: sur-
vival area/total area of flap × 100%.

In vivo fluorescence imaging
For in vivo fluorescence imaging, the rates were anesthe-
tized and the distribution of exosomes was tracked using 
a Bruker In-Vivo Xtreme (Bruker, Karlsruhe, Baden-
Württemberg, Germany) at 30 min, 4 h, 3 d, and 7 d after 
exosome  injection. 750  nm excitation filter and 790  nm 
emission filter were used to detect the fluorescence sig-
nal, and the exposure time was set to 10 s. Fluorescence 
images were analyzed using Bruker MI SE 721 software 
(Bruker, Karlsruhe, Baden-Württemberg, Germany).

Histological, immunohistochemistry analysis 
and immunofluorescence staining
On postoperative day 14, the rats were killed. Tis-
sue samples (1 × 1  cm) were collected from the center 
of area II from the skin flap, fixed in 4% paraformalde-
hyde, dehydrated, embedded in paraffin, and sectioned 
into 4-um-thick slices. The sections were stained with 
hematoxylin and eosin (H&E) and photographed using 
an optical microscope. The sections were incubated with 
anti-human CD31 antibodies (1:100, bs-0468R, Bioss, 
Beijing, China) and anti-human α-SMA antibody (1:100, 
BM0002, Boster Biological Technology, Pleasanton, CA, 
USA) at 4  °C overnight, developed with 3, 3’-diamin-
obenzidine tetrahydrochloride (DAB) and counterstained 
with hematoxylin. Representative pictures were observed 
at 40 × magnification. magnification using a fluorescence 
microscope (Nikon, Tokyo, Japan). Three sections and 
three fields from each section of each sample were ran-
domly selected and examined. CD31 and α-SMA stain-
ing were used to evaluate the formation of newly formed 
blood vessels and mature vessels, respectively. The num-
ber of CD31 positive vessels and α-SMA-positive vessels 
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was determined using ImageJ (National Institutes of 
Health, USA).

For immunofluorescence staining, the sections were 
incubated with primary antibodies against CD34 (1:2000, 
ab81289, Abcam, Cambridge, UK) and CD133 (1:1000, 
66,666–1-IG, Proteintech, Wuhan, China) overnight at 
4  °C, followed by incubation with secondary antibod-
ies (anti-CD34: 1:2000, ab81289, Abcam, anti:CD133: 
1:1000, ab6789, Abcam, Cambridge, UK) at room tem-
perature for 1 h in the dark. Images were acquired using a 
confocal microscope (Nikon, Tokyo, Japan). The number 
of CD34/CD133 double-positive cells was analyzed using 
ImageJ software (National Institutes of Health, USA).

RNA sequencing assay
Total RNA was extracted from the samples using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA). The total 
RNA of the samples was quantified using a NanoDrop 
ND-2000 (Thermo Scientific, Cleveland, OH, USA), and 
RNA integrity was checked using an Agilent Bioanalyzer 
2100 (Agilent Technologies, Santa Clara, CA, USA). 
The QIAGEN RNeasy Kit (Qiagen, Hilden, Germany) 
was used to remove ribosomal RNA from total RNA to 
enrich non-coding RNA. After amplification by PCR and 
quantification using the Agilent Bioanalyzer 2100 system 
(Agilent Technologies, Santa Clara, CA, USA), the cDNA 
library of lncRNA was sequenced on an Agilent Scan-
ner G5761A (version 14.8, Agilent Technologies, Santa 
Clara, CA, USA). The P value of the T test was required 
to screen the differentially expressed lncRNAs, and the 
selection criterion was a P  value ≤ 0.05. Volcano plots 
and heat maps were generated using R software (version 
4.1.2, USA) using R packages "ggplot2" and "Pheatmap".

Transfection assay
HUVECs and H2O2-HUVECs were seeded onto 6-well 
plates and cultured overnight. When the fusion rate of 
logarithmic growth cells reached 70–90%, HUVECs and 
H2O2-HUVECs were transfected with NEAT1 siRNA 
lentivirus, synthesized by Wuhan Biofavor Biothech Ser-
vice Co., using Lipofectamine 3000 Transfection Reagent 
(Invitrogen, Carlsbad, CA, USA). The sequences were as 
follows: si-NEAT1: forward, GCC​TTG​TAG​ATG​GAG​
CTT​GC, and reverse, GCA​CAA​CAC​AAT​GAC​ACC​CT. 
PCR was used to verify the inhibition efficiency of si-
NEAT1 and used these cells for subsequent functional 
experiments.

Statistical analysis
All experiments were independently repeated at least 
thrice. The results are expressed as mean ± SD. One-
way analysis of variance (ANOVA) and unpaired t-test 

were used to assess the differences between groups using 
GraphPad Prism software (version 7.0, GraphPad Soft-
ware, USA). Statistically significant difference was con-
cluded at *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
#P < 0.05, ##P < 0.01 and ###P < 0.001; ns. represents no sta-
tistically significant difference.

Results
Establishment of an oxidative stress model of HUVECs 
stimulated with H2O2
To determine the appropriate H2O2 concentration and 
conditions for constructing an oxidative stress model, 
HUVECs were treated with graded concentrations of 
H2O2 (0, 50, 100, 200, and 400  μmol/L) for three dif-
ferent time points (8, 12, and 24  h). CCK8 results 
showed that cell proliferation decreased in a dose-
dependent manner (Fig.  1A). In addition, the SOD 
activity increased with increasing time and concentra-
tion of H2O2 (Fig. 1B). When the concentration of H2O2 
exceeded 100  μmol/L to 200 and 400  μmol/L, the cell 
viability decreased sharply by approximately 50% and 
SOD vitality increased significantly (P < 0.05). There-
fore, high concentrations of H2O2 (≥ 200  μmol/L) are 
not suitable for building oxidative stress models based 
on the lower cell viability and oxidative stress degree. 
Conversely, low concentrations of H2O2 (50  μmol/L) 
had no significant effect on the SOD  viability and 
viability of HUVECs compared to that under the con-
dition of 0  μmol/L H2O2 (P < 0.05). Interestingly, we 
found that the time change had little effect on cell 
proliferation and SOD activity at a concentration of 
100  μmol/L. Based on the above, H2O2 at a concen-
tration of 100  μmol/L was selected for the following 
experiment. Annexin V-FITC/PI flow cytometry was 
performed to detect the apoptosis rate of HUVECs 
stimulated with 100  μmol/L H2O2 at different time 
points (0, 8, 12, and 24  h). As shown in Fig.  1C, cell 
apoptosis was remarkably increased at 8, 12, and 24  h 
compared to that at 0  h. However, no significant dif-
ference in the apoptosis rate between 8 and 12 h time 
points was observed (Fig. 1C). However, when the incu-
bation time was prolonged to 24  h, the apoptosis rate 
increased significantly compared to that at other time 
points (P < 0.0001). To facilitate further experiments, 
we selected 100 μmol/L H2O2 to stimulate HUVECs for 
12 h to establish an oxidative stress model. Compared 
with HUVECs cultured with serum (serum -HUVECs), 
HUVECs treated with serum-free medium contain-
ing 100 umol/L H2O2 (H2O2-serum-free-HUVECs) 
for 12 h became larger and rounder, but the morphol-
ogy of HUVECs without oxidative stress treatment 
(serum-free-HUVECs) did not change significantly 
(Additional file  1: Fig. S1A). The proliferation activity 
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and number of H2O2-serum-free-HUVECs and serum-
free-HUVECs remained above 50% of those of serum- 
HUVECs during the whole process (Additional file  1: 
Fig. S1B–C).

Isolation and characterization of exosomes
Exosomes were derived from HUVECs with or with-
out stimulation with 100  μmol/L H2O2 for 12  h. TEM 
revealed that the isolated exosomes from the superna-
tants of HUVECs with or without H2O2 treatment were 
spheroidal microvesicles (Fig. 2A). NTA result showed 
that the size of HUVEC-Exos and H2O2-HUVECs-Exos 
mainly ranged from 50 to 150 nm, with a mean size of 
114.3 and 109.9  nm, and the  two kinds of  exosomes 
possessed  similar cumulative concentration curves 
(Fig.  2B). Therefore, the particle size and concentra-
tion did not show significant differences between 
H2O2-HUVECs-Exos and HUVEC-Exos. We further 
investigated the relation of the number of exosomes 
and amount of protein in these two kinds of exosomes. 

Compared with HUVEC-Exos, H2O2-HUVEC-Exos 
possessed fewer numbers at the same protein amount 
(Additional file 2: Fig. S2 and Additional file 3: Table S3, 
P < 0.05). Our experiments demonstrated that H2O2 
stimulation increased the protein amount in exosomes 
produced by HUVECs remarkably. Western blot-
ting further verified that both the HUVEC-Exos and 
H2O2-HUVEC-Exos were positive for specific exosomal 
proteins (CD63 and CD81), but negative for calnexin 
(Fig. 2C).

Characterization of EPCs
Adherent cells appeared as colonies and exhibited a 
typical spindle shape on day 5. After approximately 
10 days of culture, these cells showed a typical cobble-
stone-like appearance (Fig. 3A). To identify the isolated 
EPCs by density gradient centrifugation, flow cytom-
etry and confocal microscopy were used. As shown 
in Fig.  3B, confocal microscopy revealed that the iso-
lated cells had the ability to take up DiI-Ac-LDL and 

Fig. 1  The effect of different concentrations of H2O2 on HUVECs activity and apoptosis. A The proliferation of HUVECs after treated with graded 
concentrations (0, 100, 200, and 400 μmol/L) of H2O2 at 8, 12, and 24 h measured by CCK8 assay. ns. P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 vs. 
0 μmol/L. B The level of SOD viability of HUVCEs cultured with graded concentrations (0, 100, 200, and 400 μmol/L) of H2O2 at 8, 12 and 24 h. ns. 
P > 0.05, * P < 0.05, ** P < 0.01, **** P < 0.0001 vs. 0 umol/L. C, D The apoptosis of HUVECs after treated with 100 μmol/L H2O2 at different time points 
determined with Annexin V/PI staining by flow cytometry analysis. ns. P > 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 vs. 0 h
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Fig. 2  Isolation and characterization of exosomes. A Transmission electron micrograph of HUVEC-Exos and H2O2-HUVEC-Exos. B The particle size, 
particle concentration of HUVEC-Exos and H2O2-HUVEC-Exos were analyzed by nanoparticle tracking analysis. C Western blot analysis of CD63, CD81 
and calnexin proteins in exosomes

Fig. 3  Characterization of EPCs and internalization of HUVEC-derived exosomes by EPCs. A Morphology of primary EPCs on the day 5 and 10 of 
culture. B Fluorescence microscopy evaluation of DiI-Ac-LDL uptake and membrane binding of FITC-UEA-1 by EPCs. DiI-Ac-LDL in red, FITC-UEA-1 in 
green, DAPI in blue. C Flow cytometry analysis of surface markers of EPCs. Positive expression of CD34, CD309, and CD133, while negative for CD14 
and CD45. D Exosomes derived from HUVECs could be taken up by EPCs. Calcein AM (green) and DAPI (blue) were used to stain the cytoplasm and 
nucleus of EPC, respectively. Exosomes were labeled with DiI (red)

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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were bound by FITC-UEA-1 on their membrane. The 
results of flow cytometry showed that the cells highly 
expressed CD34 (73.97%) CD309 (VEGF-R2, 91.03%) 
and CD133 (97.53%), while negative for CD14 (0%) and 
CD45 (0.37%) (Fig.  3C). These findings confirmed the 
successful isolation of EPCs for subsequent studies.

Internalization of HUVEC‑derived exosomes by EPCs
To determine whether the HUVEC-derived exosomes 
could be internalized into EPCs, DiI-labeled exosomes 
were incubated with EPCs for 4  h. The uptake of 
exosomes in EPCs was observed using confocal micros-
copy. As shown in Fig. 3D, the DiI-labeled exosomes were 
mainly localized in the cytoplasm of EPCs, and EPCs 
were DiI-positive in both groups.

H2O2‑HUVEC‑Exos enhanced the proangiogenic abilities 
of EPCs
To detect the pro-angiogenic effect of exosomes derived 
from HUVECs on EPCs, a tube formation assay was 
performed. As shown in Fig.  4A,  B, compared to the 
control and HUVEC-Exos groups, EPCs co-cultured 
with H2O2-HUVEC-Exos generated higher numbers of 
nodes, number of branches, and total length of branches, 
and the effect increased in a dose-dependent manner, 
with the highest concentration (100  μg/ml) showing 
the strongest effect. Subsequently, a transwell assay was 
performed to evaluate the migration ability of EPCs. No 
statistical difference in the invasion of EPCs was found 
after treatment with low concentrations of exosomes 
(25 μg/ml, both HUVEC-Exos and H2O2-HUVEC-Exos) 
treatments compared with the control group (Fig. 4C, D, 
P > 0.05). When the concentration of exosomes reached 
50 and 100  μg/ml, H2O2-HUVEC-Exos remarkably 
enhanced the invasion of EPCs by 1.64 and 1.45-fold, 
respectively, compared to the HUVEC-Exos group 
(P < 0.05). As shown in Fig.  4E, the ability of exosomes 
(both HUVEC-Exos and H2O2-HUVEC-Exos) to pro-
mote cell proliferation was concentration-dependent, 
with the highest proliferation observed in the presence 
of 100  μg/ml H2O2-HUVEC-Exos (P < 0.05). PCR analy-
sis was conducted to detect the mRNA expression lev-
els of pro-angiogenic genes (VEGFA and PDGFC) and 
anti-angiogenic genes (PTEN). The expression of VEGFA 
in the H2O2-HUVEC-Exos group was significantly 

upregulated, which was accompanied by a significant 
downregulation of PTEN compared to the other groups 
(Fig. 4F, P < 0.05). With regard to PDGFC expression, no 
significant difference was observed between HUVEC-
Exos and H2O2-HUVEC-Exos groups (Fig.  4F, P > 0.05), 
but both enhanced the expression of PDGFC significantly 
compared to the control (Fig. 4F, P < 0.01).

Lnc NEAT1 was significantly upregulated 
in H2O2‑HUVEC‑Exos
Differential expression of lncRNAs between different 
groups was screened by microarray analysis. The volcano 
plot shows the overall distribution of the differentially 
expressed lncRNAs (Fig. 5A). The heat map revealed that 
the differential expression of lncRNAs and Lnc NEAT1 
was noticeably upregulated in H2O2-HUVEC-Exos 
(Fig. 5B). EPCs co-cultured with H2O2-HUVEC-Exos for 
24 h maintained the highest level of Lnc NEAT1 in EPCs 
relative to the control and HUVEC-Exos groups (Fig. 5C, 
P < 0.01).

H2O2‑HUVEC‑Exos affected the expression of proteins 
in the Wnt/β‑catenin signaling pathway
Western blotting was used to analyze the effect of 
H2O2-HUVEC-Exos on β-catenin, c-myc, and cyclin 
D1 proteins in the Wnt/β-catenin signaling pathway. 
As shown in Fig.  5D, H2O2-HUVEC-Exos significantly 
increased the expression of β-catenin, c-myc, and cyclin 
D1 in comparison with the control and HUVEC-Exos 
groups (P < 0.05).

Exosomal Lnc NEAT1 promoted the proliferation 
and invasion of EPCs by activating the Wnt/β‑catenin 
signaling pathway
To investigate the potential mechanisms of Lnc NEAT1, 
HUVECs and H2O2-HUVECs were transfected with 
Lnc NEAT1 siRNA. Knockdown efficiency was veri-
fied by RT-PCR (Fig.  6A). Compared with untreated 
HUVECs, the level of Lnc NEAT1 in exosomes derived 
from si-NEAT1 HUVECs (si-NEAT1-HUVEC-Exos) 
was markedly inhibited (Fig.  6B, P < 0.001). Simulta-
neously, the level of Lnc NEAT1 in si-NEAT1-H2O2-
HUVEC-Exos was also significantly lower than that in 
H2O2-HUVEC-Exos (Fig. 6B, P < 0.0001). After EPCs were 

(See figure on next page.)
Fig. 4  H2O2-HUVEC-Exos enhanced the pro-angiogenic abilities of EPCs in a dose-dependent manner. A Representative images of capillary-like 
tube formation of EPCs incubated with graded concentration (0–100 μmol/L) of HUVEC-Exos and H2O2-HUVEC-Exos or PBS. EPCs were labeled 
with Calcein-AM (green). B Quantitative analysis of the number of nodes, the number of branches and the total length of the branches of 
(A). C Representative images of invaded EPCs stained by DAPI after cultured with graded concentration (0–100 μmol/L) of HUVEC-Exos and 
H2O2-HUVEC-Exos or PBS. D Quantitative analysis of (C). E. The proliferation of EPCs treated with graded concentration (0–100 μmol/L) of 
HUVEC-Exos and H2O2-HUVEC-Exos or PBS detected by CCK8. F The VEGF, PDGFC, and PTEN mRNA expression of EPCs after treated with 
100 μmol/L HUVEC-Exos and H2O2-HUVEC-Exos. ns. P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 vs. control group
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Fig. 4  (See legend on previous page.)
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co-cultured with HUVEC-Exos, si-NEAT1-HUVEC-
Exos, H2O2-HUVEC-Exos and si-NEAT1-H2O2-HUVEC-
Exos for 24 h, RT-PCR was performed to determine the 
expression level of Lnc NEAT1 in EPCs, which was sig-
nificantly decreased in the si-NEAT1-HUVEC-Exos and 

si-NEAT1-H2O2-HUVEC-Exos groups relative to the 
HUVEC-Exos and H2O2-HUVEC-Exos groups, respec-
tively (Fig. 6B, P < 0.01 ).

To elucidate the effect of Lnc NEAT1 on angiogen-
esis of EPCs, transwell and tube formation assays were 

Fig. 5  The differential expression of Lnc RNAs in exosomes and proteins in the Wnt/β-catenin pathway. A The volcano plot represented the 
differential expression of lncRNAs. The blue dots represent the downregulated genes, while the red dots represent upregulated genes. B Heat map 
of differential expression of Lnc RNAs in H2O2-HUVEC-Exos and HUVEC-Exos. Red corresponds to upregulated LncRNAs, and green corresponds to 
downregulated LncRNAs. C Quantification of Lnc NEAT1 level in EPCs after cultured with PBS, HUVEC-Exos, or H2O2-HUVEC-Exos. D The β-catenin, 
c-myc and cyclin D1 protein levels in EPCs in control, HUVEC-Exos or H2O2-HUVEC-Exos group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 vs. 
control group
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performed after EPCs were co-cultured with HUVEC-
Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos 
and si-NEAT1-H2O2-HUVEC-Exos. As expected, 
knockdown of Lnc NEAT1 both in HUVEC-Exos and 
H2O2-HUVEC-Exos significantly attenuated the invasion 
ability of EPCs, whereas this effect was partly reversed 
by co-treatment with HLY78 (an agonist of the Wnt/β-
catenin signaling pathway) (Fig. 6C, D, P < 0.05). Moreo-
ver, when Lnc NEAT1 was blocked in HUVEC-Exos 
and H2O2-HUVEC-Exos, the tube formation capacity 
was significantly reduced (Fig.  6E, F, P < 0.05). HLY78 
reversed the inhibitory effects of silencing of Lnc NEAT1 
in HUVEC-Exos on the number of branches and total 
length of branches (P < 0.05) but not the number of nodes 
(Fig.  6E, F, P > 0.05). Conversely, compared to using si-
NEAT1-H2O2-HUVEC-Exos alone, increased num-
ber of nodes (P < 0.05) but not the number of branches 
or total length of branches (Fig.  6E, F, P > 0.05) was 
observed in EPCs treated with si-NEAT1-H2O2-HUVEC-
Exos + HLY78 combination. To explore the effects of Lnc 
NEAT1 on Wnt/β-catenin signaling pathway, the expres-
sion levels of β-catenin and its targets c-myc and cyclin 
D1 in EPCs were examined. Western blotting analysis 
indicated that exosomes from si-NEAT1-HUVECs and 
si-NEAT1-H2O2-HUVECs reduced the expression of 
the downstream genes of the Wnt/β-catenin pathway 
(Fig. 6G, P < 0.05). However, treatment with HLY78 partly 
revered this effect (Fig. 6G, P < 0.05).

Lnc NEAT1 in H2O2‑HUVEC‑Exos enhanced the survival 
of skin flaps
To better understand the effects of exosomal Lnc NEAT1 
in skin flap model rats, the distribution of DiR-labeled 
exosomes in rats was monitored by in vivo fluorescence 
imaging at 30 min, 4 h, 3 d, and 7 d after exosome injec-
tion. Few fluorescent signals were detected at 30  min 
and 4 h time points in all groups (Fig. 7B, C). The signals 
actively moved towards the skin flap, reached a peak on 
day 3, and then gradually decreased over time in the four 
exosome-treated groups. Additionally, the fluorescence 
signals of the H2O2-HUVEC-Exos and si-NEAT1-H2O2-
HUVEC-Exos groups showed statistically higher intensity 

compared to the other three groups at 3 d and 7 d time 
points (Fig. 7A, B, P < 0.05). However, downregulation of 
Lnc NEAT1 in HUVEC-Exos and H2O2-HUVEC-Exos 
exhibited no significant difference on the fluorescence 
signal around the flaps (Fig. 7A, B, P > 0.05). In contrast, 
no obvious fluorescent signal was detected in the control 
group at any of the observation time points.

Three days after surgery, the flaps of each group showed 
different degrees of skin swelling; the distal end was dark 
brown, but no obvious necrosis was observed. From day 
7 to day 14 after surgery, areas II and III of the flap in 
the control, HUVEC-Exos groups, si-NEAT1-HUVEC-
Exos and si-NEAT1-H2O2-HUVEC-Exos group had 
black crush, with poor elasticity and hard texture, while 
H2O2-HUVEC-Exos had pink sink in area II, with good 
elasticity, and black crust only in area III. In comparison, 
the proximal ends of the skin flaps in all five groups sur-
vived with normal color and texture. (Fig. 7D). The dis-
tal necrotic parts of the flaps were scabby and the hard 
texture with no hair growth. The degree of flap necrosis 
was the most serious in the control group. The bound-
ary between the surviving and necrotic tissues is clear. 
Percentages of the survival area were evaluated 14  days 
after the operation. The percentage of flap survival area 
in the H2O2-HUVEC-Exos group was 79.3%, which was 
remarkably higher than that in the control group (51%), 
the HUVEC-Exos group (65.3%), the si-NEAT1-HUVEC-
Exos group (62.33%) and si-NEAT1-H2O2-HUVEC-Exos 
group (77.33%) (Fig.  7E, P  < 0.05). Furthermore, when 
Lnc NEAT1 was knocked down in HUVEC-Exos and 
H2O2-HUVEC-Exos, the survival area of flaps was signifi-
cantly decreased compared to untreated HUVEC-Exos 
and H2O2-HUVEC-Exos, respectively (Fig. 7D, P < 0.05).

H2O2‑HUVEC‑Exos increased neovascularization of skin flaps 
and homing of EPCs
Fourteen days after surgery, H&E staining and immu-
nohistochemistry were performed. As shown in Fig. 8A, 
the control group displayed many infiltrated inflam-
matory cells and few microvessels. In contrast, the 
H2O2-HUVEC-Exos and si-NEAT1-H2O2-HUVEC-
Exos groups exhibited complete epithelialization with 

(See figure on next page.)
Fig. 6  Exosomal Lnc NEAT1 accelerated angiogenesis via the Wnt/β-catenin pathway in EPCs. A The expression of Lnc NEAT1 in HUVECs and 
H2O2-HUVEC after transfection with si-NEAT1. *** P < 0.001 vs. HUVEC group, ## P < 0.01 vs. H2O2-HUVEC-Exos group. B The expression of Lnc 
NEAT1 levels in Exos (HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos and si-NEAT1-H2O2-HUVEC-Exos) and in EPCs after cultured with 
HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos or si-NEAT1-H2O2-HUVEC-Exos. *** P < 0.001 vs. HUVEC-Exos group, ## P < 0.01, #### P < 0.0001 
vs. H2O2-HUVEC-Exos group. C Representative images of invaded EPCs stained by DAPI after cultured with HUVEC-Exos, si-NEAT1-HUVEC-Exos, 
si-NEAT1-HUVEC-Exos + HLY78, H2O2-HUVEC-Exos, si-NEAT1- H2O2-HUVEC-Exos or si-NEAT1-H2O2-HUVEC-Exos + HLY78. D Quantitative 
analysis of (C). E Representative images of capillary-like tube formation generated by EPCs cultivated with HUVEC-Exos, si-NEAT1-HUVEC-Exos, 
si-NEAT1-HUVEC-Exos + HLY78, H2O2-HUVEC-Exos, si-NEAT1-H2O2-HUVEC-Exos, si-NEAT1-H2O2-HUVEC-Exos + HLY78 for 8 h. EPCs were labeled 
with Calcein-AM (green). F Quantitative analysis of (E). G The β-catenin, c-myc and cyclin D1 protein levels in EPCs after treated with HUVEC-Exos, 
si-NEAT1-HUVEC-Exos, si-NEAT1-HUVEC-Exos + HLY78, H2O2-HUVEC-Exos, si-NEAT1-H2O2-HUVEC-Exos, si-NEAT1-H2O2-HUVEC-Exos + HLY78C-Exos. 
ns. P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 versus HUVEC-Exos group, ns. P > 0.05, # P < 0.05, ## P < 0.01, ### P < 0.001 vs. H2O2-HUVEC-Exos group
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Fig. 6  (See legend on previous page.)
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a hierarchical structure, a large number of blood ves-
sels, and few diffused neutrophil infiltration compared 
to the other groups. Newly formed vessels and mature 
vessels were characterized by CD31 and α-SMA stain-
ing (Fig.  8B), respectively. Compared with the control 
group, the number of CD31 and α-SMA positive vessels 
increased significantly in the other four groups treated 
with exosomes (Fig. 8B, C, P < 0.01). However, the num-
ber of CD31 positives vessels in the H2O2-HUVEC-Exos 
group was higher than that of HUVEC-Exos group 
(Fig.  8B, C, P < 0.01). Moreover, less number of CD31-
positive vessels was observed after Lnc NEAT1 was 
silenced in both HUVEC-Exos and H2O2-HUVEC-Exos 
(Fig.  8B, C, P < 0.05). Interestingly, there was no signifi-
cant difference in the number of α-SMA positive vessels 
between the HUVEC-Exos and the H2O2-HUVEC-Exos 
groups (P > 0.05). Similarly, exosomes from si-NEAT1-
HUVECs and si-NEAT1-H2O2-HUVECs did not sig-
nificantly reduce the number of α-SMA-positive blood 
vessels compared with exosomes from untreated 
HUVECs and H2O2-HUVECs, respectively (Fig.  8B, C, 
P > 0.05). The number of CD34/CD133 double-positive 
cells, which are markers of EPCs, was noticeably higher 
in the H2O2-HUVEC-Exos group than that in the other 
groups (Fig.  8D, E, P < 0.05). Furthermore, inhibition of 
Lnc NEAT1 in H2O2-HUVEC-Exos resulted in a dramatic 
reduction in the homing number of EPCs (P < 0.05), but 
there was no significant difference in the number of EPCs 
homing between HUVEC-Exos and si-NEAT1-HUVEC-
Exos groups (Fig. 8D, E, P > 0.05).

Discussion
Recently, exosomes have garnered widespread attention 
as emerging therapies against ischemic diseases [27]. 
Currently, flap necrosis remains a challenge because 
of inflammation, blood supply deficiency, and oxida-
tive stress [28]. To date, few studies have focused on the 
effect of exosomes derived from HUVECs under oxida-
tive stress on flap survival. This study demonstrated for 
the first time that exosomes derived from HUVECs stim-
ulated by oxidative stress significantly promote the pro-
angiogenic ability of EPCs through the Wnt/β-catenin 
signaling pathway mediated by Lnc NEAT1 in vitro and 
enhanced random flap survival by promoting angiogen-
esis in vivo.

Ischemia is a common complication after flap surgery 
[29]. With the restoration of blood supply to the flap, the 
tissue may undergo ischemia–reperfusion injury [30, 31]. 
As a double-edged sword, excessive production of reac-
tive oxygen species (ROS) leads to inflammatory infiltra-
tion of neutrophils, increased secretion of proteases, and 
a large amount of oxidative intermediate products, which 
ultimately causes cell death [32]. However, low levels of 
ROS as a signal molecule directly regulate the activity of 
transcription factors, leading to a reduction in apoptosis 
[33, 34]. Previous reports have shown that low-dose H2O2 
can induce cells to tolerate a higher degree of oxidation, 
which could have a protective effect against harmful con-
ditions, and prevent the induction of apoptosis [34, 35]. 
Exposure to the oxidative stress microenvironment not 
only increases the expression of pro-angiogenic proteins 
in stimulated cells, but also increases the expression of 
related genes in exosomes [36–38]. Accordingly, we used 
a low-concentration H2O2 to effect HUVECs for 12 h to 
establish an appropriate oxidative stress model to mimic 
the in vivo ischemic microenvironment.

It has been suggested that the underlying mechanisms 
of cell transplantation therapy are likely dependent on 
the paracrine activity of cells [39]. Recent studies have 
shown that cells transfer exosomes to stem cells via par-
acrine mechanisms, thereby regulating their functions 
[40]. It is believed that treatment with exosomes may 
overcome the limitations and risks associated with cell 
transplantation therapy [41]. Liu et  al. demonstrated 
that microvesicles from endothelial cells under oxidative 
stress promoted angiogenesis by transferring miR-92a-3p 
to recipient endothelial cells [38]. In addition, exosomes 
secreted by retinal pigment epithelium exposed to oxi-
dative stress not only significantly increased the levels of 
VEGF protein and certain mRNAs, but also remarkably 
enhanced the pro-angiogenic function of endothelial cells 
[36]. Similarly, our study confirmed that the exosomes 
derived from HUVECs stimulated by H2O2 have a strong 
capacity to promote tube formation, migration, and pro-
liferation of EPCs in a dose-dependent manner. EPCs in 
the circulation are known to participate in the formation 
and repair of blood vessels by recruiting to the ischemic 
site [42, 43]. Damaged vascular endothelial cells may 
activate platelets and vascular smooth muscle cells and 
secrete chemokines to recruit EPCs from the circulation 
[44, 45]. Meanwhile, through the chemokine receptors in 

Fig. 7  H2O2-HUVEC-Exos enhanced the survival of skin flaps. A Schematic representation of the experimental procedures. B Quantitative analysis 
of fluorescent signals intensity in control, HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos and si-NEAT1-H2O2-HUVEC-Exos groups at 30 min, 
4 h, 3 d and 7 d, n = 5 in each group. ns. P > 0.05, * P < 0.05. C The representative in vivo fluorescence imaging in different groups at 30 min, 4 h, 
3 d and 7 d after the injection of HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos, si-NEAT1-H2O2-HUVEC-Exos or PBS. D Representative 
gross appearance of viable and necrotic skin regions in skin flap treated in control, HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos, 
si-NEAT1-H2O2-HUVEC-Exos groups. E Quantification of percentages of survival area on day 14. * P < 0.05, ** P < 0.01, **** P < 0.0001 vs. control group

(See figure on next page.)
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the exfoliated endothelial area, EPCs can adhere to the 
injured site to take part in angiogenesis and inhibit inti-
mal hyperplasia [46, 47]. In addition, we have provided 
new evidence that H2O2-HUVEC-Exos significantly 
increased mRNA levels of pro-angiogenic genes (VEGPA 
and PDGFC) and decreased the expression of anti-angi-
ogenic genes (PTEN) in EPCs. Notably, there were no 
significant differences between H2O2-HUVEC-Exos and 
HUVEC-Exos with regard to surface marker expression, 
size, and shape. These phenomena indicate that the supe-
rior proangenic ability of exosomes conferred by pre-
conditioning with H2O2 may be mainly attributed to the 
improvement in quality and activity of substances in their 
cargo, further promoting tube formation, migration, and 
proliferation of EPCs.

Recent evidence indicates that endothelia cell-Exos 
contain multiple bioactive molecules, which participate 
in the regulation of cell, growth, migration, and vascular 
development [48]. Since EPCs internalized large amounts 
of HUVEC exosomes (Fig.  3D), suggesting exosomes 
could be a potential shuttle for delivering bioactive con-
tents from HUVECs to EPCs, thereby changing their 
behavior. Among the major contents in exosomes, lncR-
NAs attract particular attention and play an important 
role in a variety of biological processes [49, 50]. Here, 
we compared the lncRNA profiles in HUVEC exosomes 
and found that Lnc NEAT1 expression was remark-
ably elevated in the H2O2-HUVEC-Exos, indicating that 
LncNEAT1 was endogenous cargo of HUVEC-derived 
exosomes, which was consistent with the previous evi-
dence that high expression of Lnc NEAT1 could be 
induced under hypoxic conditions, leading to a posi-
tive feedback loop that promotes cell proliferation, col-
ony formation, and reduced cell apoptosis [51, 52]. Lnc 
NEAT1 is an essential component of nuclear paraspeck-
les and mainly functions as a transcriptional regulator. It 
has been reported that Lnc NEAT1 regulated the occur-
rence of hemangiomas and promoted breast cancer cell 
survival [53]. In addition, high levels of Lnc NEAT1 are 
associated with malignant progression in glioma and 
poor clinical prognosis [54]. However, other studies 
have shown that Lnc NEAT1 acts as a tumor suppressor 
[55]. Therefore, the role of Lnc NEAT1 may be cell-type 
dependent, which has not been fully elucidated. Next, we 
sought to identify the underlying molecular mechanisms 
by which Lnc NEAT1 regulates downstream effectors. In 
our study, we found that silence of Lnc NEAT1 in both 

HUVEC-Exos and H2O2-HUVEC-Exos significantly sup-
pressed EPCs migration and tube formation. To explore 
whether Lnc NEAT1 affects EPCs angiogenesis through 
Wnt/β-catenin signaling pathway, western blot analy-
sis was used to detect the protein level associated with 
Wnt/β-catenin pathway after Lnc NEAT1 knockdown. 
The result revealed that downregulated Lnc NEAT1 in 
both HUVEC-Exos and H2O2-HUVEC-Exos repressed 
the Wnt/β-catenin signaling pathway, leading to down-
regulation of the protein levels of β-catenin, c-myc, and 
cyclin D1. With the use of a Wnt activator, the inhibi-
tory effect of Lnc NEAT1 on EPCs function was partially 
alleviated. The phenomenon could be deciphered that 
Lnc NEAT1 participate in angiogenesis through mul-
tiple signaling pathways [56–58]. Yangwei Xu et  al.[56] 
demonstrated that LncRNA NEAT1 promoted gastric 
cancer progression through miR-17-5p/TGFβR2 axis up-
regulated angiogenesis. Lidong Zhao et al.[57] also found 
that Lnc NEAT1 promoted trophoblast proliferation and 
invasion in gestational hypertension and alleviated vas-
cular endothelial injury by inhibiting miRNA-205-5p. 
Therefore, Wnt activators could only activate the Wnt/β-
catenin signaling pathway, rendering them incapable of 
fully reversing the inhibition of EPC function caused by 
Lnc NEAT1 silencing. The Wnt/β-catenin signaling path-
way is associated with various processes involved in the 
regulation of stem cell self-renewal, differentiation, and 
cell reprogramming [59]. In accordance with our study, 
Lnc NEAT1 activates Wnt/β-catenin signaling and con-
tributes to colorectal cancer progression via DDX5 [60]. 
Moreover, c-myc and cyclin D1 are direct targets of the 
Wnt/β-catenin signaling pathway and can regulate angi-
ogenesis by increasing the expression of VEGF [61, 62]. 
C-myc promotes cell proliferation and immortalization 
[63]. Besides, c-myc ablation impairs endothelial cell 
proliferation and mitochondrial function, but its specific 
overexpression in endothelial cells promotes these pro-
cesses [64]. As a member of the cyclin family, cyclin D1 is 
capable of regulating EPC proliferation [65]. To the best 
of our knowledge, there are few studies on Lnc NEAT1 
regulating the function of EPC. We are the first to con-
firm that Lnc NEAT1 can enhance the pro-angiogenic 
ability of EPCs by activating Wnt/β-catenin pathway and 
may act on downstream genes involved in angiogenesis.

To better understand the proangiogenic potential of 
the engineered exosomes, DiR-labeled four kinds of 
exosomes (HUVEC-Exos, si-NEAT1-HUVEC-Exos, 

(See figure on next page.)
Fig. 8  H2O2-HUVEC-Exos increased neovascularization of flaps and recruitment of EPCs. A H&E staining of three groups of skin flaps. B 
The representative immunohistochemistry staining of CD31 and α-SMA in control, HUVEC-Exos, si-NEAT1-HUVEC-Exos, H2O2-HUVEC-Exos, 
si-NEAT1-H2O2-HUVEC-Exos groups. C. Quantitative analysis of CD31 and α-SMA positive vessel number. D Quantitative analysis of the number of 
CD34/CD133 double positive cells. E The representative immunofluroscence staining of CD133 and CD34 positive cells. CD133 positive cells were 
shown in red. CD34 positive cells were shown in green. ns. P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 vs. control group
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H2O2-HUVEC-Exos and si-NEAT1-H2O2-HUVEC-Exos) 
were used to evaluate their effects on skin flap survival in 
a rat model. Interestingly, the fluorescence signal around 
the flap gradually increased over time and reached a 
peak on the third day. Exosomes derived from HUVECs 
showed natural targeting ability, which could be further 
used as nanocarriers for delivering different therapeutic 
molecules to reconstructive tissues. The phenomenon of 
exosomes gathering at the injury site is analogous to stem 
cell homing through adhesion factors and receptors on 
their surface [66, 67]. Coincidentally, mesenchymal stem 
cell-derived exosomes could recruit around the wound 
and promote wound healing after injection into mice 
through the tail vein and specifically accumulate in the 
acute kidney injury model [66]. Additionally, after 3 and 
7  days of exosomes injection into rats, the fluorescence 
signal around the skin flap in H2O2-HUVEC-Exos and 
si-NEAT1-H2O2-HUVEC-Exos significantly increased. 
However, silencing Lnc NEAT1 in both HUVEC-Exos 
and H2O2-HUVEC-Exos did not affect the fluorescence 
signal intensity around the skin flap relative to that in 
HUVEC-Exos and H2O2-HUVEC-Exos, respectively. 
Previous study has showed that oxidative stress could 
activate the adhesion of RBCs to laminin by inducing 
post-translational modification of Lu/BCAM, which 
altered its distribution on the cell surface, resulting in 
aggregates with high binding potential to laminin [68]. 
Oxidative stress is one of the important pathogenesis of 
pancreatitis, leading to upregulation of adhesion mol-
ecules, which in turn accelerates disease progression [69]. 

H2O2-induced-oxidative stress may alter the number 
and distribution of adhesion molecules on the surface of 
exosomes, making them more likely to adhere to dam-
aged sites and be taken up by EPCs. Gross observation 
of flap survival showed that all treated flaps achieved a 
remarkable decrease in flap necrosis and increased flap 
survival compared to that in the control, especially in 
H2O2-HUVEC-Exos. Consistent with the gross obser-
vation, H&E staining revealed that H2O2-HUVEC-Exos 
exhibited more complete epithelialization with a hier-
archical structure and few diffused neutrophil infiltra-
tion compared to the other groups. Flaps have a unique 
process of neovascularization and vascular modeling for 
growth, maintenance, and regeneration [31]. Angiogen-
esis is known to play a critical role in flap survival and is 
required for tissue formation [39]. Rapid neovasculariza-
tion to restore blood perfusion is very important to avoid 
skin flap necrosis [4, 5]. Our results showed that the use 
of exosomes, especially H2O2-HUVEC-Exos, greatly 
increased the generation of newly formed vessels, which 
corresponded to their strongest in vitro angiogenic abil-
ity. However, H2O2-HUVEC-Exos did not accelerate 
vessels maturation in the skin flap, possibly due to the 
limited observation period. It was clearly observed that 
CD133/CD34 double-positive cells, which were believed 
to be EPCs, diffusely infiltrated the flaps, especially in 
the H2O2-HUVEC-Exos group. Similarly, previous stud-
ies have shown that the application of hiPSC-MSC-Exos 
is potentially useful in treating certain ischemic diseases 
[39]. These encouraging results suggest that these special 

Fig. 9  Schematic illustration of the function and mechanisms of HUVEC-Exos on EPCs
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exosomes were recruited to the injured area after enter-
ing the blood circulation, and may target EPCs to pro-
mote angiogenesis, which gives superior results over the 
other groups.

Conclusion
The present study shows that exosomes derived from 
HUVECs stimulated with an appropriate concentration 
of H2O2 promoted neovascularization and increased 
the survival rate of skin flaps by enhancing the angio-
genic ability of EPCs. Furthermore, we demonstrated the 
important role of exosomal Lnc NEAT1 in EPC func-
tion via the Wnt/β-catenin pathway, which might influ-
ence the underlying molecular mechanisms that promote 
angiogenesis (Fig.  9). These findings highlight that the 
oxidative stress-induced HUVEC exosomal Lnc NEAT1/
Wnt/β-catenin axis in EPCs conferred a pro-angiogenic 
function in skin flap survival, which could be used as a 
novel therapeutic approach.
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