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Low-intensity pulsed ultrasound promotes apoptosis
and inhibits angiogenesis via p38 signaling-mediated
endoplasmic reticulum stress in human endothelial cells
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Abstract. Aberrant increase in angiogenesis contributes to
the progression of malignant solid tumors. An alternative
anti-angiogenesis therapy is critical for cancer, since the
current anti-angiogenesis drugs lack specificity for tumor
cells. In the present study, the effects and mechanisms of
low-intensity pulsed ultrasound (LIPUS) on human umbilical
vein endothelial cells (HUVECs) and human microvas-
cular endothelial cells (HMECs) were investigated, and
the therapeutic potential of this technology was assessed.
HUVECs and HMECs were treated with LIPUS (0.5 MHz;
210 mW/cm?) for 1 min and cultured for 24 h. Flow cytometry
and Cell Counting Kit-8 assays demonstrated that LIPUS
treatment at a dose of 210 mW/cm? promoted apoptosis and
decreased the viability in HUVECs and HMECs. Real-time
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cell analysis also revealed that LIPUS did not affect the
proliferation or migration of HUVECs. An endothelial
cell tube formation assay indicated that LIPUS treatment
inhibited the angiogenic ability of HUVECs and HMECs.
Furthermore, LIPUS increased the protein levels of the
apoptosis-associated cleaved Caspase-3 and decreased the
B-cell lymphoma-2 levels. LIPUS increased the phosphory-
lation of p38 mitogen-activated protein kinase (MAPK), and
the levels of endoplasmic reticulum (ER) stress-associated
markers, including activating transcription factor-4 (ATF-4)
and phosphorylated eukaryotic initiation factor 2a (eIF2ar).
The p38 inhibitor SB203580 reversed the pro-apoptotic and
anti-angiogenic effects of LIPUS in cells. Finally, inhibition
of p38 decreased the LIPUS-induced elevation of p-elF2a
and ATF-4 levels. Taken together, these results suggested
that LIPUS promoted apoptosis and inhibited angiogen-
esis in human endothelial cells via the activation of p38
MAPK-mediated ER stress signaling.

Introduction

Malignant cancer poses a major threat to human life and health.
Current treatment methods, including surgery, chemotherapy
and radiotherapy, aim to directly kill tumor cells or induce
cell s apoptosis (1). However, chemotherapy and radiotherapy
have toxic side effects, since they induce the death of a large
number of bone marrow cells and other normal dividing cells,
in addition to tumor cells (2). Therefore, these methods have
numerous limitations in clinical applications.

Angiogenesis is the process of new blood vessel formation.
Tumor growth depends on continuous and extensive angiogen-
esis, which provides nutrients and oxygen to the tumor tissues.
Distant metastasis of tumor cells occurs via blood vessels.
Therefore, targeting tumor angiogenesis has become an
important alternative therapy for the control of tumor growth
and metastasis (3,4). Anti-angiogenesis therapies that target
the vascular endothelial system are widely used for cancer
treatment (5-7). However, existing anti-angiogenic agents
lack specificity, and thus impair angiogenesis in tumor and
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normal tissues (8,9). Certain tumors have even been reported
to develop resistance to anti-angiogenesis drugs (8). An alter-
native non-drug therapy that overcomes these limitations is
necessary for anti-angiogenesis therapy.

Recent advances in ultrasound technology have led to a
better understanding of the biological effects of ultrasound.
The high-intensity focused ultrasound (HIFU) technology has
presented promising results in the treatment of various cancer
types, such as pancreatic cancer (10). HIFU is a non-invasive
technique that delivers focused, high-intensity ultrasound
energy (=3 W/cm?) to a specific area of the body to instantly
raise its temperature to approximately 65-70°C, which results
in irreversible cell death through coagulation necrosis (11).
These thermal effects are considered to be the primary mecha-
nism by which HIFU ablates tumor cells (12,13). However,
specific ablation of tumor cells remains a challenge, given
that repeated HIFU treatments have been reported to cause
damage to healthy tissues that are in the path of the acoustic
beam (14,15).

Low-intensity pulsed ultrasound (LIPUS) delivers ultra-
sound waves at a much lower intensity (usually <300 mW/cm?)
and at a lower frequency range of 20 kHz to 1 MHz compared
with HIFU; therefore, it does not exhibit hyperthermal
effects. LIPUS has been widely used for fracture healing,
wound healing in different tissue types, inhibition of bacte-
rial growth, enhanced drug delivery to the brain and in vitro
thrombolysis (16-18). LIPUS induced selective apoptosis of
brain tumor cells in rat brain glioma (19), without damage to
the surrounding normal tissues, or any of the side effects that
occur with radiation therapy and chemotherapy (20). However,
the therapeutic potential of LIPUS for anti-angiogenesis
therapy remains largely unknown.

In the present study, the effects of different doses of LIPUS
on the proliferation, migration, apoptosis and angiogenesis of
human endothelial cells, including human umbilical vein endo-
thelial cells (HUVECS) and human microvascular endothelial
cells (HMECs), were investigated. It was observed that a mean
intensity of 210 mW/cm? significantly promoted apoptosis and
inhibited angiogenesis via increased phosphorylation of p38
mitogen-activated protein kinase (MAPK) and endoplasmic
reticulum (ER) stress signals. The study results suggested a
potential role of LIPUS in anti-angiogenesis therapy.

Materials and methods

Culture of HUVECs and HMECs. HUVECs were purchased
from the American Type Culture Collection (ATCC; cat.
no. PCS-100-010; Manassas, VA, USA) and were incubated
in Dulbecco's modified Eagle's medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing
10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.), and 1% penicillin (100 U/ml) and streptomycin
(100 pg/ml). HMECs were purchased from the ATCC (cat.
no. CRL-3243) and cultured in endothelial cell medium
(cat. no. 1001; ScienCell Research Laboratories, Inc., San
Diego, CA, USA) containing 5% (cat. no. 0025; ScienCell
Research Laboratories, Inc.), 1% endothelial cell growth
supplement (cat. no. 1052; ScienCell Research Laboratories,
Inc) and 1% penicillin/streptomycin solution. The cells were
maintained at 37°C in 5% CO,. At 80-90% confluence, the
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cells were suspended at a concentration of 1x10° cells/ml
and plated on 6-cm culture dishes. The cell suspension was
exposed to LIPUS for 1 min and then subjected to various
analyses. In addition, the effect of culture for 24 h with a
specific inhibitor of p38 MAPK, SB203580 (4 uM; Selleck
Chemicals, Houston, TX, USA) subsequent to LIPUS
exposure for 1 min was also examined.

LIPUS stimulation. LIPUS irradiation was performed using
a set of ultrasound devices that included a signal generator
(Agilent Technologies, Inc., Santa Clara, CA, USA), a
wide-band power amplifier (Electronics and Innovation Ltd,
Rochester, NY, USA) and a planar transducer (Chongqing
Haifu Medical Technology Co., Ltd., Chongqing, China). The
planar transducer was set at a frequency of 0.5 MHz, the voltage
applied to the transducer was 44 V, the ultrasonic intensity was
70-280 mW/cm?, the number of cycles was 1,000-4,000 and
the mean acoustic pressure was 0.5 MPa. Briefly, a 6-cm dish
seeded with 1x10° cells was placed on top of the transducer
(diameter size, 6 cm), with degassed water between the dish
and transducer. Subsequently, the cell suspension was exposed
to LIPUS for 1 min and cultured for 24 h. The control cell
suspension was treated identically to the experimental group,
with the exception of the LIPUS treatment. A temperature test
paper (TMCHallcrest, Glenview, IL, USA) was adhered to the
inner surface of the 6-cm dish to measure the temperature.
Details of the different doses of LIPUS used in the experiment
are listed in Table I.

Flow cytometry analysis of cell apoptosis. The apop-
tosis rates of cells were analyzed by flow cytometry
using an Annexin V-Alexa Fluor® 647 detection kit
(cat. no. FMSAV647-100, FCMACS Biotech Co. Ltd.,
Nanjing, China) according to the manufacturer's protocol.
LIPUS-treated cells and control cells were seeded in 12-well
plates at a density of 5x10° cells/well and harvested 24 h later.
The cells were then centrifuged at 300 x g for 5 min at 4°C.
Following two washes with PBS, the cells were resuspended
in 100 ul of binding buffer. Subsequently, cells were stained
with 5 ul Annexin V-Alexa Fluor® 647 and 10 ul propidium
iodide (PI) for 15 min in the dark prior to conducting the
flow cytometry analysis (BD Biosciences, San Jose, USA).
Early apoptotic cells (Annexin V-positive/PI-negative) were
located in the lower right quadrant. Late apoptotic or necrotic
cells (positive for Annexin V and PI) were located in the
upper right quadrant. Live cells (negative for Annexin V
and PI) were located in the lower left quadrant. Dead cells
(Annexin V-negative/PI-positive) were located in the upper
left quadrant (Fig. 1A and B). The early apoptosis rate was
calculated based on the number of cells in the lower right
quadrant following the manufacturer's protocol.

Cell Counting Kit-8 (CCK-8) assay. The viability of HUVECs
and HMECs was assessed using a CCK-8 assay (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan). Briefly,
cells were seeded at a concentration of 8x10° cells/well in
96-well plates for 24 h. Next, 10 ul CCK-8 reagent was added
to each well, and the cells were incubated for an additional
2-4 h. The absorbance at 450 nm was then measured using a
microplate reader.
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Table I. List of acoustic parameters used in the present study,
all used at a frequency of 0.5 MHz.

No. Ultrasonic ~ Ultrasonic intensity ~ Temperature
of cycles power (W) (mW/cm?) O
1,000 142 70 30
2,000 2.80 140 35
3,000 4.16 210 35
4,000 5.54 280 38

Real-time cell analysis (RTCA). RTCA, a label-free dynamic
technology, was used in the current study to monitor the prolif-
eration and migration of HUVECs in real time. To evaluate cell
proliferation, cell suspensions (100 ul; 2,000-3,000 cells/well)
were seeded in an E-Plate assay plate (ACEA Biosciences, Inc.;
Agilent Technologies, Inc., Santa Clara, CA, USA), placed at
room temperature on an ultra-clean bench for 30 min and were
monitored continuously for 48 h using the RTCA TP System
(ACEA Biosciences, Inc.; Agilent Technologies, Inc.).

In order to monitor cell migration, 100 ul serum-free
cell suspension (3,000 cells/well) was added to the upper
chamber of a CIM-Plate test plate (ACEA Biosciences, Inc.;
Agilent Technologies, Inc.), while serum-containing medium
was added to the lower chamber. The set-up was placed at
room temperature on an ultra-clean bench for 30 min and
then placed on a test bench to monitor cell migration for 24 h
using the RTCA TP System (ACEA Biosciences, Inc.; Agilent
Technologies, Inc.).

Endothelial cell tube formation assay. To examine the effect
of LIPUS on angiogenesis in vitro, a capillary-like tube forma-
tion assay was performed. Matrigel matrix (cat. no. 354234,
Corning Incorporated, Corning, NY, USA) was pipetted into
pre-chilled 96-well plates (50 u1 Matrigel/well) and polymer-
ized at 37°C for 30-60 min. Next, HUVECs (2x10* cells/well)
or HMECs (2.5x10* cells/well) in complete media were seeded
in Matrigel-coated plates. After 8 h of incubation, images of
the tubular structures were captured.

Western blotting. Following treatment, HUVECsS cells were
lysed using whole cell lysis buffer (cat. no. KGP250/KGP2100;
Nanjing Keygen Biotech Co., Ltd., Nanjing, China) containing
1% PMSF on ice for 30 min to extract total protein. The protein
concentration was determined using a Bicinchoninic Acid
Protein Quantification kit (cat. no. P0009; Beyotime Institute
of Biotechnology, Beijing, China). Equal amounts of protein
(30 ug/lane) were separated via 8-15% SDS-PAGE. Proteins
were then transferred onto polyvinylidene fluoride membranes
(EMD Millipore, Billerica, MA, USA) and blocked with
5% bovine serum albumin (MP Biomedicals, LLC, Santa
Ana, CA, USA) for 2 h at room temperature. Subsequently,
the membranes were probed overnight at 4°C with primary
antibodies recognizing the following antigens: f-tubulin
(cat. no. 2128), p38 (cat. no. 8690), phosphorylated (p)-p38
(cat. no. 4511), extracellular signal-regulated kinase (ERK;
cat. no. 4695), p-ERK (cat. no. 4370), c-Jun N-terminal kinase
(JNK; cat.no.9252), p-JNK (cat. no. 4668), B-cell lymphoma-2
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(Bcl-2; cat. no. 2876), activating transcription factor-4 (ATF-4;
cat. no. 11815), phosphorylated eukaryotic initiation factor 2o
(p-elF2aq; cat. no. 3597), Bcl-2-associated X protein (Bax; cat.
no. 2772), cleaved Caspase-3 (cat. no. 9661) and light chain 3B
(LC3B; cat. no. 2775). All primary antibodies were purchased
from Cell Signaling Technology, Inc., (Danvers, MA, USA)
and used at a dilution of 1:1,000. Membranes were then
washed and incubated with corresponding horseradish perox-
idase-labeled goat anti-rabbit (1:5,000, PV-9003; ZSGB-Bio,
China) or goat anti-mouse secondary antibodies (1:5,000,
7ZB-2305; ZSGB-Bio, China) for 2 h at room temperature.
Finally, the target proteins were detected using an enhanced
chemiluminescence kit (cat. 34096; Thermo Fisher Scientific,
Inc.) and exposed on a ChemiDoc MP imager (Bio-Rad,
California, USA). Bands were normalized to -tubulin, and
protein levels were quantified by ImageJ software (v.1.8.0;
National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Data are expressed as the mean + standard
error of the mean from three independent experiments.
Treatment group values were compared with control values
using GraphPad Prism software (v.6.0; GraphPad Software,
Inc., La Jolla, CA, USA). Comparisons between two obser-
vations were assessed by unpaired Student's t-test. One-way
analysis of variance was used, followed by the Bonferroni
post-hoc test for multiple comparisons. P<0.05 was considered
to indicate a statistically significant difference.

Results

LIPUS promotes the apoptosis and inhibits the viability of
HUVECs and HMECs. To study the effects of LIPUS on the
apoptosis of HUVECs and HMEC:s, the cells were treated with
different doses of ultrasonic intensities (Table I). Flow cytom-
etry analysis demonstrated that a single treatment of LIPUS for
a duration of 1 min promoted early apoptosis in HUVECs and
HMEC:s in a dose-dependent manner (Fig. 1A-D). Ultrasound
intensities as low as 140 mW/cm? promoted early apoptosis
compared with the control group. The early apoptosis rate was
significantly higher at the dose of 140, 210 and 280 mW/cm?
in LIPUS-treated cells compared with that observed in control
cells (Fig. 1C and D). Additionally, the rates of late apoptosis
and cell death were significantly increased when the dose was
increased to 280 mW/cm? (data not shown).

To analyze the thermal effects of LIPUS, the present study
also measured the temperature of the cell suspension treated
with LIPUS at doses ranging between 70 and 280 mW/cm?.
The results revealed that the temperature increased from 30°C
to 35°C at a LIPUS dose range of 70-210 mW/cm?, whereas the
temperature reached 38°C at a dosage intensity of 280 mW/cm?
(Table I). To investigate the effects of LIPUS under normal
physiological temperature conditions (<37.5°C), a mean dose
intensity of 210 mW/cm? was selected for use in further
experiments.

Next, the effects of LIPUS on HUVEC and HMEC viability
were assessed using a CCK-8 assay. It was demonstrated that
LIPUS treatment reduced the viability of these cells in a
dose-dependent manner, with the lowest viability observed at a
dosage intensity of 280 mW/cm? (Fig. 1E and F). Furthermore,
the effects of LIPUS on the proliferation and migration of
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Figure 1. LIPUS promoted apoptosis and inhibited cell viability in HUVECs and HMECs. Flow cytometry analysis of apoptosis rate in (A) HUVECs
and (B) HMECs treated with different dose of LIPUS (70-280 mW/cm?). Quantification of early apoptosis in (C) HUVECs and (D) HMECs. Viability
of (E) HUVECs and (F) HMECs treated with different doses of LIPUS (70-280 mW/cm?) was assessed by CCK-8 assay. Real-time monitoring of the
(G) proliferation and (H) migration of HUVECs by real-time cell analysis. All values are expressed as the mean + standard error of three independent

*k

experiments. "P<0.05, “P<0.01 and

P<0.001. LIPUS, low-intensity pulsed ultrasound; HUVECSs, human umbilical vein endothelial cells; HMECs, human

microvascular endothelial cells; CCK-8, Cell Counting Kit-8; Ctrl, control; NS, not significant.

HUVECs were analyzed. The cells were treated with different
doses of LIPUS, and then cell proliferation and migration were
measured at 48 and 24 h, respectively. The results revealed
that dose intensities of 70-210 mW/cm? did not markedly affect
the proliferation and migration of LIPUS-treated HUVECs as
compared with untreated cells (Fig. 1G and H).

LIPUS inhibits angiogenesis in HUVECs and HMECs. To
determine the potential anti-angiogenic effects of LIPUS in
HUVECs and HMECs, an in vitro angiogenesis assay was
performed. After 8 h of incubation, LIPUS treatment was
observed to significantly inhibit tube formation in treated
cells as compared with that observed in untreated cells
(Fig. 2A-D).

LIPUS regulates the expression of apoptosis-associated
proteins. To examine the mechanism underlying the
LIPUS-induced apoptosis, the levels of apoptosis marker
proteins were measured in LIPUS-treated HUVECs. The
protein level of cleaved Caspase-3 was significantly increased
in cells treated with LIPUS at a dose of 210 mW/cm? as
compared with that in control cells. LIPUS-treated cells
also exhibited a marked reduction in the levels of the apop-
tosis inhibitor, Bcl-2, and a higher Bax/Bcl-2 ratio, which is
usually used for the measurement of the apoptotic potential of
cells (21). In addition, the protein levels of the two forms of the
autophagy-marker protein LC3B (namely LC3-I and-II) were
also measured, and it was observed that these proteins were
not markedly affected by LIPUS treatment (Fig. 3A and B).
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Figure 2. Effects of LIPUS on HUVEC and HMEC tube formation. Following incubation for 8 h, images (magnification, 10x) of tube-like structures in the Ctrl
and LIPUS-treated cells were obtained using a microscope camera, and quantification of branches was performed with ImageJ software. (A) Images of HUVEC
tube formation and (B) quantified results. (C) Images of HMEC tube formation and (D) quantified results. All values are expressed as the mean + standard
error of three independent experiments (scale bars=100 ym). “P<0.01 vs. Ctrl group. LIPUS, low-intensity pulsed ultrasound; HUVECs, human umbilical vein

endothelial cells; HMECSs, human microvascular endothelial cells; Ctrl, control.

LIPUS increases p38 MAPK phosphorylation and activates
ER stress signaling. To investigate the molecular mechanisms
of LIPUS-induced apoptosis in HUVECs, the activated
MAPK members were analyzed using western blotting. It
was observed that LIPUS-treated cells exhibited significantly
higher levels of p-p38 compared with the control cells. By
contrast, LIPUS treatment resulted in decreased phosphoryla-
tion of ERK in these cells, while no significant difference was
observed in the phosphorylation levels of JNK between treated
and untreated cells (Fig. 3C and D).

ER stress signals are known to serve a major role in cell
apoptosis (22). To investigate whether LIPUS-induced apop-
tosis in HUVECs was mediated by the ER stress signaling
pathway, the levels of key ER stress proteins, including ATF-4
and p-elF2a, were also measured. The data indicated that
the levels of ATF-4 and p-elF2a were markedly increased in
LIPUS-treated cells when compared with those in control cells
(Fig. 3E and F).

Inhibition of p38 phosphorylation rescues the pro-apoptotic
and anti-angiogenic effects of LIPUS. To determine whether
the pro-apoptotic effect of LIPUS on HUVECs was dependent
on p38 phosphorylation, the specific p38 MAPK inhibitor
SB203580 was used to decrease p-p38 levels in LIPUS-treated
HUVEGCs. Flow cytometry analysis revealed that p38 inhibi-
tion in LIPUS-treated HUVECS resulted in reduced levels of
apoptosis compared with those in inhibitor-free, LIPUS-treated
HUVEC:s (Fig. 4A and B). Western blotting also revealed that
p38 inhibition reversed the LIPUS-induced changes in the
expression levels of Bcl-2 and cleaved Caspase-3 in HUVECs
(Fig. 4C and D). The effect of p38 inhibition on angiogenesis
subsequent to LIPUS treatment was examined. HUVECs and
HMEC:s treated with both LIPUS and SB203580 exhibited
recovered tube formation compared with the LIPUS-treated

cells alone (Fig. 4E-H). These findings suggested that p38 phos-
phorylation served a key role in mediating the anti-angiogenic
effect of LIPUS.

The effect of p38 inhibition on ERK and ER stress proteins
was also examined in LIPUS-treated HUVECs. Western blot-
ting revealed that p38 inhibition reversed the LIPUS-induced
effects, leading to a significant increase of p-ERK levels
(Fig. 5A and B), and marked reduction of ATF-4 and p-elF2a
levels (Fig. 5C and D) as compared with the LIPUS-treated
cells alone.

Discussion

LIPUS is increasingly used for various therapeutic purposes,
including tumor ablation, bone repair, targeted drug delivery
and chemotherapy (23). The mechanical signal of LIPUS
is translated into a number of cellular effects, including
anti-angiogenesis, anti-inflammatory responses and cytotox-
icity (23-25). Therefore, LIPUS is an attractive, non-invasive
and non-toxic option for standard oncology treatments, such
as surgery, radiotherapy, gene therapy and chemotherapy (10).
HUVECs are derived from endothelial vein tissues of the
umbilical cord, while HMECs are derived from dermal endo-
thelial tissues. These two cell lines are useful in vitro models
for the study of endothelial functions, such as angiogenesis.
Studies have reported that low-intensity ultrasound with
microbubbles induces the evident microvascular damage in
tumors, mainly due to inertial cavitation, which can cause
cell necrosis or apoptosis (26,27). Acoustic cavitation can
lead to mechanical damage of small blood vessels due to the
expansion and collapse caused by oscillation of the microbub-
bles (28). These previous studies have tested different LIPUS
parameters and radiation times. In the present study, the effect
of LIPUS treatment on HUVECs and HMECs was examined
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Figure 3. Low-intensity pulsed ultrasound regulated the expression of apoptosis-associated proteins. (A) Cleaved Caspase-3, Bcl-2, Bax and LC3B levels,
measured by western blotting. (B) Quantification of the relative levels of cleaved Caspase-3, Bax and LC3-II, which were respectively normalized to f3-tubulin,
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at ultrasound dose intensities of 70-280 mW/cm? for the same
radiation time period, as previously reported (26-28). The
results revealed that a larger dose of LIPUS directly inhibited
cell viability and tube formation, and promoted apoptosis. The
pro-apoptotic effect of LIPUS observed in the current study
may be due to mechanical stimulation rather than inertial
cavitation. As the temperature of cells treated with LIPUS at a
dosage intensity of 210 mW/cm? was 35°C (close to the normal
physiological temperature), possible thermal effects of LIPUS
can be ruled out. The present in vitro study has highlighted the
therapeutic potential of LIPUS in inhibiting angiogenesis and
tumor growth via vascular endothelial cell apoptosis. Further
in vivo studies are necessary to fully understand the effect of
LIPUS on tumor angiogenesis.

The two main signaling pathways that regulate cell
apoptosis are the extrinsic pathway, which is mediated by the
activation of cell-surface death receptors by external signals,

and the intrinsic pathway, which is activated by intracellular
signals that cause mitochondrial damage (29,30). Numerous
factors, such as death receptor-mediated signaling molecules,
anticancer drugs and growth factor inhibitors, can damage
mitochondrial function and induce apoptosis (21). Bcl-2 is part
of the Bcl-2 family of proteins that are well-known for their
role in apoptosis regulation; this protein is localized in the
mitochondrial outer membrane and serves a key role in cell
survival by inhibiting pro-apoptotic molecules (31). Bax is a
pro-apoptotic protein that is also a member of the Bcl-2 family
and induces apoptosis via cytochrome C-mediated cleavage
of Caspase-3 (32). In the current study, the effect of LIPUS
treatment on the expression levels of Bcl-2, Bax and cleaved
Caspase-3 was assessed. Decreased expression of Bcl-2 and
increased expression of cleaved Caspase-3 were observed
in HUVECsS in response to LIPUS treatment. Although no
significant differences were observed in Bax levels between
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Figure 4. Inhibition of p38 phosphorylation rescued the pro-apoptotic and anti-angiogenic effects of low-intensity pulsed ultrasound. (A) Flow cytometry
analysis of apoptosis rates in HUVECsS treated with the p38 inhibitor SB203580. (B) Quantification of the percentage of early apoptotic HUVECs. (C) Western
blots and (D) quantified protein levels of cleaved Caspase-3, Bcl-2 and Bax in HUVECsS treated with S203580. (E) Images (magnification, 10x) of tube-like
structures and (F) quantified results in HUVECs. (G) Images of tube-like structures and (H) quantified results in HMECs. Quantification of branches was
conducted with ImageJ software. All values are expressed as the mean + standard error of three independent experiments (scale bars=100 ym). “P<0.01 and

k-

P<0.001, vs. Ctrl group; ”P<0.01 and *#P<0.001, vs. ultrasound group. HUVECSs, human umbilical vein endothelial cells; HMECs, human microvascular

endothelial cells; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; Ctrl, control.

LIPUS-treated and control cells, the ratio of Bax to Bcl-2 was
significantly increased following LIPUS treatment, which
indicated high susceptibility of these cells to apoptosis. These
results suggested that the mitochondrial intrinsic pathway
served an important role in mediating LIPUS-induced
apoptosis in HUVECs.

ERK, JNK and p38 are members of the MAPK family
of signaling proteins that are involved in the initiation of
apoptosis. These proteins are activated by extracellular

stimuli, including mitogens, ultraviolet irradiation, heat
shock, osmotic stress and cytokines, and exert various cellular
effects, such as differentiation, proliferation, autophagy
and apoptosis (24,33-35). The p38 pathway is known to
regulate tumor cells in multiple ways; however, despite the
tumor-suppressive and anti-proliferative properties of p38 in
certain tissues, the p38 pathway also exerts oncogenic effects
by influencing cancer metabolism and chemoresistance in
cancer tissues (36). Several chemotherapeutic agents require
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Figure 5. Low-intensity pulsed ultrasound-induced apoptosis was dependent on p38 phosphorylation. (A) Western blots and (B) quantified protein levels of
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P<0.001 vs. Ctrl group; *#P<0.001 vs. ultrasound group. HUVECs, human umbilical vein endothelial cells; ERK, extracellular signal-regulated

kinase; ATF-4, activating transcription factor-4; eIF2a, eukaryotic initiation factor 2a; p-, phosphorylated; Ctrl, control.

p38 activity for the induction of apoptosis (37). For instance,
cyclophosphamide, a commonly used chemotherapeutic drug
for breast cancer, induces apoptosis via activation of the p38
MAPK pathway (38). The present study demonstrated that a
pro-apoptotic dose of LIPUS led to the activation of p38 and
the inhibition of ERK, while inhibition of p38 phosphoryla-
tion reversed the pro-apoptotic and anti-angiogenic effects
of LIPUS. No significant change in the levels of JNK was
observed when cells were exposed to LIPUS. Activation of
JNK mainly occurs due to endogenous chemical stimuli, such
as DNA damage and inflammatory cytokines (39). JNK can
also be activated by mechanical stimulation (40,41). However,
the present study data suggested that JINK may not be involved
in LIPUS-induced apoptosis in HUVECs. Our previously
study reported that a lower dose of LIPUS with an ultrasonic
intensity of 109.4 mW/cm? promoted apoptosis in rat preadi-
pocytes via activation of p38 (42). These results suggested a
universal role for p38 in mediating LIPUS-induced apoptosis,
independent of cell type.

Previous studies have demonstrated that p38 signaling
controls the expression of several ER stress proteins by
regulating the activity of transcription factors, such as ATF-1,
ATF-2, C/EBP homologous protein (CHOP) and multiple
cyclic AMP response element-binding proteins (33,43). CHOP
is an ER-specific pro-apoptotic transcription factor that is
induced by growth arrest and DNA damage, and CHOP
expression is regulated by the eI[F20/ATF-4 pathway (22,44).
Regulation of the eI[F20/ATF-4 pathway by p38 has also been
reported to cause apoptosis via autophagy (43). The current
study results demonstrated that LIPUS treatment resulted in
increased expression of p-eIF2a and ATF-4, and that p38 inhi-
bition reversed the upregulation of p-eIF2a and ATF-4 levels.
However, no change was observed in the expression levels of
LC3B, an autophagy protein, in LIPUS-treated cells. These
findings suggested that p38 served a key role in LIPUS-induced

apoptosis via activation of the ER stress response without
affecting autophagy. The detailed mechanism by which p38
mediates e[F2a/ATF-4 upregulation is a subject for further
study.

However, there are certain limitations to the current study,
which should be taken into consideration. Firstly, the experi-
ments were performed in HUVECs and HMECs rather than
primary endothelial cells isolated from tumor tissues. Since
obtaining sufficient numbers of the primary tumor vascular
endothelial cells is almost impossible, it was speculated that the
artificially-induced endothelial cells differentiated from tumor
stem cells may act as an alternative approach. Furthermore,
the treatment strategy and indicated dose of ultrasound were
produced under in vitro conditions. Whether the dose of
ultrasound is applicable for in vivo anti-angiogenesis therapy
in solid tumors requires further investigation in animal tumor
models.

In conclusion, the results of the present study revealed
that LIPUS promoted apoptosis in HUVECs via p38
MAPK-mediated activation of the ER stress response. The
findings suggested that LIPUS is an effective and low-risk
option for inhibiting endothelial cell function, and this tech-
nique can potentially be used as an anti-angiogenic therapy in
tumor treatment.
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