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ABSTRACT. Extracorporeal cardiac shock wave (SW) therapy is an 
effective, safe, and non-invasive therapeutic strategy for severe coronary 
artery disease. Shock wave therapy might affect cardiac tissues because 
of its ability to promote angiogenesis. In this report, we investigated if the 
up-regulation of vascular endothelial growth factor (VEGF) by SW therapy 
is involved in cell proliferation in cultured endothelial cells. After human 
umbilical vein endothelial cells were treated with SW, the expression and 
secretion of VEGF as well as cell proliferation were analyzed. We also 
determined the mechanism underlying SW-induced the extracellular 
signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) 
using western blotting. Our results demonstrated that SW treatment 
induced VEGF expression in endothelial cells in a hypoxia-inducible 
factor 1-independent manner. Up-regulation of VEGF expression led to 
an increase in its concentration in the cultured medium. The autocrine 
VEGF in the medium activated the ERK MAPK signaling, which in turn 
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enhanced cell proliferation. Therefore, we concluded that VEGF mediates 
SW application-induced endothelial cell proliferation in a cell-autonomous 
manner.
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INTRODUCTION 

Ischemic heart disease is the leading cause of death in the world (Jessup and Brozena, 
2003). Narrowing of the coronary vessel diameter, or occlusion of a coronary artery may result in 
myocardial ischemia and infarction. This process, in turn, leads to heart failure, which is associated 
with a high level of mortality (Caro et al., 2005). The major therapeutic strategies for the treatment 
of ischemic heart disease include drug therapy, percutaneous coronary intervention, and coronary 
artery bypass grafting. However, patients without an indication for coronary intervention or bypass 
surgery generally show poor prognosis (Jessup and Brozena, 2003). Angiogenesis is one of the 
most promising therapeutic strategies for severe ischemic heart disease. 

Extracorporeal shock wave therapy (ESWT) has been recently introduced as a novel non-
invasive option for the treatment of patients with severe coronary artery disease, such as angina 
pectoris, ischemic heart failure, and systolic dysfunction (Fukumoto et al., 2006; Khattab et al., 
2007; Kikuchi et al., 2010; Vasyuk et al., 2010). ESWT has been shown to promote coronary 
angiogenesis in the ischemic myocardium and improve myocardial function in vivo in a porcine 
model of chronic myocardial ischemia (Nishida et al., 2004). Meanwhile, ESWT has also been 
effective in the promotion of angiogenesis in a rabbit model of hindlimb ischemia (Oi et al., 2008). 
The precise mechanism underlying ESWT-induced angiogenesis remains unknown. In vitro and in 
vivo experiments reveal that shock wave (SW) treatment significantly up-regulates the expression 
of vascular endothelial growth factor (VEGF) in cultured human umbilical vein endothelial cells 
(HUVECs) and the ischemic myocardium (Nishida et al., 2004). These studies raised the possibility 
of the involvement of VEGF in ESWT-induced angiogenesis. To test this hypothesis, the effect of 
SW treatment on cell proliferation in HUVECs was investigated. Our results indicated that SW 
treatment promotes endothelial proliferation by VEGF in a cell-autonomous manner.

MATERIAL AND METHODS

Cell culture and SW treatment 

Umbilical cord tissues were obtained from 25 healthy pregnant women, who were full-
time patients of the First Affiliated Hospital, Kunming Medical University. The study was approved 
by the Kunming Medical University Ethics Committee, and conducted according to the approved 
guidelines. Written informed consent was also obtained from all participants. HUVECs were 
isolated from the umbilical veins by irrigative digestion. The cells were then cultured in complete 
endothelial medium (EGM-2 BulletKit; Clonetics, San Diego, CA, USA) supplemented with 2% fetal 
bovine serum, and maintained at 37°C in a 95% air and 5% CO2 atmosphere.

HUVECs at passages 4 and 5 were subjected to SW treatment. HUVECs at 70-80% 
confluence were cultured in basal medium (EBM-2; Clonetics), and serum-starved for 12 h. The 
cells (1 x 106) were then suspended in a 2-mL tube with the medium and treated with 600 impulses 
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of SW at an energy flux density of 0.1 mJ/mm2. The suspended cells were seeded on plates in the 
same medium for further experimentation.

Proliferation assay 

Following SW treatment, HUVECs were seeded on 96-well plates (1 x 104 cells per well). 
The cells were washed with PBS after 2 days, and the cell proliferation determined using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, 
USA) assay, as previously described (Vucenik et al., 2004). 

The effect of autocrine VEGF on HUVEC proliferation was determined by adding anti-
human VEGF antibodies (10 ng per well; R&D Systems, Minneapolis, MN, USA) or isotype control 
antibodies (mouse IgG, 10 ng per well; Santa Cruz Biotechnology, Santa Cruz, CA, USA) to 96-well 
plates, after plating of the cells. 

Flow cytometry for cell-cycle assay 

Following SW treatment, the HUVECs were seeded on 24-well plates (5 x 104 cells 
per well) and incubated for 24 h. Subsequently, the cells were washed twice with PBS; the cells 
were collected following trypsinization and resuspended. DNA PrepTM LPR was added to the cell 
suspension, and the samples were incubated for 20 min in the dark. The cell suspension was again 
incubated with DNA PrepTM Stain for 20 min. The cell cycle analysis was then performed using a 
flow cytometer (BD Biosciences, San Jose, CA, USA).

Quantitative real-time polymerase chain reaction (PCR) 

Total RNA was isolated from the HUVECs using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA). Random-primed cDNA was obtained from total mRNA by reverse transcription. A real-
time PCR assay was performed in the ABI Prism 7300 Sequence Detection System (Applied 
Biosystems, Foster City, CA, USA), using the SYBR Premix-Ex TagTM (TaKaRa, Dalian, China) 
according to the manufacturer protocols. The primers used for PCR were: VEGF, 5'-CTT GCT CTC 
TTA TTT GTA-3' (F); 5'-TAG TAT GTA GAT GTA TAT TGAA-3' (R); and GAPDH, 5'-CAA GGT CAT 
CCA TGA CAA CTT TG-3' (F); 5'-GTC CAC CAC CCT GTT GCT GTA G-3' (R).

Western blotting 

SW-treated HUVECs were collected by trypsinization. The cells were then lysed using a 
lysis buffer (BioTeKe, Beijing, China) for 60 min. The supernatant protein (40 µg) was loaded to 
each lane and separated on a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel. The proteins 
were then transferred from the SDS gels to polyvinylidene difluoride membranes, and probed with 
primary antibodies. The primary antibodies included anti-VEGF (1:2000 dilution), anti-phospho 
extracellular signal-regulated kinase (ERK) (1:1000 dilution), anti-ERK (1:1000 dilution), anti-HIF-
1α (1:2000 dilution), and anti-actin (1:2500 dilution) antibodies (Santa Cruz Biotechnology). The 
secondary antibody was a peroxidase-coupled anti-rabbit or mouse IgG (1:5000 dilution; Santa 
Cruz Biotechnology). The membrane was exposed to a Kodak X-Omat film (Kodak, Xiamen, 
China), and developed for analysis. 
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Detection of VEGF secretion 

Following the SW treatment, the HUVECs were seeded on 6-well plates (1 x 105 cells per 
well) and incubated for 24 h; subsequently, the medium was collected. The levels of VEGF were 
determined using commercially available ELISA kits (R&D Systems, Minneapolis, MN, USA).

Statistical analysis

All data are reported as means ± standard deviation (SD) of values from three independent 
experiments. Statistical differences between the groups were analyzed using the Student paired 
t-test or one-way analysis of variance (ANOVA), followed by a Newman-Keuls post hoc test. P 
values <0.05 were considered to be statistically significant.

RESULTS

SW treatment promotes HUVEC proliferation. 

Initially, the effect of SW treatment on cell proliferation was evaluated by synchronizing 
the HUVECs by serum starvation for 24 h. Forty-eight hours after the SW treatment, the cells 
were subjected to the MTT assay. We observed a substantial increase in the optical density at 540 
nm (OD540) of the HUVECs, compared to the control (P < 0.05; Figure 1A). Meanwhile, the DNA 
content of the cells was analyzed by flow cytometry. A representative flow cytometry experiment, 
and the percentage of cells in each phase of the cell cycle, is presented in Figure 1B. SW treatment 
markedly increased the percentage of HUVECs in the S phase from 21 to 33% (P < 0.001), and 
decreased the percentage of cells in the G0/G1 phase from 72 to 61% (P < 0.01). Taken together, 
SW treatment significantly increased the proliferation in HUVECs.

Figure 1. Shock wave (SW) treatment promotes cell proliferation in HUVECs. A. Following SW treatment, cell 
proliferation was assessed by MTT assay. The results are reported as means ± standard deviations (SD) of four 
experiments. *P < 0.05 versus control (without SW treatment). B. Following SW treatment, the human umbilical vein 
endothelial cells (HUVECs) were collected and subjected to flow cytometric analysis. A typical experiment is shown. 
The results are reported as means ± SD of four experiments.
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SW treatment up-regulates the expression of VEGF. 

A previous study has reported that SW treatment increases the VEGF mRNA levels in cultured 
HUVECs (Nishida et al., 2004). Therefore, we examined the effect of SW treatment on the expression 
of VEGF in HUVECs, using qRT-PCR. SW treatment induced a 3.5-fold increase in the VEGF mRNA 
levels (Figure 2A). Meanwhile, western blotting revealed a marked increase in VEGF protein expression 
following the SW treatment (Figure 2B). It has been well-established that hypoxia-inducible factor 1 
(HIF-1) regulates the expression of a variety of target genes, such as VEGF, in response to hypoxia 
(Gao et al., 2002). To investigate the role of HIF-1 in VEGF expression, the protein levels of HIF-1α, a 
subunit of HIF-1 that is regulated in response to hypoxia, was determined. Western blotting revealed 
that SW treatment did not affect the protein expression of HIF-1α (Figure 2C), suggesting that HIF-1 
may not be involved in the SW treatment-induced expression of VEGF. 

Figure 2. SW treatment induces the expression of vascular endothelial growth factor (VEGF) in HUVECs. A. Total RNA 
was extracted from SW-treated HUVECs, and subjected to real-time polymerase chain reaction (PCR). The mRNA 
levels of VEGF were standardized to the GAPDH levels. The results are reported as means ± SD of four experiments. 
B. Protein levels of VEGF were detected by western blotting. The blot is typical of three independent experiments. 
The lower panel depicts the quantification of immunoreactivity levels. The data are reported as the percent change 
from the control. *P < 0.05; **P < 0.01 with respect to the control (without SW treatment). C. Protein levels of HIF-1α 
were detected by western blotting. The blot is indicative of three independent experiments. The right panel shows the 
quantification of immunoreactivity levels.

Autocrine VEGF activates the ERK MAPK pathway

The cell-culture medium was collected to determine the concentration of VEGF by 
ELISA. SW treatment resulted in a 2.5-fold increase in VEGF concentration in the cell culture 
medium (Figure 3A). VEGF has been shown to promote angiogenesis by activating multiple signal 
pathways, such as the ERK mitogen-activated protein kinase (MAPK) pathway (Zachary, 2003). 
Raf/MEK1/2/ERK signaling is required for VEGF-induced endothelial proliferation (Wu et al., 2000; 
Kim et al., 2010); therefore, we tested whether the SW treatment activated the ERK pathway. 
Post-SW treatment, we observed a significant increase in the phosphorylation of ERK; this was 
associated with its activation (Figure 3B). These results indicated the activation of the ERK MAPK 
pathway. However, pre-treatment with anti-VEGF neutralizing antibodies (and not isotype control 
antibodies) substantially suppressed the phosphorylation levels of ERK, suggesting that VEGF 
activates the ERK MAPK pathway in a cell-autonomous manner.
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Figure 3. Autocrine VEGF induces activation of the extracellular signal-regulated kinase (ERK) signaling. A. Culture 
medium was collected following SW treatment. The VEGF levels were determined by enzyme-linked immunosorbent 
assay (ELISA). The results are reported as means ± SD of four experiments. *P < 0.05 versus control (without SW 
treatment). B. HUVECs pretreated with anti-VEGF neutralizing antibodies (aVEGF) were collected following SW 
treatment. The phosphorylated ERK levels were determined by western blot analysis. The blot is typical of three 
independent experiments. The right panel shows the quantification of immunoreactivity levels. aP < 0.05 versus control 
(without SW treatment); bP < 0.05 versus SW treatment.

SW treatment-mediated endothelial proliferation is dependent on VEGF

In order to investigate whether VEGF is responsible for SW treatment-mediated cell 
proliferation, HUVECs were treated with anti-VEGF neutralizing antibodies. As shown in Figure 4, 
the induction of cell proliferation by SW treatment (as assessed by MTT analysis) was significantly 
inhibited after the administration of anti-VEGF neutralizing antibodies, compared to treatment with 
isotype control antibodies. Furthermore, we tested the effect of ZM323881, a potent and selective 
VEGFR2/KDR inhibitor, on cell proliferation. The administration of ZM323881 (2 µM) markedly 
abolished VEGF-stimulated cell proliferation in HUVECs. Finally, PD98059 (10 µM), a specific 
inhibitor of MEK1/2 (Wu et al., 2000) was found to significantly block the SW treatment-stimulated 
cell proliferation in HUVECs (Figure 4). Taken together, this data reveal the involvement of VEGF 
in SW treatment-induced endothelial proliferation.

Figure 4. SW treatment promotes cell proliferation via the VEGF/ERK pathway in HUVECs. Following the SW treatment, 
the proliferation of HUVECs pretreated with anti-VEGF neutralizing antibodies (aVEGF), or ZM323881 (2 µM), or 
PD98059 (10 µM) was determined by the MTT assay. All results are reported as means ± SD of three independent 
experiments. aP < 0.05 versus the control (without SW treatment); bP < 0.05 versus cells subjected to the SW treatment.
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DISCUSSION

ESWT is an effective, safe, and non-invasive therapeutic strategy for severe coronary 
artery disease (Fukumoto et al., 2006; Khattab et al., 2007; Kikuchi et al., 2010; Vasyuk et al., 
2010). In this study, we demonstrated that SW treatment up-regulates the expression of VEGF in 
HUVECs, leading to an increase in VEGF protein secretion. The autocrine VEGF in turn activates 
the ERK signaling in a cell-autonomous manner, leading to enhanced proliferation in HUVECs. 

VEGF, a potential regulator of angiogenesis, induces endothelial cell proliferation, 
migration, and survival (Ferrara, 2002). VEGF binds to its receptor, VEGFR-2/KDR, and 
activates the Ras-dependent angiogenic signaling pathways, such as Raf-1/MEK1/2/ERK and 
p38 MAPK (Kim et al., 2010). The ERK signaling up-regulates the cyclin D1 expression and Rb 
phosphorylation, thereby promoting cell cycle progression. A previous study has demonstrated that 
SW treatment up-regulates VEGFR1/Flt1 mRNA levels in cultured HUVECs (Nishida et al., 2004). 
However, VEGFR2/KDR, and not VEGFR1/Flt1, has been shown to play a role in VEGF-mediated 
proliferation in endothelial cells (Wu et al., 2000; Mukhopadhyay et al., 2001; Zeng et al., 2003). 
Therefore, it is unlikely that the up-regulation of VEGFR1/Flt1 is responsible for SW treatment-
induced endothelial cell proliferation. 

It has been shown that SW therapy can regulate the expression of many genes. In addition 
to VEGF, SW therapy up-regulates the expression of eNOS in the tendon-bone junction (Wang 
et al., 2003), and the ischemic skeletal muscle (Oi et al., 2008). Meanwhile, SW therapy induces 
the expression of a variety of anti-inflammatory cytokines, and suppresses the expression of pro-
inflammatory cytokines after acute myocardial infarction (Abe et al., 2014). However, the molecular 
mechanisms by which SW treatment induces gene expression remain unclear. It is believed that 
shock waves raise the mechanotransduction of the tissue, to convert energy into biological signals 
(Wang et al., 2003). Although HIF-1 can up-regulate the expression of VEGF in response to hypoxia 
(Gao et al., 2002), our results suggest that HIF-1 is unlikely to be involved in SW treatment-induced 
VEGF expression. Likewise, our results also implicate that SW treatment itself does not induce a 
hypoxic environment in cell culture. Clearly, the precise mechanisms of SW therapy need to be 
elucidated in future studies. 
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