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decreased NO content, and other effects, increasing the 
risk of heart failure [6]. Therefore, inducing human um-
bilical vein endothelial cells (HUVECs) to improve their 
biological function through drugs or physical therapy will 
help to improve the vascular complications of diabetes.

AS-IV is isolated and purified from the Chinese 
herbal medicine astragaloside, and it has antioxidant, 
anti-diabetes, anti-myocardial infarction, anti-inflam-
matory, and anti-apoptosis effects, and promotes an-
giogenesis [7]. Nie et al. showed that AS-IV significantly 
improved endothelial dysfunction, decreased oxidative 
stress and calpain-1 content, and increased nitric oxide 
(NO) production and expression of endothelial nitric 
oxide synthase (eNOS) in the thoracic aorta of diabetic 
rats [8]. Leng et al. found that AS-IV rescued endothelial 

Introduction

Diabetes mellitus (DM) is a multifactorial metabolic 
disease caused by a deficiency of insulin secretion or 
utilization [1, 2]. As one of the world’s fastest growing 
diseases, it is expected to affect 693 million adults by 
2045 [3]. Cardiovascular and microvascular complica-
tions associated with the vascular system comprise the 
main cause of morbidity and mortality in patients with 
diabetes [4]. Excessive blood sugar levels can damage 
the integrity of the endothelial layer, leading to delayed 
re-endothelialization and excessive formation of new 
intima [5]. It also leads to metabolic disorders and oxida-
tive stress of cardiovascular epithelial cells, resulting in 
increased permeability, impaired endothelial relaxation, 
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Abstract 
Introduction: The high glucose changes caused by diabetes mellitus (DM) can damage the vascular system. Astragaloside IV (AS-IV) can 
improve diabetes and promote angiogenesis. Exosomes (EXOs) help to carry specific drugs into cells efficiently. However, whether AS-IV 
loaded EXOs (AS-IV EXOs) can improve damaged endothelial cells through miR-214 remains to be determined. 
Material and methods: We prepared and identified AS-IV EXOs derived from endothelial progenitor cells (EPCs) and high glucose 
stimulated endothelial cell models to investigate whether AS-IV EXOs can improve damaged endothelial cells through miR-214. We 
used a transmission electron microscope (TEM) and DAPI staining to identify the morphology and characteristic expression of EPCs and 
EXOs, and then prepared AS-IV EXOs. Cell function tests were performed to detect the cloning, proliferation, and migration capabilities 
of cells. Western blot (WB) and real-time quantitative polymerase chain reaction (qRT-PCR) were used to assess the expression level of 
Tie-2, Ang-1, and PI3K/Akt-related protein.
Results: The DAPI staining results showed that inducing human umbilical vein endothelial cells (HUVECs) could effectively absorb 
AS-IV EXOs. The results of plate clone formation assay, CCK-8, cell adhesion, and transwell assay of HUVECs stimulated by high glucose 
showed that AS-IV EXOs had a damage relief effect. By the detection of WB and qRT-PCR, it was found that AS-IV EXOs promoted the 
expression of miR-214 and proteins related to blood vessel growth. After transfection of miR-214 to pre-treat HUVECs under high glucose 
stimulation, AS-IV EXOs promoted the tube formation of HUVECs by regulating the level of miR-214.
Conclusions: By promoting the expression of miR-214, AS-IV EXOs significantly improved the activity and tubularization of HUVECs 
under high glucose stimulation. (Endokrynol Pol 2022; 73 (2): 336–345)
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HN-LL-KY-2020-013-01). Umbilical cord blood mononuclear cells 
were separated by density gradient centrifugation. The cells were 
cultured in EGM-2 complete medium (CC-3162, LONZA company). 
When the cell fusion rate reaches 70-80%, the cells were digested 
with 0.25% pancreatin (containing 0.02% EDTA). The cells were 
centrifuged at 1000 rpm for 5 min, and the pellet was redispersed 
in EGM-2 complete medium and subcultured in a ratio of 1:2 or 
1:3. The cell morphology of EPC was observed under a light micro-
scope. The CD31 immunomagnetic bead sorting method and the 
FITC-UEA-I and Dil-ac-LDL dual fluorescence staining method were 
used to identify the P3 generation cells in good growth condition. 
The cells were inoculated into a 24-well plate with pre-placed slides 
and cultured overnight. The cells were washed 3 times with PBS. 250 
μL of culture solution containing Dil-ac-LDL (10 μg/mL) was added 
to the cell liquid in the dark. Cells were incubated in a 37°C, 5% CO2 
incubator for 4 hours. After the incubation, the culture medium was 
aspirated and washed with PBS 3 times, and 4% paraformaldehyde 
was added for fixation for 30 min. After washing the cells 3 times, 
250 μL of FUTC-UEA-1 (10 μg/mL) was added to the cell liquid for 
1 hour in the dark. After washing the cells 3 times, 250 μL of DAPIA 
working solution (1 μg/mL) was added to the cell liquid at 37°C. Im-
ages were collected after 10-min incubation in the dark.

Separation and identification of EXOs
According to the instructions of the EXOs extraction kit (EXOQ5A-1, 
SBI), EXOs secreted by EPCs in the early culture stage (P3 genera-
tion) were extracted. After the EPC cell supernatant was collected, 
the cells and cell debris were discarded following centrifugation for 
10 min. After the supernatant was moved to a new centrifuge tube, 
the EXOs extraction reagent was added in a volume ratio of the 
cell supernatant as follows: EXOQ5A-1 = 5:1. After the cells were 
allowed to stand overnight at 4°C, the cell solution was centrifuged 
at 1500 g to obtain the EXOs pellet, and then 100 μL of PBS was 
added to resuspend the pellet.

Transmission electron microscope (TEM)
The 10 μL EXOs suspension was sucked onto the copper mesh 
with a membrane and allowed to stand at room temperature for 
1–5 min. After the filter paper absorbed the excess EXOs sample on 
the copper mesh, 10 μL of phosphotungstic acid staining solution 
(prepared with phosphoric acid buffer to a concentration of about 
1%) was dripped onto the copper mesh of the prepared sample. 
After standing for 1–2 min, the excess dye was removed. Pure water 
was dripped on the copper net several times to wash away the 
excess phosphotungstic acid. After the copper mesh was allowed 
to stand and dry, a transmission electron microscope was applied 
to observe the EXOs morphology.

Nanoparticle tracking analysis (NTA)
The information on particle size, concentration, and distribution 
can be provided by NTA performed by a Particle Metrix instru-
ment. A NanoSight NS300 was used to detect EXOs under the 
condition of 405 nm, and 5 videos of 60 s duration were collected 
for each sample. The data were analysed by NTA 3.0 software, and 
the fluid dynamic diameter of each EXOs was calculated by the 
Stokes-Einstein equation.

Detection of AS-IV EXOs uptake by HUVECs
PKH67 dye-labelled EXOs was centrifuged at 1500 g for 0.5 h, and 
the pellet was redispersed in 500 μL PBS. The resuspension was 
transferred to a 10 KD ultrafiltration tube and centrifuged at 3000 g 
for 40 min. The collected and concentrated EXOs were resuspended 
and diluted to 500 μL in DMEM high sugar with 10% FBS, and then 
added to a 12-well plate of HUVECs cells (ATCC, Manassas, VA, 
USA) pre-placed with slides. The slides were cultured in a 37°C, 5% 
CO2 incubator for 24 hours. The slides were taken out and washed 
twice with PBS, and then fixed with 4% paraformaldehyde (Well-
bio, Changsha, China) for 0.5 h. The slides were cultivated with 1 

dysfunction induced by high glucose by inhibiting the 
P2X7R-dependent P38 MAPK signalling pathway [9]. 
However, there are few studies on the treatment of DM 
with AS-IV in the form of nanospheres.

EXOs are biological extracellular vesicles with a size 
between 50 and 150 nm, which are secreted by cells and 
isolated from body fluids [10]. Extracellular vesicles can 
bypass biological barriers and act as powerful drug 
and gene therapy transporters [11]. Exos have certain 
biological regulatory functions. For example, EXOs se-
creted by cardiac progenitor cells (CPC) can reduce the 
apoptosis of cardiac cells, promote angiogenesis, and 
improve the degree of heart damage [12]. IVPCs-EXOs 
secreted by induced vascular progenitor cells (iVPCs) 
can promote endothelial cell proliferation, migration, 
and angiogenesis, and stimulate microangiogenesis in 
vitro aortic ring test [13]. Moreover, due to the physical 
properties of EXOs such as stability, biocompatibility, 
permeability, low toxicity, and low immunogenicity, 
in addition to being used as disease biomarkers, they 
are also used as endogenous natural carriers to deliver 
chemotherapeutic drugs [14].

miR-RNAs are a type of small single-stranded 
non-coding RNA, usually about 22 bp, which regulate 
gene expression after transcription [15]. Among them, 
miR-214 is associated with inflammation, myocar-
dial injury, endothelial cell angiogenesis, and apop-
tosis. miR-214 may reduce urea-induced apoptosis of 
mouse aorta endothelial cells (MAEC) by inhibiting 
COX-2/PGE2 cascade reaction [16]. miR-214 may antag-
onize endothelial cell apoptosis induced by indoxyl sul-
phate (IS) by directly down-regulating the COX-2/PGE2 
axis and targeting COX-2 [17]. Chondrocyte miR-214-3p 
promotes endothelial cell angiogenesis and migra-
tion by adjusting the secretion of vascular endothelial 
growth factor (VEGF) through the Trkb/ShcB pathway 
[18]. However, it is still unknown whether miR-214 is 
involved in the regulation of endothelial cell apoptosis. 

Based on the above background, we prepared 
AS-IV EXOs derived from endothelial progenitor cells 
(EPCs) and created a model of endothelial cell damage 
with high glucose. Then we conducted in vitro cell and 
molecular experiments. The purpose of this study was 
to clarify whether AS-IV EXOs can improve the activity 
and angiogenesis of human endothelial cells damaged 
by high glucose by promoting the expression of miR-214.

Material and methods 

Separation and identification of EPCs
Under aseptic conditions, cord blood EPCs were extracted from 
the placental cord blood of normal caesarean section in the First 
Affiliated Hospital of Hunan University of Traditional Chinese 
Medicine (all participants signed informed consent forms, and the 
study was approved by the Ethics Committee of our hospital, No. 
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μg/mL DAPI at 37°C in the dark for 10 min and washed with PBS 3 
times. The results were observed using a fluorescence microscope 
(BA410T, MOTIC, Singapore).

Cell culture and treatment
The endothelial cells were grown to 80% in the culture flask and 
cultured in DMEM medium with 30 mmol/L glucose for 5 days to 
obtain high-glucose-damaged endothelial cells. The morphology 
of endothelial cells damaged by high glucose was observed under 
an optical microscope. To study the mitigation effect of AS-IV EXOs 
on HUVECs damages under high glucose stimulation, the endothe-
lial cells injured by high glucose were divided into 4 groups: a blank 
group (high-glucose-damage endothelial cells), an experimental 
group (100 μg AS-IV EXOs), an AS-IV group (HUVECs mediated 
with 100 mg/L AS-IV), and an EXOs group (EPC-EXOs with PBS 
intervention). After 48 hours, the sampling observation results 
were processed.

Cell transfection
In order to study the relationship between the effect of AS-IV 
EXOs on HUVECs and the change of miR-214 level, the suc-
cessfully identified high-glucose-damaged endothelial cells 
were divided into 6 groups: an NC-inhibitor group, an miR-214 
inhibitor group, an NC-mimic group, an miR-214 mimic group, 
an AS-IV EXOs + miR-214 inhibitor group, and an AS-IV 
EXOs + miR-214 mimic group. After 48 hours, the sampling ob-
servation results were processed. HUVECs in the NC-inhibitor 
group were transfected with NC inhibitor. HUVECs in the miR-214 
inhibitor group were transfected with miR-214 inhibitor. HUVECs 
in the NC-mimic group were transfected with NC-mimic. HUVECs 
in the miR-214 mimic group were transfected with miR-214 mimic. 
HUVECs in the AS-IV EXOs + miR-214 inhibitor group were trans-
fected with miR-214 inhibitor and cultured with AS-IV EXOs. HU-
VECs in the AS-IV EXOs + miR-214 mimic group were transfected 
with miR-214 mimic and cultured with AS-IV EXOs. After 48 hours, 
the sampling observation results were processed.

Plate clone formation assay
After the cells were inoculated in 6-well plates, they were cultured 
in an incubator at 37°C for 3 days. The culture medium was scat-
tered, and the cells were rinsed twice with PBS. The cells were fixed 
with 4% paraformaldehyde for 0.5 h and then rinsed with PBS and 
stained with 0.5% crystal violet for 5 min. After the excess staining 
solution was washed away, each hole was photographed in the 
camera, and the number of clones was counted.

Ethylene diurea (EDU) 
The cells were digested with 0.25% trypsin, and resuspended in 
complete medium to make a single cell suspension. 2 × 105 cells 
were inoculated into each well of a 96-well plate, and 50 μL of 50 μM 
EDU medium was added and incubated for 24 hours. The cells were 
rinsed with PBS and fixed with 4% paraformaldehyde for 0.5 h. 
The cells were dispersed with 2 mg/mL glycine for 5 min and then 
rinsed with PBS. 100 μL of penetrant decolorization was added to 
the cells in each well and incubated for 10 min. After washing the 
cells, 100 μL of 1 × Apollo® staining reaction solution was added 
to the cells and incubated for 30 min. After 100 μL penetrant was 
added, it was washed with 100 μL methanol and PBS in turn. Each 
well was added with 100 μL 1 × Hoechst 33342 reaction solution and 
incubated for 30 min. After washing with 100 μL PBS 3 times, the 
fluorescence signal intensity was detected by a microplate reader. 
The fluorescence signal intensity was directly proportional to the 
cell proliferation ability.

Cell Counting Kit-8 (CCK-8)
Cells were digested with trypsin digestion solution to prepare cell 
suspension. 1 × 104/100 μL cells were seeded in 96-well plates. After 

the cells were cultured overnight, they were treated with different 
interventions according to experimental groups. After culturing 
for 1 hour, the culture medium was aspirated and dispersed 
with 110 μL CCK-8 working solution (100 μL medium + 10 μL 
CCK-8 mother solution). The cells were cultured in a 37°C incuba-
tor for 4 hours, and the absorbance value at 450 nm was measured 
by a microplate reader.

Trypan blue staining
The trypan blue staining method was used to detect the viability 
of endothelial cells under high glucose injury. The cells were di-
gested with trypsin digestion solution, and the collected cells were 
centrifuged at 1000–2000 g for 1 min. The cells were dispersed in 
the cell resuspension solution. 100 μL of the resuspended cells was 
pipetted into a centrifuge tube and stained with 100 μL trypan blue 
staining solution. After 3 min of incubating, the number of cells was 
counted by a haemocytometer.

Cell adhesion
The prepared cell suspension was seeded in a 96-well plate accord-
ing to 1 × 104/100 μL. After culturing for 30 min, the cells were rinsed 
3 times with serum-free DMEM to remove non-adherent cells. The 
cells were replaced with 100 μL serum-free medium, and 10 μL 
CCK-8 solution was added to each well. The cells were incubated 
at 37°C for 4 hours, and the absorbance at 450 nm was measured by 
a microplate reader. The absorbance value is positively correlated 
with the number of cell adhesion.

Transwell assay 
The cells were digested with 0.25% trypsin digestion solution. The 
cells were prepared into a cell suspension with serum-free basal 
medium, and the cell density was adjusted to about 1 × 105/mL. 
100 μL of cell suspension was added to the upper chamber of the 
small chamber, and the lower chamber was filled with complete 
medium containing 10% FBS. After the cells were cultured for 
48 hours, they were washed twice with PBS. The cells on the upper 
chamber surface were wiped off with a wet cotton swab and fixed 
with an equal mixture of acetone and methanol for 20 min. The 
cells were washed with PBS and stained with 0.5% crystal violet 
for 5 min, and then washed with water more than 3 times. Cell 
migration was observed under an inverted microscope.

Endothelial tube formation assay
The cells were digested with 0.25% trypsin (with 0.02% EDTA) 
and dispersed evenly. The cell suspension was centrifuged at 
1000 rpm for 5 min, and then were resuspended in basic complete 
medium. Cells were seeded into 6-well plates at 2 × 105/well and 
cultured overnight. According to the cell grouping, the correspond-
ing experimental intervention treatment was carried out. 200 μL 
Matrigel was added to each well of the 48-well plate to cover the 
wells evenly, and the 48-well plate was placed in a 37°C incubator 
for 1 h. The above-mentioned interventional cells were digested 
with 0.25% pancreatin (containing 0.02% EDTA) to prepare a cell 
suspension. According to the experimental groups, the culture 
medium was used to make a 7.5 × 104 cells/well cell suspension, 
and then added to the 48-well plate. The result was observed after 
6 hours of incubation at 37°C.

Western blot (WB)
The cells were washed once with ice-cold PBS and centrifuged at 
3000 rpm for 2 min. 100 μL of RIPA lysate was added to the cells and 
sonicated for 1.5 min. Ice-cold PBS was added to wash the cells once. 
200 μL of RIPA lysate was added and the cells were scraped off with 
a cell scraper. The suspension was sonicated for 1.5 min, lysed on 
ice for 10 min, and centrifuged at 12,000 rpm at 4°C for 15 min. The 
supernatant after centrifugation was transferred to a 1.5 mL centri-
fuge tube. The protein content was detected by the BCA method. 
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5× loading buffer was added to the solution in a 4:1 ratio and 
denatured at 100°C for 5 min. SDS-PAGE was electrophoresed at 75 
V for 130 min and then transferred to the membrane at 300 mA for 
1 h. After 5 min of TBST rinsing, 5% skimmed milk was blocked for 
1.5 hours, TBST was rinsed for 15 min, and CD63(25682-1-AP, 1:300, 
proteintech, USA), CD81 (66866-1-Ig, 1:3000, proteintech, USA), 
CD9 (20597-1-AP, 1:300, proteintech, USA), GAPDH(60004-1-Ig, 
1:5000, proteintech, USA), PI3K (67071-1-Ig, 1:5000, proteintech, 
USA), p-Akt(66444-1-Ig, 1:5000, proteintech, USA), Ang-1 (ab183701, 
1:10000, abcam, UK), Tie-2(19157-1-AP, 1:500, proteintech, USA), and 
b-actin (60008-1-Ig, 1:5000, proteintech, USA) primary antibodies 
were added and incubated overnight at 4°C. The PVDF membrane 
was taken out and rinsed with TBST. The secondary antibody 
HRP goat anti-mouse IgG (SA00001-1, 1:5000, Proteintech, USA) 
or HRP goat anti-rabbit IgG (SA00001-2, 1:6000, Proteintech, USA) 
was added, incubated at 25°C for 1.5 h, and rinsed with TBST. The 
Western strip image was scanned and analysed by a chemilumines-
cence imaging system (Guangzhou Qinxiang Company). GAPDH 
or b-actin was used as an internal control.

Quantitative real-time polymerase chain reaction 
(qRT-PCR) 
The TRIzol method was used to extract total RNA from cells and 
tissues, and an mRNA reverse transcription kit (CW2569, Kangwei 
Century, Beijing, China) was applied to reverse transcription cDNA. 
The primer sequences of ANG-1, PI3K, Akt, TIE-2, U6, hsa-miR-214-
5p, and b-actin were designed and synthesized by Sangon Biotech 
(Tab. 1). Fluorescent dyes were added to prepare the qRT-PCR reac-
tion system. A 20 μL reaction system was used for the detection of 
the qRT-PCR amplification program. The reaction conditions were 
as follows: 95°C pre-denaturation for 10 min; 95°C denaturation for 
15 seconds, 60°C annealing for 30 seconds, 40 cycles; melting curve 
analysis at 60–95°C. DNA amplification and real-time monitoring of 
fluorescence signals were carried out by a fluorescence quantitative 
PCR instrument (PIKOREAL96, Thermo, USA) to obtain each gene’s 
amplification curve and melting curve. U6 and b-actin were used 
as internal controls, and the relative expression of genes in each 
sample was calculated using the 2-DDCt method.

Statistical analysis
SPSS 20.0 (SPSS Inc) was used for statistical analysis. The data are 
represented as the mean ± standard deviation (X ± SD). Student’s 
t-test was used to analyse the differences between 2 groups, and 
one-way analysis of variance (ANOVA) was used to compare the 
data differences between multiple groups. P < 0.05 was considered 
statistically significant.

Results 

Absorption of AS-IV EXOs by HUVECs
The EPCs after centrifugation and culture were observed 
and identified under a light microscope. The results are 
shown in Figure 1A; the cells present a typical colony 
morphology, with the central cells in a round shape 
and the peripheral cells in a spindle shape. The results 
of identifying human EPCs by fluorescence method 
are shown in Figure 1B, the fusion image showed that 
the cells with orange-yellow membrane changes were 
normally differentiated EPCs. In order to observe the 
morphological structure of EXOs collected from the 
supernatant of EPC cells, a cup-shaped vesicle-like 
structure with a diameter of about 40–150 nm was 
observed under a TEM electron microscope (Fig. 1C). 
The NTA results are shown in Figure 1D, and the EXOs 
size reached a peak value of 56–132 nm. WB was used 
to assess the expression of EXOs-related proteins. The 
results are shown in Figure 1E. Three EXOs marker 
proteins, CD9, CD63, and CD81, were detected in each 
group, and the difference was not statistically significant 
(p > 0.05). This illustrated that EPCs and EXOs were 
successfully separated. The fusion image showed that 
HUVECs could effectively take up AS-IV EXOs (Fig. 1F).

The effect of AS-IV EXOs on cell viability and tube 
formation of HUVECs damaged by high glucose
According to the results shown in Figure 2A, com-
pared with the blank group, the number of cell clones 
in the AS-IV EXOs group was significantly increased 
(p < 0.05), and the number of cell clones in the EXOs 
group was also higher than that in the blank group 
(p < 0.05). At the same time, compared with the EXOs 
group, the AS-IV group also showed an increased num-
ber of cell clones. According to Figure 2B, compared 
with the blank group, the apoptosis rate of the AS-IV 
EXOs group was significantly reduced (p < 0.05), and 
the apoptosis rates of the EXOs group and the AS-IV 
group were also significantly reduced (p < 0.05). Ac-
cording to the results shown in Figure 2C–F, compared 
with the blank group, the AS-IV EXOs group’s cell 
viability, cell state, adhesion number, and migration 
rate were significantly increased (p < 0.05). Therefore, 
the AS-IV EXOs had a significant improved impact on 
alleviating the damage of HUVECs under high glucose 
stimulation.

Table 1. Primers used in this study 

Primer ID 5’-3’

b-actin-F ACCCTGAAGTACCCCATCGAG

b-actin-R AGCACAGCCTGGATAGCAAC

Ang-1-F AAGCCGTAACATGAACTCTCG

Ang-1-R TTCCCTGTATCTTGTTGCCAT

PI3K-F TGCGTCTACTAAAATGCATGG

PI3K-R AACTGAAGGTTAATGGGTCA

Akt-F AGCCCTGGACTACCTGCACTCG

Akt-R CTGTGATCTTAATGTGCCCGTCCT

Tie-2-F TGCTTGGACCCTTAGTGA

Tie-2-R TTGAACCTTGTAACGGATAG

U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT

hsa-miR-214-5p-F TGCCTGTCTACACTTGCTGTGC

hsa-miR-214-5p-R GCTGTCAACGATACGCTACGTAA
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AS-IV EXOs promoted the tube formation of 
HUVECs and the expression of miR-214 under 
high glucose stimulation
According to Figure 3A, compared with the blank 
group, the number of tubes in the AS-IV EXOs group 
increased significantly (p < 0.05). From Figure 3B, 
compared with the blank group, the AS-IV EXOs group 
significantly increased the expression levels of Ang-1, 
PI3K, Akt, and Tie-2 (p < 0.05). From Figure 3C, com-
pared with the blank group, the AS-IV EXOs group 
significantly increased the expression levels of Ang-1, 
p-PI3K, p-Akt, and Tie-2 (p < 0.05). From Figure 3D, 

the expression of miR-214 in the AS-IV EXOs group 
also increased significantly compared with the AS-IV 
group and the EXOs group (p < 0.05). Hence, the AS-IV 
EXOs significantly promoted the tube formation of 
HUVECs and the expression of miR-214 under high 
glucose stimulation.

AS-IV EXOs promoted the formation of HUVECs 
by adjusting the level of miR-214
As shown in Figure 4A, the expression level of miR-
214 mimic in the miR-214 group was significantly in-
creased compared with the NC-mimic group (p < 0.05). 

Figure 1. Absorption of astragaloside IV drug-loaded exosomes (AS-IV) Exos by inducing human umbilical vein endothelial cells 
(HUVECs). A. Photomicrographic image of endothelial progenitor cells (EPCs); B. Fluorescence microscopic images of EPCs; 
C. Transmission electron microscope (TEM) measurement of EPC-derived Exos. D. Nanoparticle tracking analysis (NTA) measurement 
of EPC-derived Exos; E. Western blot (WB) was performed to detect CD9, CD63, and CD81 levels; F. Fluorescence microscopic images 
of AS-IV Exos uptake by HUVECs
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At the same time, compared with the NC-inhibitor 
group, the expression level of miR-214 in the miR-214 
inhibitor group was significantly decreased (p < 0.05). 
This indicated that the transfection of miR-214 was suc-
cessful. Under the regulation of AS-IV EXOs, as shown in 
Figure 4B and 4C, compared with the miR-214 inhibitor 
group, the expression levels of vascular growth-related 
mRNA (PI3K, Akt, Ang-1, and Tie-2) and proteins (p-PI3K, 
p-Akt, Ang-1, and Tie-2) in the AS-IV EXOs + miR-214 
inhibitor group increased significantly (p < 0.05), which 
indicated that AS-IV EXOs could reverse the inhibition of 

downstream related genes caused by down-regulation 
of miR-214. As shown in Figure 4D, compared with 
the NC-mimic and NC-inhibitor groups, the number 
of tubes in the miR-214 mimic group and the miR-214 
inhibitor group were significantly increased (p < 0.05). 
Compared with the miR-214 mimic and the miR-214 
inhibitor groups, the AS-IV EXOs + miR-214 mimic and 
the AS-IV EXOs + miR-214 inhibitor group also had 
significant improvement (p < 0.05). This suggests that 
AS-IV EXOs can promote the angiogenesis HUVECs by 
regulating miR-214 levels.

Figure 2. The effect of astragaloside IV drug-loaded exosomes (AS-IV Exos) on cell viability and tube formation of human umbilical 
vein endothelial cells (HUVECs) damaged by high glucose. A. Cell clone formation assay results; B. Ethylenediurea (EDU) was used 
to detect the apoptotic rate of HUVECs; C. CCK-8 assay was used to detect HUVECs proliferation; D. Trypan blue staining was used 
to measure cell viability; E. Cell adhesion was tested by adhesion assays; F. Transwell assays were used to evaluate HUVECs migration. 
*p < 0.05 vs. the blank group, #p < 0.05 vs. the Exos group, &p < 0.05 vs. the AS-IV group
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Discussion 

An important marker of DM is vascular endothelial dys-
function after endothelial cell injury induced by hyper-
glycaemia [19, 20]. An active compound extracted from 
AS-IV can improve vascular endothelial dysfunction 

caused by hyperglycaemia [21]. In order to improve the 
delivery efficiency of AS-IV, natural and efficient drug 
delivery system EXOs can also be considered [22, 23]. 
Our research results preliminarily suggest that AS-IV 
EXOs derived from EPCs can improve the viability 
and tube number of human endothelial cells damaged 

Figure 4. Astragaloside IV drug-loaded exosomes (AS-IV EXOs) promoted the formation of human umbilical vein endothelial cells 
(HUVECs) by adjusting the level of miR-214. (A). Quantitative real-time polymerase chain reaction (qRT-PCR) was used to assess 
the relative expressions of miR-214. B. qRT-PCR was used to assess the angiogenesis-associated mRNA expressions of Ang-1, PI3K, 
p-PI3K, Akt, p-Akt, and Tie-2. C. Western blot WB was used to measure the angiogenesis-associated protein expressions of PI3K, p-Akt, 
Ang-1, and Tie-2. D. The number of tubes formed by HUVECs. NS — no significance, *p < 0.05
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by high glucose. After transfecting the damaged cells 
with miR-214 inhibitor, it was found that AS-IV EXOs 
improved the cell damage recovery and its function by 
promoting the expression of miR-214.

DM is related to long-term damage, dysfunction, 
and failure of the eyes, kidneys, nerves, heart, and blood 
vessels. Symptoms of DM include polyuria, polydipsia, 
weight loss, blurred vision, and other symptoms. Acute 

Figure 3. Astragaloside IV drug-loaded exosomes (AS-IV EXOs) promoted the tube formation of human umbilical vein endothelial cells 
(HUVECs) and the expression of miR-214 under high glucose stimulation. A. The number of tubes formed by HUVECs; B. Quantitative 
real-time polymerase chain reaction (qRT-PCR) was used to assess the relative expressions of Ang-1, PI3K, Akt, p-Akt, and Tie-2; C. 
Western blot was used to measure the expressions of Ang-1, PI3K, p-PI3K, p-Akt, and Tie-2; D. qRT-PCR was used to assess the relative 
expressions of miR-214. *p < 0.05 vs. the blank group, #p < 0.05 vs. the Exos group, &p < 0.05 vs. the AS-IV group
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diabetes with features such as ketoacidosis can also be 
life-threatening [24, 25]. Under high glucose stimula-
tion, aldose reductase will convert excess glucose into 
sorbitol and fructose, activate the corresponding sig-
nal pathway, oxidize NADPH to NADP+ and reduce 
NAD+ to NADH, intensify the glycolysis process, and 
promote the synthesis of DAG. With the activation 
of protein kinase C and the increase in the ratio of 
NADH/NAD+, it will eventually lead to endothelial 
dysfunction [24]. 

There are various treatments for the endothelial 
injury caused by DM, including empagliflozin on top of 
metformin [26], adiponectin [27], diet [28], and exercise 
[29]. We tried to load the drug AS-IV on EXOs. The re-
sults showed that it could restore endothelial cell dam-
age under high glucose stimulation, which provides 
a reference for the diversified treatment of endothelial 
system damage caused by DM.

We found that AS-IV EXOs improved endothelial 
cell damage repair and function by promoting miR-214 
expression. The results of Qu Nie et al. and Yuyan Fan 
et al. showed that oral administration of AS-IV could 
increase the production of NO and the expression 
of eNOS, and significantly improve the endothelial 
dysfunction of rat thoracic aorta and glomerular cells, 
respectively [8, 30]. Bin Leng et al. also found that AS-IV 
saved the endothelial dysfunction induced by high glu-
cose by restraining the P2X7R-dependent P38 MAPK 
signalling pathway [9]. Because miR-214 can inhibit 
endothelial cell senescence and induce angiogenesis 
[31], the overexpression of eNOS can also improve 
endothelial dysfunction [8, 30]. Still, AS-IV EXOs pro-
motes the expression of miR-214 and eNOS, clarifying 
the relationship between the two, and the exact target 
of miR-214 can be used as a future research direction.

Conclusions

In summary, AS-IV EXOs derived from EPCs can 
improve the viability and tube formation of human 
endothelial cells damaged by high glucose by promot-
ing the expression of miR-214. This discovery provides 
a theoretical basis for a better understanding of the 
regulatory direction of AS-IV EXOs in endothelial cells 
damaged by high glucose.
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