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Background: Extracorporeal cardiac shock waves (ECSW) have great potential in the

treatment of coronary heart disease. Endothelial progenitor cells (EPCs) are a class of

pluripotent progenitor cells derived from bone marrow or peripheral blood, which have

the capacity to migrate to ischemic myocardium and differentiate into mature endothelial

cells and play an important role in neovascularization and endothelial repair. In this study,

we investigated whether ECSW therapy can improve EPCs dysfunction and apoptosis

induced by hypoxia and explored the underlying mechanisms.

Methods: EPCs were separated from ApoE gene knockout rat bone marrow and

identified using flow cytometry and fluorescence staining. EPCs were used to produce

in vitro hypoxia-injury models which were then divided into six groups: Control, Hypoxia,

Hypoxia + ECSW, Hypoxia + LY294002 + ECSW, Hypoxia + MK-2206 + ECSW,

and Hypoxia + L-NAME + ECSW. EPCs from the Control, Hypoxia, and Hypoxia +

ECSW groups were used in mRNA sequencing reactions. mRNA and protein expression

levels were analyzed using qRT-PCR and western blot analysis, respectively. Proliferation,

apoptosis, adhesion, migration, and angiogenesis were measured using CCK-8, flow

cytometry, gelatin, transwell, and tube formation, respectively. Nitric oxide (NO) levels

were measured using an NO assay kit.

Results: Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis

showed that differentially expressed genes were enriched in cancer signaling, PI3K-Akt

signaling, and Rap1 signaling pathways. We selected differentially expressed genes

in the PI3K-Akt signaling pathway and verified them using a series of experiments.

The results showed that ECSW therapy (500 shots at 0.09 mJ/mm2) significantly

improved proliferation, adhesion, migration, and tube formation abilities of EPCs

following hypoxic injury, accompanied by upregulation of p-PI3K, p-Akt, p-eNOS,

Bcl-2 protein and NO, PI3K, and Akt mRNA expression, and downregulation of

Bax and Caspase3 protein expression. All these effects of ECSW were eliminated

using inhibitors specific to PI3K (LY294002), Akt (MK-2206), and eNOS (L-NAME).
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Conclusion: ECSW exerted a strong repaired effect on EPCs suffering inhibited hypoxia

injury by inhibiting cell apoptosis and promoting angiogenesis, mainly through activating

the PI3K/Akt/eNOS signaling pathway, which provide new evidence for ECSW therapy

in CHD.

Keywords: extracorporeal cardiac shock waves, endothelial progenitor cells, cell function, PI3K/Akt/eNOS

signaling pathways, hypoxia injury, nitric oxide (NO)

INTRODUCTION

Coronary heart disease (CHD) is the leading cause of death
in adults worldwide (1, 2). Although existing drug therapy,
percutaneous coronary intervention (PCI) and coronary artery
bypass grafting (CABG) have greatly improved the symptoms
and prognosis of most patients with CHD. However, there
is still a need to prevent myocardial ischemia and improve
the quality of life of patients who cannot tolerate surgery or
who continue to experience angina pectoris after receiving
optimal drug or surgical treatment (3, 4). The recently developed
extracorporeal cardiac shock waves (ECSW) therapy is a new
non-invasive treatment for CHD. Its safety and efficacy have
been demonstrated in animal models and in clinical trials (5–8).
Current research suggests that, through tissue cavitation, ECSW
produce a series of biochemical effects, including shear stress on
cell membranes (9), increased endothelial nitric oxide synthase
(eNOS) and nitric oxide (NO) synthesis, and upregulation of
vascular endothelial growth factor (VEGF), which attenuates
cell apoptosis, inflammatory responses and induces angiogenesis
(10–12). Another potential cellular mechanism may involve
ECSW inducing endothelial progenitor cells (EPCs) to home
to ischemic sites, exerting pro-angiogenesis, anti-oxidative
stress, anti-inflammation, and anti-fibrosis effects (13–15).
However, the exact mechanism through which ECSW stimulate
angiogenesis and improves myocardial function is still unknown.

EPCs are a class of pluripotent progenitor cells derived
from bone marrow or peripheral blood. Studies have shown
that EPCs can migrate from the bone marrow to the ischemic
myocardium, where they differentiate into mature endothelial
cells and participate in the repair of vascular endothelium and
neovascularization in the injured site (16–18). Therefore, EPCs
are ideal candidates for angiogenesis. Recent studies have found
that the number and function of EPCs are impaired in patients
with ischemic heart diseases such as coronary heart disease,
indicating that CHD not only directly weakens the function of
vascular endothelia but also retards the endothelial repair process
mediated by EPCs (19, 20). Consequently, ECSW treatment to
improve EPCs function in patients with CHDmay be an effective
new strategy for preventing and treating ischemic heart disease.

In the past, it has been found that the combined treatment
of ECSW with intracoronary administration of autologous bone
marrow-derived EPCs showed convincing results in improving
left ventricular ejection fraction in patients with chronic heart
failure (21). Another evidence has shown that ECSW therapy
can increase recruitment and homing of endogenous EPCs
derived from autologous bone marrow to the damaged ischemic
myocardium, promote angiogenesis, and improve myocardial

ischemia (22). These results suggest that ECSW have great
potential in activating EPCs in vivo, but the mechanism of ECSW
to improve EPC function is still poorly understood. In this study,
we focused on the effects of ECSW on EPCs under hypoxic-
ischemic microenvironment, then used bioinformatics analyses
and relevant pathway validation to investigate underlying
mechanism, in order to gain further understanding of ECSW
therapy for CHD.

MATERIALS AND METHODS

Isolation and Culturing of EPCs
All procedures and protocols involving animals were approved
by the Institutional Animal Care and Use Committee of the First
Affiliated Hospital of Kunming Medical University (Yunnan,
China) and performed in accordance with the Guide for the
Care and Use of Laboratory Animals (Animal Ethics NO.
Kmmu2021109). The main pathological basis of coronary heart
disease (CHD) is the development of atherosclerosis. It has
been found that ApoE gene knockout rats could spontaneously
form hyperlipidemia and atherosclerosis in normal diet, which
is similar to human atherosclerotic pathological process (23).
On this basis, EPCs were isolated from ApoE gene to knockout
rat bone marrow for closer to the pathological model of
atherosclerosis in CHD. EPCs were isolated from 4-week-old
ApoE gene knockout rats bone marrow via density-gradient
centrifugation using Ficoll separating solution (Solarbio, Beijing,
China). The EPCs were resuspended in Endothelial Cell Growth
Medium (EGM-2MV) (Lonza, Walkersville, Maryland, USA)
containing 10% fetal bovine serum and cultivated at 37◦C
and 5% CO2. After 3 days of culturing, non-adherent cells
were removed by washing with phosphate buffered saline (PBS)
and new medium was added every 3–4 days. The 2nd−6th
generation cells were detached using trypsin and collected for
further experiments.

Identification of EPCs
Following 14 days of culturing, the cells were incubated with
20µg/ml Dil-acetylated low-density lipoprotein (Dil-Ac-LDL;
Maokang Biotechnology, Shanghai, China) at 37◦C and 5% CO2

for 4 h and then fixed at room temperature for 20min using 4%
paraformaldehyde before being incubated with 10µg/ml FITC
labeled Mlex Europaeus Agglutinin I (FITC-UEA-I; Maokang
Biotechnology, Shanghai, China) at room temperature for 1 h.
After staining andmounting with DAPI (Solarbio Biotechnology,
Beijing, China), the slides were observed under a fluorescent
microscope. Dual-stained cells (positive for Dil-Ac-LDL and
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FITC-UEA-I) were identified as EPCs. Furthermore, the EPCs
marker profile was investigated using flow cytometry. EPCs were
collected, digested, and fixed with 4% paraformaldehyde at room
temperature for 20min, then centrifuged at 1,000 rmp for 5min
and washed once with PBS. The cells were blocked at room
temperature for 15min using 5% BSA (Solarbio Biotechnology,
Beijing, China), centrifuged at 1,000 rmp for 5min and incubated
overnight at 4◦C using 1:100 dilutions of either rabbit anti-
CD34 antibody (Bioss Biotechnology, Beijing, China), rabbit
anti-CD133 antibody (Bioss Biotechnology, Beijing, China),
rabbit anti-CD31 antibody (Bioss Biotechnology, Beijing, China),
or rabbit anti-VEGFR2 antibody (Bioss Biotechnology, Beijing,
China) to allow hybridization. The cells were then centrifuged
at 1,000 rmp for 5min before being washed once with PBS and
incubated with FITC-labeled goat anti-rabbit lgG antibody (Bioss
Biotechnology, Beijing, China) at room temperature for 2 h. This
was followed by centrifugation at 1,000 rmp for 5min and wash
with PBS. Finally, a cell suspension was prepared in PBS. Flow
cytometry was used to detect the percentage of stained EPCs.
Relative isotype controls were used as negative controls.

Experimental Protocol
To simulate the ischemic and hypoxic microenvironment in
CHD, EPCs were exposed to hypoxic conditions (1% O2, 95%
N2, 5% CO2) and starved with 1% fetal bovine serum in EBM-
2 medium for 24 h. Cells incubated under normoxic conditions
(95% O2, 5% CO2) and EGM-2MV medium for 24 h were used
as controls. The EPCs were then divided into six groups: (1)
control group; (2) hypoxia group; (3) hypoxia + ECSW group
(hypoxia injury model and for extracorporeal cardiac shock
waves treatment); (4) hypoxia + LY294002 + ECSW group
(hypoxia injury model treated with LY294002 (selleck, Houston,
Texas, USA; 100µM) to block PI3K for 6 h before ECSW
treatment); (5) hypoxia + MK-2206 + ECSW group (hypoxia
injury model treated with MK-2206 (selleck, Houston, Texas,
USA; 20µM) to block Akt for 6 h before ECSW treatment);
(6) hypoxia + L-NAME + ECSW group (hypoxia injury model
treated with L-NAME (selleck, Houston, Texas, USA; 1mM) to
block eNOS for 6 h before ECSW treatment). ECSW treatment
was measured using the MODULITH SLC instrument (STORZ
MEDICAL, Switzerland) with an energy of 0.09 mJ/mm2 and a
total of 500 shots.

RNA-seq and Bioinformatics Analysis
For each cell sample, preparation of tagged mRNA sequencing
libraries, sequencing, and data analysis were performed by
LC Sciences (China). EPCs were cultured and divided into 3
experimental groups (n = 3): (1) control, (2) hypoxia, and (3)
hypoxia+ ECSW. Total RNAwas extracted using TRIzol reagent
(Invitrogen, CA, USA). The total RNA quantity and purity were
analyzed using Bioanalyzer 2100 and RNA 6000 Nano LabChip
Kit (Agilent, CA, USA) with RIN number >7.0. Following
purification, the mRNA was fragmented into small pieces using
divalent cations. The cleaved RNA fragments were then reverse-
transcribed to create the final cDNA library following the
mRNA-seq sample preparation kit (Illumina, San Diego, USA)
protocol. The average insert size for the paired-end libraries

was (300 bp ± 50 bp). Paired-end sequencing was performed
on an Illumina Hiseq 4000 at LC Sciences, USA, following the
vendor’s protocol. Prior to assembly, the low-quality reads (reads
containing sequencing adaptors, reads containing sequencing
primer, and nucleotides with quality scores lower than 20) were
removed, leaving clean, paired-end reads.

Sample reads were aligned to the reference genome using
HISAT package, which initially removes a portion of the reads
based on the quality information accompanying each read and
then maps them to the reference genome. HISAT allows multiple
alignments per read (up to 20 by default) and a maximum of two
mismatches when mapping the reads to the reference. HISAT
generates a database of potential splice junctions and confirms
these by comparing the previously unmapped reads against
the database of putative junctions. The mapped reads from
each sample were assembled using StringTie. All transcriptomes
from samples were then merged to reconstruct a comprehensive
transcriptome using perl scripts. After the final transcriptome
was generated, StringTie and edgeR were used to estimate the
expression levels of all transcripts. StringTie was used to analyze
mRNA expression levels by calculating FPKM. Differentially
expressed mRNAs and genes were selected based on log2 (fold
change) >1 or log2 (fold change) <-1 and p < 0.05).

We performed GO enrichment analysis to predict the
functions and mechanisms of mRNA and differentially expressed
genes. Significant GO terms were defined as those with P < 0.05.
In addition, Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analysis to predict the signaling pathways in which
mRNA may participate was conducted using KEGG Orthology
Based Annotation System (KOBAS) v3.0 software. Significant
signaling pathways with P < 0.05 were included in the analysis.

Proliferation Assays
Cell Proliferation was evaluated using Cell Counting Kit-8 (CCK-
8; Dojindo Co, Japan) assays, following the manufacturer’s
instructions. EPCs (1 × 103) from each group were cultured
in two 96-well plates. Ten microliter of CCK-8 solution was
added to each well in one of the 96-well plates and incubated for
2 h at 37◦C and 5% CO2. The absorbance at 450 nm (OD450)
was measured using an enzyme labeling apparatus (Molecular
Devices, USA). After 24 h, 10 µl of CCK8 solution was added to
eachwell of the second 96-well plate and incubated for 2 h at 37◦C
and 5% CO2. The absorbance of the solution in each well was
measured with an enzyme labeling apparatus at 450 nm (OD450).
The differences between 24 and 0 h absorbance values were used
to determine EPCs proliferation ability in each group.

Apoptosis Assays
EPCs apoptosis was detected using Annexin V, FITC Apoptosis
Detection Kit (Dojindo Co, Japan). EPCs from each group were
digested and collected, washed twice with PBS, and resuspended
in 500µl of 1×AnnexinVBinding Solution. Hundredmicroliter
cell suspension was added to new tubes, combined with 5 µl of
Annexin V-FITC Binding and PI Solution for 15min incubated
at room temperature in the dark. Then, 400 µl of 1× Annexin V
Binding Solution was added and the mixture analyzed using flow
cytometry within 1 h.
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Adhesion Assay
2× 104 cells from each EPCs group were inoculated in each well
of a 6-well plate coated with 1% gelatin and incubated for 1 h at
37◦C and 5% CO2. The non-adherent cells were sucked out and
washed three times with PBS. Five random regions were taken
from each group and adherence in each group was counted under
the microscope. The mean number of adherent cells was used to
determine the adhesion ability of EPCs in each group.

Transwell Assay
EPCs in each group were collected, resuspended in EBM-2
medium, and 2 × 104 of the cells were added to each well in
the upper chambers of transwell plates (Corning, New York,
USA). EGM-2MV medium containing 10% fetal bovine serum
was added to the lower chambers to promote EPCs migration.
The transwell plate was incubated for 24 h at 37◦C and 5%
CO2. The transwell chamber was carefully removed, and the cells
that had not passed through the membrane and the medium
were washed out with PBS. The remaining cells were fixed
with 4% paraformaldehyde for 20min. The transwell chamber
was stained with 1% crystal violet solution (Solarbio, Beijing,
China) for 20min, washed with PBS and the cells that had not
passed through the membrane were removed with a cotton swab.
The non-cellular inoculation side was photographed under an
upright microscope.

Tube Formation Assay
EPCs tube formation assay was evaluated using CorningMatrigel
Basement Membrane Matrix (Corning, New York, USA). The
Matrigel matrix was melted overnight at 4◦C and added into a
pre-cooled 96-well plate (50 µl/well), then incubated at 37◦C for
1 h to allow coagulation. EPCs in each group were inoculated
into wells (2 × 104 cells/well) on top of the solidified Matrigel
matrix. Hundred microliter of EGM-2MV medium with 10%
fetal bovine serum was added and the plates incubated for 8 h
in an incubator. Tube formation was quantified by counting
sprouting microcapillary-like structures with lengths four times
their width using an inverted microscope.

Quantitative Real-Time Polymerase Chain
Reaction
The levels of PI3K and Akt in EPCs from each group were
determined using real-time reverse transcription polymerase
chain reaction. The total RNA in each group was extracted using
TRIzol (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). The extracted total RNA was purified and converted into
cDNA using the TaKaRa PrimeScriptTM RT reagent Kit with
gDNA Eraser (TAKARA, Tokyo, Japan). The Life Technology
company’s applied biosystems QuantStudio 6 Flex real-time
fluorescence PCR instrument and the TaKaRa TB Green
Primix Ex TaqTM II Kit (TAKARA, Tokyo, Japan) were used
for amplification. Relative quantities of PI3K and Akt were
normalized to that of the housekeeping gene, GAPDH, and
the relative changes in the expression of target genes were
evaluated using the 2−11CT method. The primers used for PI3K,
Akt, and GAPDH are as follows: PI3K (F) 5′-CTGTGCCTT
CTGCCTTACGGTTG-3′, (R) 5′-GCAATCGTCGTGGCGTCC

TTC-3′; Akt (F) 5′-GGCAGGAGGAGGAGACGATGG-3′, (R)
5′-TTCATGGTCACACGGTGCTTGG-3′; GAPDH (F) 5′-ACG
GCAAGTTCAACGGCACAG-3′, (R) 5′-CGACATACTCAGCA
CCAGCATCAC-3′.

Western Blot Analysis
EPCs from each group were lysed using RIPA lysis buffer
containing 1% protease and phosphatase inhibitors (Beyotime
Biotechnology, Shanghai, China). The protein concentrations
in each group were measured using BCA protein concentration
assay kit (Beyotime Biotechnology, Shanghai, China). A total
of 30 µg protein from each group was separated on 8%
sodium dodecyl sulfate (SDS) polyacrylamide gels (Beyotime
Biotechnology, Shanghai, China) and transferred onto PVDF
membrane (Millipore, USA). The membrane was incubated
with 5% non-fat milk at room temperature for 4 h to block
non-specific binding, and incubated overnight at 4◦C with
appropriately diluted of primary antibodies. The antibodies
included rabbit PI3K antibody (1:1,000, AF6241, Affinity),
rabbit phospho-PI3K antibody (1:1,000, AF3242, Affinity),
rabbit Akt antibody (1:1,000, #4691, Cell Signaling Technology),
rabbit phospho-Akt antibody (1:1,000, #4060, Cell Signaling
Technology), rabbit eNOS antibody (1:1,000, #32027, Cell
Signaling Technology), rabbit phospho-eNOS antibody (1:250,
#07-428-I, Millipore), rabbit Bax antibody (1:1,000, #2772,
Cell Signaling Technology), rabbit Bcl-2 antibody (1:1,000,
AF6139, Affinity), rabbit Cleaved Caspase-3 antibody (1:1,000,
#9664, Cell Signaling Technology), and rabbit β-actin antibody
(1:1,000, #4970, Cell Signaling Technology). After incubation,
it was washed three times with TBST and incubated with
horseradish-peroxidase-conjugated secondary antibodies
(1:5,000, Cat. #S0001, Affinity) for 2 h at room temperature.
The membranes were visualized using the Immobilon Western
Chemiluminescent HRP Substrate (ECL, Millipore, USA), and
the Gel-Pro Analyzer software was used to quantify the gray
scale data of protein bands. β-actin was used to control for
unequal loading.

Measurement of Nitric Oxide Levels
Nitric Oxide (NO) levels in the cells were measured using
the NO assay kit (Solarbio, Beijing, China) according to the
manufacturer’s instructions. Cells in each group were digested
and collected, 800 µl extract added, and the cells crushed using
an ice bath ultrasound (power 300W, ultrasound 3S, interval 7s,
total time 3min). The cells were centrifuged at 4◦C for 15min at
12,000 rmp. The precipitate was discarded and the supernatant
measured. Hundred microliter of the supernatant was added to
new tubes, 20 µl Reagent 1 added, the solution vortexed to mix.
The solution was placed in a water bath for 60min at 37◦C, 20 µl
Reagent 2 added and vortexed to mix, reacted for 5min at room
temperature. The mixture was then centrifuged at 3,500 rmp for
10min. Hundred microliter of supernatant was transferred to the
96-well plate, and 100 µl of chromogenic solution added, mixed,
and incubated for 10min at room temperature. Absorbance of
the solution was measured with an enzyme labeling apparatus
(Molecular Devices, USA) at 550 nm (OD550).
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Statistical Analysis
All results are expressed as means ± SD of at least three
repeated experiments and were analyzed using Graph Pad
Prism 8.0 software (GraphPad Software, Inc., USA). One-way
ANOVA followed by the Tukey’s post-hoc test was conducted
among multiple groups comparisons, and unpaired Student t-
test was used for two-group comparisons. P < 0.05 was regarded
statistically significant.

RESULTS

Characterization of EPCs
Cells were cultured in medium containing 10% FBS/EGM-
2MV after isolation from 4-week-old ApoE gene knockout rat
bone marrow. On day 3, non-adherent cells were removed and
adherent, oval, or short spindle cells were observed. On day 7,
some cells changed their appearance and formed colonies. On
day 14, the cells showed typical colony growth and exhibited a
cobblestone-like morphology. On day 21, the cells exhibited a
fusiform shape, with a morphology similar to that of endothelial
cells (Figure 1A).

EPCs are characterized by their ability to take up Ac-LDL and
bind to UEA-I. In our experiment, after coculturing with Dil-
Ac-LDL and UEA-I, positive staining in these cells was observed
for Dil-Ac-LDL and UEA-I using fluorescence microscopy
(Figure 1B). Furthermore, the surface antigens of these cells
were investigated using flow cytometry. Because it is difficult
to identify EPCs by staining using a single surface marker,
staining with a combination of surface markers (e.g., CD31,
CD34, CD133, and VEGFR2) was necessary. Flow cytometry
showed that most of the cells were positive for CD31, CD34,
CD133, and VEGFR2 (Figure 1C). These basic characterizations
indicate that EPCs were successfully isolated from ApoE gene
knockout rat bone marrow.

Gene Ontology Analysis and KEGG
Pathway Annotation of Differentially
Expressed Genes
The differentially expressed mRNAs and the potential signaling
pathways that are involved were analyzed using bioinformatics
methods. Gene ontology (GO) analysis revealed that, compared
with the control group, important GO terms were significantly
enriched in the positive regulation of extracellular space,
response to drug, and plasma membrane in the hypoxia group.
The 20 most common GO categories that were enriched are
shown in Figure 2A. Compared with the hypoxia group, some
important GO terms were significantly enriched in the positive
regulation of extracellular space, cell surface, and integral
component of plasma membrane in the hypoxia +ECSW group.
The 20 most common GO categories that were enriched are
shown in Figure 2B. To distinguish the biological pathways that
became active in EPCs of the hypoxia and hypoxia +ECSW
groups, we investigated the differentially expressed mRNAs using
term enrichment analysis to identify their possible targets using
the KEGG annotation. The results showed that several important
pathways were enriched in cancer signaling, PI3K-Akt signaling,

and Rap1 signaling pathways. As shown in Figures 2C,D, the 20
most common pathways were enriched in EPCs from both the
hypoxia and hypoxia+ECSW groups.

ECSW Inhibit Apoptosis and Promotes the
Proliferation of EPCs Following Hypoxic
Injury by Activating the PI3K/Akt/eNOS
Signaling Pathway
The cell apoptosis assay using Annexin V-FITC and PI double
staining (Figures 3A,B) showed that the percentage of apoptotic
EPCs was significantly increased by hypoxic challenge (P < 0.05).
After ECSW treatment, the apoptosis index was significantly
lower than that in the hypoxia group (P< 0.05). The proliferation
of EPCs in each group was detected using the CCK-8 assay. As
shown in Figure 3C, hypoxia induced a significant decrease in
cell proliferation compared with control cells (P < 0.05). ECSW
treatment resulted in a significant increase in cell proliferation
compared with the hypoxia group (P < 0.05). These results
revealed that ECSW protected EPCs against hypoxic injury.
However, pretreatment with the PI3K inhibitor, LY294002, the
Akt inhibitor, MK2206, and the eNOS inhibitor, L-NAME,
significantly attenuated the effects of ECSW in EPCs exposed to
hypoxic conditions (P < 0.05).

ECSW Promote Adhesive, Migratory and
Tube Formation Capacities of EPCs
Following Hypoxic Injury by Activating the
PI3K/Akt/eNOS Signaling Pathway
Cells adhering onto 1% gelatin-coated 6-well plates were
quantified using microscopy and showed that hypoxia challenge
induced a significant decrease in the number of EPCs compared
with control cells (P < 0.05, Figures 4A,B). This impaired
adhesion of EPCs exposed to hypoxia was improved following
treatment with ECSW (P < 0.05, Figures 4A,B). In addition,
pretreatment with the PI3K inhibitor, LY294002, the Akt
inhibitor, MK2206, and the eNOS inhibitor, L-NAME, inhibited
this effect of ECSW in EPCs exposed to hypoxia (P < 0.05,
Figures 4A,B).

The in vitro migratory ability of EPCs was assessed as the
ability of EPCs to invade the lower side of the transwell chamber.
As shown in Figures 4C,D, the number of successfully migrated
cells decreased when exposed to hypoxic conditions compared
with control cells (P < 0.05). ECSW treatment had a beneficial
effect on the migratory ability of EPCs exposed to hypoxic
conditions (P < 0.05). However, pretreatment with the PI3K
inhibitor, LY294002, the Akt inhibitor, MK2206, and the eNOS
inhibitor, L-NAME, inhibited this effect of ECSW in EPCs
exposed to hypoxia (P < 0.05).

EPCs tube formation was detected using a Matrigel assay,
and angiogenesis was expressed based on tube length. As shown
in Figures 4E,F, the angiogenic ability of EPCs significantly
decreased when exposed to hypoxia compared with control cells
(P < 0.05). The capillary-like vascular tube network became
denser following ECSW treatment (P < 0.05). In addition,
pretreatment with the PI3K inhibitor, LY294002, the Akt
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FIGURE 1 | Characterization of ApoE gene knockout rat bone marrow-derived EPCs. (A) On Day 3, Day 7, Day 14, and Day 21 of culture, the morphology of EPCs is

observed under a microscope. Scale bar =100µm. (B) EPCs taking up DiI-Ac-LDL could be visualized (red), immunofluorescence staining of EPCs positive for

FITC-UEA-1 (green), nucleus (blue) was stained by DAPI. Scale bar =50µm. (C) Cell surface markers (CD31, CD34, CD133, and VEGFR-2) of EPCs were

investigated using flow cytometry.

inhibitor, MK2206, and the eNOS inhibitor, L-NAME, inhibited
this effect of ECSW in EPCs exposed to hypoxia (P < 0.05).

ECSW Activate the EPCs PI3K/Akt/eNOS
Signaling Pathway Following Hypoxic
Injury
To assess the mechanism underlying the injury of EPCs that is
induced by hypoxia and the protective effect of ECSW on EPCs,
PI3K/Akt/eNOS signaling was detected via western blotting
and RT-PCR. As shown in Figures 5A–D, the expression of p-
PI3K, p-Akt, and p-eNOS in EPCs decreased after exposure to
hypoxic conditions for 24 h (P < 0.05), and the expression of
PI3K, Akt, and eNOS proteins showed no significant changes.
ECSW treatment increased the expression of p-PI3K, p-Akt, and
p-eNOS (P < 0.05), but the levels of PI3K, Akt, and eNOS
proteins showed no significant changes in the EPCs exposed
to hypoxia. However, pretreatment with the PI3K inhibitor,
LY294002, and the Akt inhibitor, MK-2206, inhibited this effect
of ECSW in EPCs exposed to hypoxia (P < 0.05) (Figures 5G,H).
As shown in Figures 5E,F, the mRNA levels of PI3K and Akt

were downregulated in the EPCs exposed to hypoxia compared
with control cells (P < 0.05). ECSW treatment upregulated the
mRNA levels of PI3K and Akt in EPCs exposed to hypoxia
(P < 0.05). However, pretreatment with the PI3K inhibitor,
LY294002, inhibited this effect of ECSW in EPCs exposed to
hypoxia (P < 0.05). These data demonstrate that the EPCs
injury induced by hypoxia and the protective effect of ECSW on
EPCs injured by hypoxia may be attributed to the regulation of
PI3K/Akt/eNOS signaling.

ECSW Promote the Expression of Bcl-2,
Increases NO Production, and Inhibits the
Expression of Bax and Caspase3 in EPCs
After Hypoxic Injury by Activating the
PI3K/Akt/eNOS Signaling Pathways
Western blot assay was used to assess the expression of the
downstream signaling molecules, Bcl-2, Bax and Caspase3, in
the different groups. The results (Figures 6A–D) showed that
the expression of Bcl-2 protein decreased (P < 0.05), but the
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FIGURE 2 | Bioinformatic analysis of differentially expressed genes (DEGs). (A,B) Functional annotation of DEGs based on Gene ontology analysis. (A) Hypoxia group

EPCs represent the treatment group, Control group EPCs are the negative control. (B) Hypoxia + ECSW group EPCs are the treatment group, Hypoxia group EPCs

are the negative control. (C,D) Functional annotation of differentially expressed mRNAs based on KEGG pathway analysis. (C) Hypoxia group EPCs are the treatment

group, Control group EPCs are the negative control. (D) Hypoxia + ECSW group EPCs are the treatment group, Hypoxia group EPCs are the negative control.

expression of Bax and Caspase3 protein increased (P < 0.05)
after exposing EPCs to hypoxic conditions for 24 h. After ECSW
treatment, the expression of Bcl-2 protein significant increased
(P < 0.05) and the expression of Bax and Caspase3 protein
marked decreased in EPCs exposed to hypoxic conditions (P
< 0.05). In addition, pretreatment with the PI3K inhibitor,
LY294002, the Akt inhibitor, MK2206, and the eNOS inhibitor,

L-NAME, inhibited the beneficial effects of ECSW in EPCs
exposed to hypoxia (P < 0.05). As shown in Figure 6E, NO
production was lower in the EPCs exposed to hypoxia compared
with control cells (P < 0.05). Again, NO production in EPCs
exposed to hypoxia improved after ECSW treatment (P < 0.05).
In addition, pretreatment with the PI3K inhibitor, LY294002,
the Akt inhibitor, MK2206, and the eNOS inhibitor, L-NAME,
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FIGURE 3 | Extracorporeal cardiac shock waves (ECSW) inhibit apoptosis and promotes the proliferation of EPCs after hypoxic injury by activating PI3K/Akt/eNOS

signaling pathway. (A) Representative images of EPC apoptosis in each group were detected using flow cytometry. (B,C) Quantitative analysis of the apoptosis of

EPCs and the proliferation of EPCs in each group, respectively. Data are presented as mean ± SD, N = 3. *P < 0.05 vs. group control, **P < 0.05 vs. group hypoxia,
#P < 0.05 vs. group hypoxia + ECSW.
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FIGURE 4 | ECSW improve the adhesive, migratory, and tube formation capacity of EPCs after hypoxic injury by activating PI3K/Akt/eNOS signaling pathway. (A,C,E)

Representative images of EPCs adhesive, migratory, and tube formation in each group under a microscope. (A,E) Scale bar = 100µm; (C) Scale bar = 200µm.

(B,D,F) Quantitative analysis of the adhesive, migratory, and tube formation of EPCs in each group. Data are presented as mean ± SD, N = 3. *P < 0.05 vs. group

control, **P < 0.05 vs. group hypoxia, #P < 0.05 vs. group hypoxia + ECSW.
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FIGURE 5 | ECSW improve PI3K/Akt/eNOS expression levels of EPCs after hypoxic injury. (A) The expression of p-PI3K, PI3K, p-Akt, Akt, p-eNOS, eNOS, and

β-actin proteins in EPCs in each group. (B–D,G,H) Quantification analysis of p-PI3K, p-Akt, and p-eNOS proteins expression levels based on Western blotting

analysis. (E,F) Quantitative analysis of mRNA levels of PI3K and Akt of EPCs in each group. Data are presented as mean ± SD, N = 3. *P < 0.05 vs. group control,

**P < 0.05 vs. group hypoxia, #P < 0.05 vs. group hypoxia + ECSW.

decreased NO production in EPCs exposed to hypoxia after
ECSW treatment (P < 0.05).

DISCUSSION

The main pathological basis of (CHD) is the development of
atherosclerosis, and the initial sign of atherosclerosis is damage
to vascular endothelial cells (24, 25). In most cases, myocardial
infarction occurs due to disruption of a vulnerable atherosclerotic
plaque or erosion of the coronary artery endothelium. Following
myocardial ischemia, increasing damage-associated insufficient
oxygen and energy supply results in microvascular dysfunction
and metabolic disorder, even cell death (26, 27). At the same
time, it is accompanied by a series of parallel changes that include
abnormal vascular wall tension balance associated with impaired
nitric oxide synthesis and increased levels of angiotensin and
endothelin to inhibit angiogenesis and vascular endothelial repair
(28, 29). Importantly, previous studies have found that the
number of circulating EPCs was obviously reduced in patients
with CHD with attenuated function in neovascularization (30,
31), which were consistent with some related research on EPCs
(32). Furthermore, lower levels and dysfunction of circulating
EPCs were shown to be closely associated with poor prognosis
in patients with CHD (33, 34) or animal models (35, 36).

To our best knowledge, the repair of damaged endothelium
is of great worth in prevention and treatment of cardiovascular
diseases. After sensing the damage to endothelial layer of arteries
triggered by hypoxia injury, EPCs derived from the bone marrow
or peripheral blood are recruited and home to sites of ischemia,
then differentiate into mature endothelial cells to maintain the
integrity of the vascular endothelium (37, 38). Therefore, EPCs
as a group of stem cells with the potential of angiogenesis, play
an essential role in endothelial repair. The overall increases in
EPCs number and function have been proposed as an effective
therapeutic means for CHD. In this study, we focused on the
strategy for strengthening the functions of EPCs, and provided
some basic evidence for extracorporeal cardiac shock waves
(ECSW) therapy in CHD.

As a non-invasive physical stimulus, extracorporeal shock
wave therapy has been widely used in clinical fields such as
osteoarthritis (39), chronic pancreatitis (40), and renal calculus
(41). In recent years, it has been found that ECSW can also
promote angiogenesis, which not only provides a new idea
for the treatment of CHD, but also provides a new choice
for adjuvant therapy. Clinical studies have shown that ECSW
treatment can improve the clinical symptoms and quality of life
parameters of patients with CHD (8), but the exact mechanism
of ECSW treatment has not yet been clarified. Previous studies
have suggested that the main mechanism of ECSW therapy may
be to bring about high expression of VEGF, eNOS, and other
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FIGURE 6 | ECSW promote the expression of Bcl-2, increases NO Production, and inhibits the expression of Bax and Caspase3 in EPCs after hypoxic injury by

activating PI3K/Akt/eNOS signaling pathway. (A) The expression of Bcl-2, Bax, Caspase3, and β-actin proteins of EPCs in each group. (B–D) Quantification analysis

of Bcl-2, Bax, and Caspase3 expression levels, respectively. (E) Quantitative analysis of NO production of EPCs in each group. Data are presented as mean ± SD, N

= 3. *P < 0.05 vs. group control, **P < 0.05 vs. group hypoxia, #P < 0.05 vs. group hypoxia + ECSW.

angiogenesis-related factors, resulting in enhanced mobilization
of EPCs derived from autologous bone marrow to the damaged
ischemic myocardium in vivo (21, 22, 42). However, the detailed
mechanism in EPCs by which ECSW promotes angiogenesis
remains unclear.

From the result of our previous exploratory experiment,
ECSW has been found to result in satisfactory improvement the
function of EPCs through activating of PI3K/Akt and MEK/ERK
signaling pathways in vitro (43). However, above study has
been limited by several experimental factors such as modeling
condition and detailed pathway study. In the past, we did not
consider the effect of hypoxic-ischemic microenvironment on
EPCs while suffering CHD. ECSW was used only for EPCs in

normoxic condition, which did not provide direct evidence for
the application of ECSW for CHD. Therefore, in the present
study, we firstly exposed EPCs to hypoxic conditions (1% O2,
95% N2, 5% CO2) and starved with 1% fetal bovine serum
in EBM-2 medium for 24 h to simulate a hypoxic-ischemic
injury. Besides, the EPCs were isolated from ApoE gene to
knockout rat bone marrow for closer to the pathological model
of atherosclerosis in CHD, which was better than before in
study protocol.

The results in this study showed that dysfunction and
apoptosis of EPCs were induced by hypoxia in line with
previous studies (44, 45). Innovatively, ECSW can obviously
promote the function of EPCs, especially angiogenesis, and
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inhibit the apoptosis of EPCs after hypoxic-ischemic injury.
In order to elucidate the precise molecular mechanism of
ECSW, we screened significant signaling pathways through
bioinformatics data analysis. EPCs from the control, hypoxia,
and hypoxia +ECSW groups were used for mRNA sequencing.
KEGG enrichment analysis showed that differentially expressed
genes were enriched in cancer signaling, PI3K-Akt signaling,
and Rap1 signaling or other pathways (P < 0.01). What is
different from our former experiment is that MEK/ERK signaling
pathway was not statistically significant in this condition. We
speculated probably a change of modeling condition. Another
possible explanation for this might be weak activation of this
pathway in ECSW ameliorating damaged EPCs, which may need
further investigations. Inspired by the results of bioinformatics,
we selected the differentially expressed genes related to PI3K-Akt
signaling pathway and verified them in subsequent experiments.
In great detail, PI3K inhibitor (LY294002), Akt inhibitor (MK-
2206), and eNOS inhibitor (L-NAME) were used to block this
signaling pathway when intervened by ECSW, showing a more
complete mechanism study.

Here, we found that the hypoxia-induced EPCs dysfunction
and apoptosis were consistent with the downregulation of p-
PI3K, p-Akt, p-eNOS expression and decreased production of
NO in EPCs, while ECSW treatment improved the function of
EPCs after hypoxic injury with increased NO, p-PI3K, p-Akt, p-
eNOS expression in EPCs. What’s more, these pathway inhibitors
impeded downstream signal in parallel with an elimination
of ECSW effect on EPCs function. We observed that ECSW-
mediated increase in these proteins in EPCs were reversed
by pathway inhibitors, accompanied with an inhibitory effect
on EPCs function including migratory, proliferative, adhesive,
and tube formation capacities. These results indicated that the
inhibition of PI3K/Akt/eNOS signaling pathway in EPCs may
be a pathological mechanism for the reduction of endogenous
vascular repair in CHD, but ECSW have shown promoting
effects on EPCs function after hypoxic injury by activating in
PI3K/Akt/eNOS signaling pathway.

PI3K/Akt is a classical signaling pathway that plays an
important role in cell proliferation, migration, apoptosis,
angiogenesis, and other biological processes. A few studies have
shown that PI3K/Akt signaling pathway plays an important role
in mobilizing and improving the function of EPCs, and its role is
mainly based on the activation of the PI3K/Akt signaling pathway
to induce downstream eNOS phosphorylation and nitric oxide
production (46, 47), which were consistent with our findings.
It has been noted that eNOS is potential for the regulation of
EPC function, which can catalyze the production of NO from
L-arginine, participating in regulating vascular homeostasis and
arterial tone, also can promote angiogenesis in response to tissue
ischemia (48, 49). Thus, eNOS and NO appear to be pivotal
indicator of the function of EPCs. We found that ECSW have
enhanced the expression of eNOS and promoted the production
of NO in damaged EPCs, exhibiting a promising target for
angiogenesis therapy in CHD.

The Bcl-2 protein family is a group of important apoptotic
regulatory factors that controls the mitochondrial apoptosis
pathway and plays an anti-apoptotic role (50, 51). Bax protein

is found in the cytoplasm of cells and its structure is similar
to that of Bcl-2, which contributes to cell apoptosis (52) under
the stimulation of a series of apoptotic signals, Caspase-9
and Caspase-3 are activated to promote apoptosis. Bcl-2, Bax,
and Caspase3, as downstream molecules, are involved in the
regulation of cell apoptosis through the PI3K/Akt signaling
pathway (53, 54). In this study, it was observed that ECSW
upregulated the expression of Bcl-2 protein and inhibited the
expression of Bax and Cleaved caspase-3 protein in EPCs
after hypoxia. Together, these findings suggest that ECSW
may improve hypoxia-induced EPCs apoptosis by regulating
PI3K/Akt signaling pathway and its downstream molecules,
which provide strong evidence for ECSW therapy in rescuing
impaired EPCs.

There are several limitations that should be considered in the
present study. Firstly, given that ECSW has been proven to bring
effective benefits in CHDmostly bymobilizing EPCs in human or
animal studies, so we provided in-depth research on the function
and molecular mechanism of ECSW in EPCs. This study is
limited in vitro, future investigation in animal models and even
clinical trials is constantly needed. Secondly, based on the results
of bioinformatics data, there are multiple signaling pathways
possibly related to the effects of ECSW.We preliminarily verified
the PI3K/Akt/eNOS signaling pathway and obtained satisfactory
outcomes, but the contribution of other pathways should not
be neglected and remain to be further explored. Thirdly, we
used pathway inhibitors in this study, the PI3K/Akt/eNOS genes
knockout models are needed for further verification.

CONCLUSIONS

In conclusion, the findings of the present study provide
valuable information. We found that the downregulation of
PI3K/Akt/eNOS signaling pathway in EPCs were induced by
hypoxic-ischemic injury with dysfunction and apoptosis of EPCs.
ECSW can improve the function of EPCs including migratory,
proliferative, adhesive, and tube formation capacities, and reduce
the apoptosis of EPCs by activating PI3K/Akt/eNOS signaling
pathway. After blocking this signaling pathway, the beneficial
effects of ECSWon post-hypoxia EPCs were inhibited. Therefore,
this work may provide new evidence for ECSW therapy in CHD
through a potential mechanism on EPCs.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI SRA BioProject,
accession no: PRJNA752783.

ETHICS STATEMENT

The animal study was reviewed and approved by The
Institutional Animal Care and Use Committee (IACUC) of the
Institutional Ethics Committee at the First Affiliated Hospital of
Kunming Medical University.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 October 2021 | Volume 8 | Article 747497

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Extracorporeal Cardiac Shock Waves Therapy

AUTHOR CONTRIBUTIONS

HongyC designed and supervised the study. TG and HongbC
supervised the study and critically revised the draft. XC and YM
performed the statistical analyses and drafted the manuscript.
MW, DY, ZH, and YS performed the experiments. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (No. 81760067), the Foundation Projects
of Applied Basic Research Joint Science and Technology
Ministry of Yunnan Province with Kunming Medical University
(202001AY070001-027), Yunnan Province special Project for
the Famous Medical Talents of the High-level-Talents Training
Support (Grant No. 60120160407), Yunnan Province High-
level Health Technical Talents (leading talents) (Grant No. L-
2019025), the Construction Project of Clinical Medical Center

of Cardiovascular and Cerebrovascular Disease of Yunnan
Province (Grant No. ZX2019-03-01), the Scientific Research
Fund Project of Education Department of Yunnan Province
(2021Y339), and the Graduate Innovation Fund of Kunming
Medical University (2021S031).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2021.747497/full#supplementary-material

Supplementary Table 1 | EPCs_Control vs. EPCs_Hypoxia_GO_enrichment.xlsx.

Supplementary Table 2 | EPCs_Hypoxia vs. EPCs_Hypoxia +

ECSW_GO_enrichment.xlsx.

Supplementary Table 3 | EPCs_Control vs.

EPCs_Hypoxia_KEGG_enrichment.xlsx.

Supplementary Table 4 | EPCs_Hypoxia vs. EPCs_Hypoxia +

ECSW_KEGG_enrichment.xlsx.

REFERENCES

1. Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR,

Cheng S, et al. Heart disease and stroke statistics-2018 update: a

report from the american heart association. Circulation. (2018) 137:e67–

492. doi: 10.1161/CIR.0000000000000573

2. Salomon JA, Vos T, Hogan DR, Gagnon M, Naghavi M, Mokdad A, et

al. Common values in assessing health outcomes from disease and injury:

disability weights measurement study for the Global Burden of Disease Study

2010. Lancet. (2012) 380:2129–43. doi: 10.1016/S0140-6736(12)61680-8

3. Sung PH, Lee FY, Tong MS, Chiang JY, Pei SN, Ma MC, et al. The five-year

clinical and angiographic follow-up outcomes of intracoronary transfusion of

circulation-derived CD34+ cells for patients with end-stage diffuse coronary

artery disease unsuitable for coronary intervention-phase I clinical trial. Crit

Care Med. (2018) 46:e411–8. doi: 10.1097/CCM.0000000000003051

4. Kocyigit D, Gurses KM, Yalcin MU, Tokgozoglu L. Traditional and

alternative therapies for refractory angina. Curr Pharm Des. (2017) 23:1098–

111. doi: 10.2174/1381612823666161123145148

5. Wang L, Tian X, Cao Y, Ma X, Shang L, Li H, et al. Cardiac shock wave

therapy improves ventricular function by relieving fibrosis through PI3K/Akt

signaling pathway: evidence from a rat model of post-infarction heart failure.

Front Cardiovasc Med. (2021) 8:693875. doi: 10.3389/fcvm.2021.693875

6. Sung PH, Yin TC, Wallace CG, Chen KH, Shao PL, Lee FY, et al.

Extracorporeal shock wave-supported adipose-derived fresh stromal vascular

fraction preserved left ventricular (LV) function and inhibited LV remodeling

in acute myocardial infarction in rat. Oxid Med Cell Longev. (2018)

2018:7518920. doi: 10.1155/2018/7518920

7. Martínez-Sánchez C, Azar-Manzur F, González-Pacheco H, Amezcua-Guerra

LM, Massó F, Márquez-Velasco R, et al. Effectiveness and safety of

extracorporeal shockwave myocardial revascularization in patients with

refractory angina pectoris and heart failure. Am J Cardiol. (2021) 144:26–

32. doi: 10.1016/j.amjcard.2020.12.065

8. Burneikaite G, Shkolnik E, Celutkiene J, Zuoziene G, Butkuviene I,

Petrauskiene B, et al. Cardiac shock-wave therapy in the treatment of coronary

artery disease: systematic review and meta-analysis. Cardiovasc Ultrasound.

(2017) 15:11. doi: 10.1186/s12947-017-0102-y

9. Maisonhaute E, Prado C, White PC, Compton RG. Surface acoustic

cavitation understood via nanosecond electrochemistry. Part III:

shear stress in ultrasonic cleaning. Ultrason Sonochem. (2002)

9:297–303. doi: 10.1016/S1350-4177(02)00089-5

10. Mariotto S, Cavalieri E, Amelio E, Ciampa AR, de Prati AC,

Marlinghaus E, et al. Extracorporeal shock waves: from lithotripsy

to anti-inflammatory action by NO production. Nitric Oxide. (2005)

12:89–96. doi: 10.1016/j.niox.2004.12.005

11. Nishida T, Shimokawa H, Oi K, Tatewaki H, Uwatoku T, Abe K, et al.

Extracorporeal cardiac shock wave therapy markedly ameliorates ischemia-

induced myocardial dysfunction in pigs in vivo. Circulation. (2004) 110:3055–

61. doi: 10.1161/01.CIR.0000148849.51177.97

12. Ha CH, Kim S, Chung J, An SH, Kwon K. Extracorporeal shock wave

stimulates expression of the angiogenic genes via mechanosensory complex

in endothelial cells: mimetic effect of fluid shear stress in endothelial cells. Int

J Cardiol. (2013) 168:4168–77. doi: 10.1016/j.ijcard.2013.07.112

13. Fu M, Sun CK, Lin YC, Wang CJ, Wu CJ, Ko SF, et al. Extracorporeal

shock wave therapy reverses ischemia-related left ventricular dysfunction and

remodeling: molecular-cellular and functional assessment. PLoS ONE. (2011)

6:e24342. doi: 10.1371/journal.pone.0024342

14. Yip HK, Chang LT, Sun CK, Youssef AA, Sheu JJ, Wang CJ. Shock wave

therapy applied to rat bone marrow-derived mononuclear cells enhances

formation of cells stained positive for CD31 and vascular endothelial growth

factor. Circ J. (2008) 72:150–6. doi: 10.1253/circj.72.150

15. Sheu JJ, Sun CK, Chang LT, Fang HY, Chung SY, Chua S, et al. Shock

wave-pretreated bone marrow cells further improve left ventricular function

after myocardial infarction in rabbits. Ann Vasc Surg. (2010) 24:809–

21. doi: 10.1016/j.avsg.2010.03.027

16. Chopra H, Hung MK, Kwong DL, Zhang CF, Pow EHN. Insights into

endothelial progenitor cells: origin, classification, potentials, and prospects.

Stem Cells Int. (2018) 2018:9847015. doi: 10.1155/2018/9847015

17. Luo S, Xia W, Chen C, Robinson EA, Tao J. Endothelial progenitor cells

and hypertension: current concepts and future implications. Clin Sci. (2016)

130:2029–42. doi: 10.1042/CS20160587

18. Mehta JL, Szwedo J. Circulating endothelial progenitor cells,

microparticles and vascular disease. J Hypertens. (2010) 28:1611–

3. doi: 10.1097/HJH.0b013e32833bcfe9

19. Nollet E, Hoymans VY, Rodrigus IR, De Bock D, DomM, Van Hoof VOM, et

al. Accelerated cellular senescence as underlying mechanism for functionally

impaired bone marrow-derived progenitor cells in ischemic heart disease.

Atherosclerosis. (2017) 260:138–46. doi: 10.1016/j.atherosclerosis.2017.

03.023

20. Watt J, Kennedy S, Ahmed N, Hayhurst J, McClure JD, Berry C, et al.

The relationship between oxidised LDL, endothelial progenitor cells and

coronary endothelial function in patients with CHD. Open Heart. (2016)

3:e000342. doi: 10.1136/openhrt-2015-000342

21. Assmus B,Walter DH, Seeger FH, Leistner DM, Steiner J, Ziegler I, et al. Effect

of shock wave-facilitated intracoronary cell therapy on LVEF in patients with

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 October 2021 | Volume 8 | Article 747497

https://www.frontiersin.org/articles/10.3389/fcvm.2021.747497/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000573
https://doi.org/10.1016/S0140-6736(12)61680-8
https://doi.org/10.1097/CCM.0000000000003051
https://doi.org/10.2174/1381612823666161123145148
https://doi.org/10.3389/fcvm.2021.693875
https://doi.org/10.1155/2018/7518920
https://doi.org/10.1016/j.amjcard.2020.12.065
https://doi.org/10.1186/s12947-017-0102-y
https://doi.org/10.1016/S1350-4177(02)00089-5
https://doi.org/10.1016/j.niox.2004.12.005
https://doi.org/10.1161/01.CIR.0000148849.51177.97
https://doi.org/10.1016/j.ijcard.2013.07.112
https://doi.org/10.1371/journal.pone.0024342
https://doi.org/10.1253/circj.72.150
https://doi.org/10.1016/j.avsg.2010.03.027
https://doi.org/10.1155/2018/9847015
https://doi.org/10.1042/CS20160587
https://doi.org/10.1097/HJH.0b013e32833bcfe9
https://doi.org/10.1016/j.atherosclerosis.2017.03.023
https://doi.org/10.1136/openhrt-2015-000342
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Extracorporeal Cardiac Shock Waves Therapy

chronic heart failure: the CELLWAVE randomized clinical trial. JAMA. (2013)

309:1622–31. doi: 10.1001/jama.2013.3527

22. Gollmann-Tepeköylü C, Lobenwein D, Theurl M, Primessnig U,

Lener D, Kirchmair E, et al. Shock wave therapy improves cardiac

function in a model of chronic ischemic heart failure: evidence

for a mechanism involving VEGF signaling and the extracellular

matrix. J Am Heart Assoc. (2018) 7:e010025. doi: 10.1161/JAHA.118.01

0025

23. Zhao Y, Yang Y, Xing R, Cui X, Xiao Y, Xie L, et al. Hyperlipidemia

induces typical atherosclerosis development in Ldlr and Apoe deficient

rats. Atherosclerosis. (2018) 271:26–35. doi: 10.1016/j.atherosclerosis.2018.

02.015

24. Schwartz BG, Economides C, Mayeda GS, Burstein S, Kloner RA. The

endothelial cell in health and disease: its function, dysfunction, measurement

and therapy. Int J Impot Res. (2010) 22:77–90. doi: 10.1038/ijir.2009.59

25. Altabas V, Altabas K, Kirigin L. Endothelial progenitor cells (EPCs)

in ageing and age-related diseases: how currently available treatment

modalities affect EPC biology, atherosclerosis, and cardiovascular

outcomes. Mech Ageing Dev. (2016) 159:49–62. doi: 10.1016/j.mad.2016.

02.009

26. Libby P. Mechanisms of acute coronary syndromes and their implications

for therapy. N Engl J Med. (2013) 368:2004–13. doi: 10.1056/NEJMra12

16063

27. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD, et

al. Third universal definition of myocardial infarction. J Am Coll Cardiol.

(2012) 60:1581–98. doi: 10.1161/CIR.0b013e31826e1058

28. Vanhoutte PM, Shimokawa H, Feletou M, Tang EH. Endothelial

dysfunction and vascular disease - a 30th anniversary

update. Acta Physiol. (2017) 219:22–96. doi: 10.1111/apha.

12646

29. Gutiérrez E, Flammer AJ, Lerman LO, Elízaga J, Lerman A, Fernández-Avilés

F. Endothelial dysfunction over the course of coronary artery disease. Eur

Heart J. (2013) 34:3175–81. doi: 10.1093/eurheartj/eht351

30. Nollet E, Hoymans VY, Rodrigus IR, De Bock D, Dom M,

Vanassche B, et al. Bone marrow-derived progenitor cells are

functionally impaired in ischemic heart disease. J Cardiovasc

Transl Res. (2016) 9:266–78. doi: 10.1007/s12265-016-9

707-z

31. Maroun-Eid C, Ortega-Hernández A, Abad M, García-Donaire

JA, Barbero A, Reinares L, et al. Circulating endothelial

progenitor cell levels in treated hypertensive patients. Hipertens

Riesgo Vasc. (2015) 32:142–50. doi: 10.1016/j.hipert.2015.

07.002

32. Gao L, Li P, Zhang J, Hagiwara M, Shen B, Bledsoe G, et

al. Novel role of kallistatin in vascular repair by promoting

mobility, viability, and function of endothelial progenitor cells.

J Am Heart Assoc. (2014) 3:e001194. doi: 10.1161/JAHA.114.0

01194

33. Werner N, Kosiol S, Schiegl T, Ahlers P, Walenta K, Link A,

et al. Circulating endothelial progenitor cells and cardiovascular

outcomes. N Engl J Med. (2005) 353:999–1007. doi: 10.1056/NEJMoa04

3814

34. Samman Tahhan A, Hammadah M, Raad M, Almuwaqqat Z, Alkhoder

A, Sandesara PB, et al. Progenitor cells and clinical outcomes in

patients with acute coronary syndromes. Circ Res. (2018) 122:1565–

75. doi: 10.1161/CIRCRESAHA.118.312821

35. Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie

CM. Origin of endothelial progenitors in human postnatal bone

marrow. J Clin Invest. (2002) 109:337–46. doi: 10.1172/JCI02

14327

36. Silvestre JS, Gojova A, Brun V, Potteaux S, Esposito B,

Duriez M, et al. Transplantation of bone marrow-derived

mononuclear cells in ischemic apolipoprotein E-knockout mice

accelerates atherosclerosis without altering plaque composition.

Circulation. (2003) 108:2839–42. doi: 10.1161/01.CIR.0000106161.

43954.DF

37. Wojakowski W, Landmesser U, Bachowski R, Jadczyk T, Tendera M.

Mobilization of stem and progenitor cells in cardiovascular diseases.

Leukemia. (2012) 26:23–33. doi: 10.1038/leu.2011.184

38. Naito H, Kidoya H, Sakimoto S, Wakabayashi T, Takakura N.

Identification and characterization of a resident vascular stem/progenitor

cell population in preexisting blood vessels. EMBO J. (2012)

31:842–55. doi: 10.1038/emboj.2011.465

39. Wang YC, Huang HT, Huang PJ, Liu ZM, Shih CL. Efficacy and

safety of extracorporeal shockwave therapy for treatment of knee

osteoarthritis: a systematic review and meta-analysis. Pain Med. (2020)

21:822–35. doi: 10.1093/pm/pnz262

40. Olesen SS, Drewes AM, Gaud R, Tandan M, Lakhtakia S, Ramchandani M,

et al. Combined extracorporeal shock wave lithotripsy and endoscopic

treatment for pain in chronic pancreatitis (SCHOKE trial): study

protocol for a randomized, sham-controlled trial. Trials. (2020)

21:338. doi: 10.1186/s13063-020-04296-0

41. Ng CF, Yee CH, Teoh JYC, Lau B, Leung SCH, Wong CYP, et al. Effect of

stepwise voltage escalation on treatment outcomes following extracorporeal

shock wave lithotripsy of renal calculi: a prospective randomized study. J Urol.

(2019) 202:986–93. doi: 10.1097/JU.0000000000000344

42. Cai HY, Li L, Guo T, Wang YU, Ma TK, Xiao JM, et al. Cardiac shockwave

therapy improves myocardial function in patients with refractory coronary

artery disease by promoting VEGF and IL-8 secretion to mediate the

proliferation of endothelial progenitor cells. Exp Ther Med. (2015) 10:2410–

6. doi: 10.3892/etm.2015.2820

43. Ma Y, Hu Z, Yang D, Li L, Wang L, Xiao J, et al. Extracorporeal cardiac

shock waves therapy promotes function of endothelial progenitor cells

through PI3K/AKT and MEK/ERK signaling pathways. Am J Transl Res.

(2020) 12:3895–905.

44. Pan Q, Zheng J, Du D, Liao X, Ma C, Yang Y, et al. MicroRNA-126 priming

enhances functions of endothelial progenitor cells under physiological and

hypoxic conditions and their therapeutic efficacy in cerebral ischemic damage.

Stem Cells Int. (2018) 2018:2912347. doi: 10.1155/2018/2912347

45. Liu B, Ren KD, Peng JJ, Li T, Luo XJ, Fan C, et al. Suppression

of NADPH oxidase attenuates hypoxia-induced dysfunctions of

endothelial progenitor cells. Biochem Biophys Res Commun. (2017)

482:1080–7. doi: 10.1016/j.bbrc.2016.11.161

46. Hotta Y, Kataoka T, Kimura K. Testosterone deficiency and endothelial

dysfunction: nitric oxide, asymmetric dimethylarginine, and endothelial

progenitor cells. SexMed Rev. (2019) 7:661–8. doi: 10.1016/j.sxmr.2019.02.005

47. Li WD, Zhou DM, Sun LL, Xiao L, Liu Z, Zhou M, et al. LncRNA WTAPP1

promotes migration and angiogenesis of endothelial progenitor cells via

MMP1 through microRNA 3120 and Akt/PI3K/autophagy pathways. Stem

Cells. (2018) 36:1863–74. doi: 10.1002/stem.2904

48. Heiss C, Schanz A, Amabile N, Jahn S, Chen Q, Wong ML, et al.

Nitric oxide synthase expression and functional response to nitric oxide

are both important modulators of circulating angiogenic cell response

to angiogenic stimuli. Arterioscler Thromb Vasc Biol. (2010) 30:2212–

8. doi: 10.1161/ATVBAHA.110.211581

49. Ward MR, Thompson KA, Isaac K, Vecchiarelli J, Zhang Q, Stewart DJ, et al.

Nitric oxide synthase gene transfer restores activity of circulating angiogenic

cells from patients with coronary artery disease. Mol Ther. (2011) 19:1323–

30. doi: 10.1038/mt.2011.52

50. Zheng JH, Viacava Follis A, Kriwacki RW, Moldoveanu T. Discoveries and

controversies in BCL-2 protein-mediated apoptosis. Febs j. (2016) 283:2690–

700. doi: 10.1111/febs.13527

51. Moldoveanu T, Follis AV, Kriwacki RW, Green DR. Many

players in BCL-2 family affairs. Trends Biochem Sci. (2014)

39:101–11. doi: 10.1016/j.tibs.2013.12.006

52. Gillies LA, Kuwana T. Apoptosis regulation at the mitochondrial outer

membrane. J Cell Biochem. (2014) 115:632–40. doi: 10.1002/jcb.24709

53. Tiong YL, Ng KY, Koh RY, Ponnudurai G, Chye SM. Melatonin prevents

oxidative stress-induced mitochondrial dysfunction and apoptosis in high

glucose-treated schwann cells via upregulation of Bcl2, NF-κB, mTOR, Wnt

signalling pathways. Antioxidants. (2019) 8:198–212. doi: 10.3390/antiox8

070198

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 October 2021 | Volume 8 | Article 747497

https://doi.org/10.1001/jama.2013.3527
https://doi.org/10.1161/JAHA.118.010025
https://doi.org/10.1016/j.atherosclerosis.2018.02.015
https://doi.org/10.1038/ijir.2009.59
https://doi.org/10.1016/j.mad.2016.02.009
https://doi.org/10.1056/NEJMra1216063
https://doi.org/10.1161/CIR.0b013e31826e1058
https://doi.org/10.1111/apha.12646
https://doi.org/10.1093/eurheartj/eht351
https://doi.org/10.1007/s12265-016-9707-z
https://doi.org/10.1016/j.hipert.2015.07.002
https://doi.org/10.1161/JAHA.114.001194
https://doi.org/10.1056/NEJMoa043814
https://doi.org/10.1161/CIRCRESAHA.118.312821
https://doi.org/10.1172/JCI0214327
https://doi.org/10.1161/01.CIR.0000106161.43954.DF
https://doi.org/10.1038/leu.2011.184
https://doi.org/10.1038/emboj.2011.465
https://doi.org/10.1093/pm/pnz262
https://doi.org/10.1186/s13063-020-04296-0
https://doi.org/10.1097/JU.0000000000000344
https://doi.org/10.3892/etm.2015.2820
https://doi.org/10.1155/2018/2912347
https://doi.org/10.1016/j.bbrc.2016.11.161
https://doi.org/10.1016/j.sxmr.2019.02.005
https://doi.org/10.1002/stem.2904
https://doi.org/10.1161/ATVBAHA.110.211581
https://doi.org/10.1038/mt.2011.52
https://doi.org/10.1111/febs.13527
https://doi.org/10.1016/j.tibs.2013.12.006
https://doi.org/10.1002/jcb.24709
https://doi.org/10.3390/antiox8070198
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Extracorporeal Cardiac Shock Waves Therapy

54. ZhaoD, Zhang X. Selenium antagonizes the lead-induced apoptosis of chicken

splenic lymphocytes in vitro by activating the PI3K/Akt pathway. Biol Trace

Elem Res. (2018) 182:119–29. doi: 10.1007/s12011-017-1088-x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Wang, Yang, Hu, Shi, Ma, Cao, Guo, Cai and Cai. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 October 2021 | Volume 8 | Article 747497

https://doi.org/10.1007/s12011-017-1088-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Extracorporeal Cardiac Shock Waves Therapy Improves the Function of Endothelial Progenitor Cells After Hypoxia Injury via Activating PI3K/Akt/eNOS Signal Pathway
	Introduction
	Materials and Methods
	Isolation and Culturing of EPCs
	Identification of EPCs
	Experimental Protocol
	RNA-seq and Bioinformatics Analysis
	Proliferation Assays
	Apoptosis Assays
	Adhesion Assay
	Transwell Assay
	Tube Formation Assay
	Quantitative Real-Time Polymerase Chain Reaction
	Western Blot Analysis
	Measurement of Nitric Oxide Levels
	Statistical Analysis

	Results
	Characterization of EPCs
	Gene Ontology Analysis and KEGG Pathway Annotation of Differentially Expressed Genes
	ECSW Inhibit Apoptosis and Promotes the Proliferation of EPCs Following Hypoxic Injury by Activating the PI3K/Akt/eNOS Signaling Pathway
	ECSW Promote Adhesive, Migratory and Tube Formation Capacities of EPCs Following Hypoxic Injury by Activating the PI3K/Akt/eNOS Signaling Pathway
	ECSW Activate the EPCs PI3K/Akt/eNOS Signaling Pathway Following Hypoxic Injury
	ECSW Promote the Expression of Bcl-2, Increases NO Production, and Inhibits the Expression of Bax and Caspase3 in EPCs After Hypoxic Injury by Activating the PI3K/Akt/eNOS Signaling Pathways

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


