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Abstract: Therapeutic angiogenic effects of low-intensity ultrasound have been reported in endothelial cells and 
animal models of hind limb ischemia. It has been shown that the proliferation, migration, and tube formation of 
endothelial cells play critical roles in angiogenesis. The purpose of this study was to determine the underlying 
mechanism of low-intensity continuous therapeutic ultrasound on angiogenesis in endothelial cells. In the present 
study, human umbilical vein endothelial cells (HUVECs) were simulated of low-intensity therapeutic ultrasound (TUS, 
1 MHz, 0.3 W/cm2, 9 minute per day) for 3 days, and we observed migration, tube formation, and expression of en-
dothelial nitric oxide synthase (eNOS) and serine/threonine kinase (Akt) in HUVECs. Specific inhibitors of eNOS and 
phosphoinositide 3-kinase (PI3K) were added to the culture medium and TUS-induced changes in the pathways that 
mediate angiogenesis were investigated. After exposure to TUS, HUVECs tube formation and migration were signifi-
cantly promoted, which was blocked by the eNOS inhibitor Immunofluorescence assay and Western blotting analysis 
demonstrated that eNOS expression in the HUVECs was significantly increased after TUS exhibition. Proteins of 
phosphorylated eNOS and Akt were both up-regulated after TUS stimulation. However, the specific inhibitor of PI3K 
not only significantly decreased the expression of p-Akt, but also down-regulated the p-eNOS. This suggested that 
the PI3K/Akt signal pathway might participate in modulating the activity of eNOS. In short, TUS therapy promotes 
angiogenesis through activation of the PI3K-Akt-eNOS signal cascade in HUVECs.
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Introduction

Ischemic vascular diseases remain a leading 
cause of mortality and morbidity worldwide. 
Restoration of blood flow to ischemic organs is 
vital to prevent tissue death after arterial occlu-
sion. Despite significant advances in medical 
and surgical intervention, there is lack of spe-
cialized treatment strategies. As a new strategy 
for the treatment of acute and chronic isch-
emia, therapeutic angiogenic effects of low-
intensity ultrasound (US) have been reported in 
endothelial cells (ECs), chick chorioallantoic 
membrane, and animal model of hind limb isch-
emia [1, 2]. Previous studies have shown that 

endothelial cell (EC) proliferation, migration and 
tube formation play critical roles in US-induced 
angiogenesis [3-5]. Endothelium-derived nitric 
oxide (NO), originally identified as endothelium-
derived relaxing factor, promotes angiogenesis 
and plays an important role in vascular remod-
eling and the maintenance of vascular integrity. 
In ECs, NO is a product of the conversion of 
L-arginine to L-citrulline by endothelial NO syn-
thase (eNOS). eNOS produces low levels of NO 
constitutively but can be transiently stimulated 
to produce high levels by various hormones and 
environmental stimuli such as vascular endo-
thelial growth factor (VEGF), angiopoietin-1, 
hypoxia, mechanical forces, and chemical ago-
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nists [6, 7]. NOS inhibitors block ultrasound-
induced EC migration, proliferation, and tube 
formation in vitro [8]. The phosphoinositide-
3-kinase-Serine/threonine protein kinase 
(PI3K-Akt) is involved in multiple signal path-
ways to regulate cell proliferation, differentia-
tion and migration. It is closely related to the 
occurrence and development of angiogenesis. 
Akt activates downstream of eNOS; promotes 
the release of NO and eNOS phosphorylation at 
serine 1177; accelerates endothelial cell prolif-
eration and migration; and promotes angiogen-
esis [9, 10]. Dimmeler et al demonstrated that 
shear stress activates eNOS by phosphoryla-
tion of the enzyme through the PI3K-Akt path-
way [11]. Although a few literary reports indi-
cate ultrasound has a beneficial effect on 
angiogenesis, it is still not completely clear how 
TUS influences endothelial cell angiogenesis 
and migration process. 

In the present study, we hypothesized that the 
up-regulation of eNOS induced by low-intensity 
therapeutic ultrasound (TUS) might be mediat-
ed through activation of PI3K-Akt-eNOS signal 

Signaling, dissolved in DMSO, and stored at 
-20°C. Antibodies specific for eNOS, phospho-
eNOS (Ser1177) (p-eNOS), Akt, phospho-Akt 
(Ser473) (p-Akt), and GAPDH were all from Cell 
Signaling Technology (Beverly, CA, U.S.). Cy3-
conjugated goat anti-rabbit IgG and 4’,6-diamid-
ino-2-phenylindole (DAPI) were purchased from 
Sigma.

Cell culture

Human umbilical vein endothelial cells (HU- 
VECs) were purchased from Clonetics (San 
Diego, CA, USA) and were cultivated in DMEM 
low-glucose medium supplemented with 10% 
fetal bovine serum and 100 U/ml penicillin and 
100 μg/ml streptomycin under standard cul-
ture conditions (37°C, 5% CO2). To investigate 
the role of eNOS in TUS-induced angiogenesis, 
HUVECs were treated with 1 mM L-NAME in 
TUS+L-NAME group. The control cells were cul-
tured in the medium absence of the eNOS or 
L-NAME inhibitor. The involvement of PI3K/Akt 
in the increases in eNOS was analyzed by using 
50 μM LY294002 in TUS+LY294002 group.

Figure 1. An illustration of the system of therapeutic ultrasound (TUS) 
stimulation of the cells in culture (A) and the experimental protocol (B).  
(A) Ultrasound was applied from a circular ultrasound transducer for the 
cells in culture through the base of the culture plate. An ultrasound gel 
pad was laid between the plate and the transducer. (B) Three sessions of 
TUS were carried out on the cells in culture and then HUVECs were col-
lected on day 4. The collected HUVECs were used for in vitro experiments.

pathway, thereby promoting the 
angiogenesis and migration of 
endothelial cells. In order to con-
firm our hypothesis, we designed 
the present studies seek to 
address whether TUS interferes 
with endothelial cell functions in 
terms of migration and angiogene-
sis through in vitro tube formation 
and transwell experiments. In 
addition, we used many cell biolo-
gy and molecular techniques to 
determine the underlying mech- 
anisms.

Material and methods

Materials

MatrigelTM matrix (basement mem-
brane) and transwell migration 
chambers were obtained from BD 
Biosciences (Franklin Lakes, New 
Jersey, U.S.). eNOS inhibitor, N- 
nitro-Larginine methylester hydro-
chloride (L-NAME) was obtained 
from Sigma (St. Louis, MO, U.S.), 
which was dissolved in water and 
stored at -20°C. LY294002 (PI3K 
inhibitor) was obtained from Cell 
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Therapeutic ultrasound stimulation of cells in 
culture

TUS were generated by a device with applicator 
designed and made by Institute of Acoustics, 
Tongji University (Shanghai, China). Ultrasound 
was delivered to the 6 well cell culture plates 
with an energy flux density of 0.3 W/cm2 at a 
frequency of 1.0 MHz [5]. Common ultrasound 
gel pad was put on a circular ultrasound trans-
ducer (2.0 cm in diameter), and they were laid 
together under the base of the culture plate 
(Figure 1A). HUVECs were reseeded into plates 
overnight and stimulated for 9 minutes of TUS 
exposure per day for 3 days. The first TUS stim-
ulation was performed at 24 h after the begin-
ning of HUVECs culture, and then second and 
third TUS sessions were carried out 24 h apart 
(Figure 1B). Control cells were routinely plated 
in wells furthest from those exposed to TUS, 

and there was no detectable TUS exposure at 
this site. HUVECs were collected at 4 days after 
reseeding.

Endothelial cell tube formation assay

To examine the effect of TUS on in vitro angio-
genesis, capillary-like tube formation assay 
was performed as described previously [5]. 
Matrigel-Matrix was pipetted into pre-chilled 
96-well plates (50 µL matrigel per well) and 
polymerized for 45 min at 37°C. HUVEC (2 × 
104 per well) in complete media were simulta-
neously seeded in matrigel coated plates. Then 
culture plates were exposed to TUS (1 MHz, 0.3 
W/cm2) for 9 minutes. Common ultrasound gel 
pad was used for coupling. After 6 h of incuba-
tion, tubular structures were photographed. 
Images were acquired under a fluorescent mi- 
croscope (IX-71; Olympus, Tokyo, Japan) with 
12.8 M pixel recording digital color cooled cam-

Figure 2. Effect of TUS on HUVECs tube formation. After 6 h, tube-like structures of the control group (A), TUS 
group (B) and TUS+L-NAME group (C) were photographed at 100 x magnification and tube length was measured as 
described (D). TUS significantly promoted the tube formation of HUVECs. Co-incubation with L-NAME, the specific 
inhibitor of eNOS, dramatically suppressed the tube formation. Values are mean ± SEM; n = 5, ** means p < 0.01. 
Scale bars = 200 μm.



Therapeutic ultrasound and endothelial cell angiogenesis

1109	 Am J Transl Res 2015;7(6):1106-1115

era (DP72; Olympus). The control sample was 
defined as 100% tube formation, and the 
increase or decrease in tube formation relative 
to the control was calculated for each sample. 
Each experiment was repeated at least three 
times under similar conditions [2]. 

Endothelial cell transwell migration assay

The chemotactic motility of HUVEC was deter-
mined using Transwell migration chambers 
with 6.5-mm-diameter polycarbonate filters 
(8-µm pore size) as described previously [5]. In 
brief, the bottom chambers were filled with 600 
µL of DMEM media containing all supplements. 
HUVEC (3 × 104 per well) were seeded in top 
chambers in 100 µL DMEM media without 
serum. Thereafter, cells were treated with 
external TUS as indicated (9 minutes, 1 MHz, 
0.3 W/cm2). Cells were allowed to migrate for 8 

h. Non-migrated cells were removed with cot-
ton swabs, and migrated cells were fixed with 
ice cold ethanol and stained with 0.01% crystal 
violet. Images were captured using Olympus 
DP72 digital camera on Olympus microscope 
with magnification x 200 and migrate cells were 
quantified by manual counting.

Immunofluorescence staining

Immunofluorescence staining was performed 
as described previously [12]. Briefly, cover slips 
were removed from the culture medium and 
washed with PBS. Cells were fixed with cold 4% 
paraformaldehyde, blocked by 8% normal goat 
serum, and incubated in rabbit polyclonal anti-
eNOS antibody (dilution 1:200). After being 
washed three times with PBS, the cells were 
incubated with Cy3-conjugated goat anti-rabbit 
IgG (dilution 1:200). HUVECs nuclei were 
stained for 10 min with DAPI. Slides were 

Figure 3. TUS effect on migration of HUVECs. Effect of TUS treatment on the migratory potential of HUVEC was ex-
amined using Transwell migration chambers as detailed in ‘Materials and Methods’. Control group (A), TUS group 
(B), and TUS+L-NAME group (C) were photographed at 200 x magnification. (D) Result depicted that TUS caused an 
obviously increase in cell migration which was blocked by L-NAME treatment. Values are mean ± SEM; n = 5, ** 
means p < 0.01. Scale bars = 100 μm.
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washed another three times with PBS and then 
postfixed with Vectashield mounting medium, 
covered with glass cover slips, and subjected to 
fluorescence microscopy. Images were collect-

ed on Olympus DP72 digital camera on Olympus 
microscope. Arbitary units (AU)/μm2 were used 
to analysis fluorescence intensity quantitati- 
vely.

Figure 4. TUS increases eNOS expression of HUVECs in situ. Immunofluorescence staining of HUVECs pretreated 
with TUS demonstrated increase of eNOS expression (Cy3, represented in red), and L-NAME significantly inhibited 
TUS-induced eNOS expression. Immunofluorescence staining for eNOS-positive cells revealed significantly differ-
ence in the TUS group compared to untreated controls.
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Western blotting analysis

After TUS treatment, HUVECs were scraped off 
and lysed with the cell lysis buffer (Cell Signaling 
Technology, Beverly, CA, U.S.) with PMSF [13]. 
The lysates were centrifuged at 12,000 x g at 
4°C for 10 min to remove the insoluble materi-
al. The protein concentration was then mea-
sured with the BCA Protein Assay Reagent 

(Pierce, Rockford, IL, U.S.). Then equal amounts 
of protein (30 mg) from each sample were sep-
arated by 10% SDS-PAGE and transferred to 
nitrocellulose filter membrane (Millipore Co., 
Billerica, MA, U.S.) at 100 mV for 75 min at 4°C. 
The membranes were incubated with one of the 
following antibodies: anti-eNOS antibody 
(1:500), anti-p-eNOS antibody (1:500), anti-Akt 
antibody (1:500), anti-p-Akt antibody (1:500), 

Figure 5. Effects of TUS on PI3K-Akt-eNOS signal pathway in HUVECs. Quantitative results of protein expression of 
eNOS, p-eNOS, p-Akt and total Akt. TUS promoted the expression of eNOS, p-eNOS, and p-Akt protein significantly. 
TUS-induced protein changes were significantly suppressed by LY294002 treatment. Data of Western blotting were 
represented as as percentages of expression in control group. Values are mean ± SEM; n = 5, * means p < 0.05, 
**means p < 0.01. 
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anti-GAPDH antibody (1:1000) prior to incuba-
tion with IRDye800CW-conjugated secondary 
antibody (Rockland). The image was captured 
by the Odyssey infrared imaging system (Li-Cor 
Bioscience, Lincoln, NE, U.S.). The data were 
analyzed using ImageJ software. All western 
blotting experiments were repeated three 
times.

Statistic analysis

Multiple groups were analyzed by one-way 
ANOVA test followed by appropriate post hoc 
tests to determine statistical significance. 
Probability values < 0.05 were considered sta-
tistically significant. Data are expressed as 
means ± SEM. All experiments were repeated 
at least in triplicate. SPSS software version 
17.0 (SPSS Inc., Chicago, IL, USA) was used.

Results

Increase of capillary-like tube formation of 
HUVECs

To demonstrate the angiogenic potential of 
TUS, we performed Matrigel angiogenesis 
assay in vitro with HUVECs. The numbers of 
tube-like structures after building up by TUS for 
9 minutes were comparable with those for con-
trol conditions. By 3 h after plating, the TUS 
treated HUVECs had differentiated into an 
expansive and sharply defined tube network, 
but the majority of the control cells remained in 
individual clusters. After 6 h of incubation, the 
TUS group showed a more extensive cellular 
network compared with the control group 
(Figure 2A and 2B). TUS treatment increased 
HUVEC tube length significantly (Figure 2D). 
These findings suggest that simulated TUS 
enhances the ability of HUVECs to form tube-
like structures.

In order to determine whether eNOS is involved 
in angiogenesis promoted by TUS in HUVECs, 
L-NAME was added into the culture medium 
and its effects were examined through tube for-
mation assay. TUS-induced HUVECs tube for-
mation was dramatically suppressed in TUS+L-
NAME group compared with the TUS group 
(Figure 2C). There were no significantly tube 
length difference between control HUVECs and 
TUS+L-NAME group (Figure 2D), which sugge- 
sts L-NAME significantly blocked TUS-enhan- 
ced HUVECs tube formation.

Improvement of HUVECs migration capacity

Cell motility was assessed with transwell migra-
tion assay by plating HUVECs in the upper 
chamber and DMEM media containing all sup-
plements in the lower chamber, and HUVECs 
were treated with 9 minutes TUS. We observed 
that the presence of TUS in the lower chambers 
results in higher invasion of HUVECs through 
polyester layer compared to control (Figure 3A, 
3B and 3D). L-NAME inhibited the TUS induced 
migration enhancement (Figure 3C). Overall, 
these results clearly indicated that TUS treat-
ment promotes the migration of HUVECs, and 
L-NAME can block TUS induced endothelial cell 
migration.

Upregulation of eNOS expression of HUVECs

We performed immunofluorescence and west-
ern blot to study the effect of TUS on eNOS 
expression and localization in HUVECs. As 
shown in Figure 4, the fluorescence intensity of 
eNOS in the cytoplasm near the nucleus and 
the protein abundance of eNOS were obviously 
elevated in TUS-treated HUVECs relative to 
those in control group. However, in TUS and 
L-NAME co-treated group, the fluorescence 
intensity and protein abundance of eNOS were 
similar to control group, obviously weaker com-
pared to TUS group. Therefore, these results 
implied that L-NAME inhibited the expression of 
eNOS protein induced by TUS.

Activation of eNOS via the PI3K/Akt-depen- 
dent signaling pathway

To determine if TUS could mediate eNOS acti-
vation through Akt dependent pathways, the 
expression of key molecules in the PI3K/Akt 
signaling pathways were examined by western 
blot analysis. As shown in Figure 5, the treat-
ment of TUS increased the eNOS protein levels 
relative to control, which indicated that TUS can 
stimulate eNOS expression in HUVECs and that 
it may be a promoter of eNOS expression. It has 
been shown that activation of the PI3K/Akt sig-
nal pathway and activation of Akt has been 
reported to stimulate phosphorylation of eNOS 
[14]. Moreover, the endothelial specific eNOS/
NO pathway is closely associated with postna-
tal angiogenesis. Thus, to elucidate the under-
lying mechanism of eNOS activation, we deter-
mined whether phosphorylation of Akt and 
eNOS was regulated by TUS stimulation.
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In order to evaluate this possibility, HUVECs 
were subjected to TUS in the presence or 
absence of LY294002 (a specific PI3K inhibi-
tor). After exposure to TUS, except for total Akt, 
the expression of total eNOS, p-eNOS and p-Akt 
in HUVECs were all significantly increased 
(Figure 5). Interestingly, treatment of HUVECs 
with LY294002 suppresses the p-Akt expres-
sion. Similarly, eNOS and p-eNOS expression 
were stopped by blocking the PI3K/Akt kinase 
signaling transduction cascade, indicating the 
TUS’s proangiogenic effect were abolished by 
blocking PI3K/Akt/eNOS pathway with LY- 
294002. It is suggested that TUS induces the 
activation of eNOS via the PI3K/Akt signal 
pathway. 

Discussion

The most significant and novel of the findings 
discussed in this manuscript are that 1) TUS 
induced angiogenesis and migrate in HUVECs 
through promoting eNOS expression and that 
2) the increase of eNOS induced by TUS is 
mediated by PI3K-Akt signal pathway. It is sug-
gested underlying mechanisms and novel com-
plementary explanations to TUS-induced post-
natal neovascularization. 

Angiogenesis is a complex process involving 
endothelial cell proliferation, migration, tube 
formation, and matrix reconstruction. It has 
been reported that ECs are highly sensitive to 
ultrasound wave, including the alterations in 
morphology and gene expression [15]. Serizawa 
et al have demonstrated that ultrasound wave 
exposure might increase the possibility of cell-
to-cell interaction so that triggered cell prolif-
eration and regeneration [16]. Those findings 
led to the idea that ECs under condition of 
ultrasound wave could become a new strategy 
for therapeutic angiogenesis. To investigate the 
effects of TUS on ECs function, we carried out 
in vitro tube formation and transwell migration 
experiment to evaluate the effects of TUS on 
HUVECs proangiogenic function. Our results 
showed that 9 minutes TUS per day for 3 days 
enhanced angiogenesis and migration in vitro. 
Our data obtained here are in agreement with 
previous reports [5, 17]. 

In endotheliocytes, eNOS is the rate limiting 
enzyme in NO synthesis and plays an important 
role in regulating NO synthesis. The increase of 
eNOS activity will lead to more endothelial NO 

synthesis. NO produced by the eNOS is a funda-
mental determinant of cardiovascular homeso-
tasis: it regulates systemic blood pressure, vas-
cular remodeling, vascular permeability, and 
angiogenesis [7]. It has shown that the eNOS/
NO pathway was important for angiogenesis in 
wound healing, chronic inflammation and isch-
emic diseases [18, 19]. Several studies have 
found that inhibition of endogenous NO or sup-
pression of eNOS activation can inhibit angio-
genesis [20]. In the present study, we evaluated 
the protein expression of eNOS using immuno-
fluorescence staining and western blotting to 
analysis whether eNOS activation is involved in 
the TUS induced angiogenic responses. After 
TUS treatment, eNOS protein expression was 
significantly increased in HUVECs. We then 
examined the angiogenesis after co-culturing 
with L-NAME, a specific inhibitor of eNOS. It is 
interesting to note that the activation of eNOS 
is required for angiogenesis, because eNOS 
inhibitor reduced TUS-induced tube formation 
and migration. These results confirmed that 
up-regulation of eNOS was correlated with 
angiogenesis after TUS exposure. The mecha-
nisms underlying the up-regulation of eNOS 
were then investigated. It has been reported 
that in ECs, eNOS is phosphorylated by the Akt 
(protein kinase B), resulting in an increase in 
eNOS activity, which plays a crucial role in the 
regulation of vascular tone, vascular remodel-
ing, angiogenesis, and NO production [11, 21]. 
Previous studies have demonstrated that Akt 
mediates the activation of eNOS, leading to 
increased NO production. Inhibition of the 
PI3K/Akt pathway or mutation of the Akt site on 
eNOS protein (serine 1177) attenuates the ser-
ine phosphorylation and prevents the activa-
tion of eNOS [11, 22]. It is reported that the 
phosphorylation of Ser 1177 enhanced eNOS 
activity and changed the sensitivity of the 
enzyme to Ca2+. They confered phosphorylation 
of eNOS by Akt represented a Ca2+ independent 
regulatory mechanism for activation of eNOS 
[11]. It also has been shown that ultrasound 
may activate mediators or membrane cation 
channels by recruiting a greater number of 
mechanoreceptors, resulting an increase in the 
intracellular concentration of free Ca2+ [23]. 
Taken together, our results suggest that TUS 
activates PI3K/Akt, which in turn is responsible 
for regulating the activation of eNOS. 

To examine the functional involvement of Akt 
and eNOS in TUS-induced angiogenesis, we 
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incubated endothelial cells with the PI3-kinase 
inhibitor LY294002 abrogated Akt phosphory-
lation induced by TUS. After exposure to TUS, 
the protein expressions of both p-Akt and 
p-eNOS were increased significantly compared 
with control group. Co-incubate with LY294002 
not only decreased the expression of p-Akt, but 
also inhibited p-eNOS. These results suggest 
that the TUS-induced Akt-dependent phosphor-
ylation of Ser 1177 enhances eNOS enzyme 
activity. 

In conclusion, these experiments provide the 
first evidence that activation of PI3K-Akt-eNOS 
is a crucial signal pathway in the TUS-mediated 
signal transduction leads to angiogenesis. 
Collectively, our observations highlighted the 
importance of PI3K/Akt pathway in TUS-
induced NO production and appeared to be 
necessary for vascular endothelial angio- 
genesis.
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