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Low-intensity ultrasound-induced cellular destruction
and autophagy of nasopharyngeal carcinoma cells
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Abstract. Ultrasound therapy, as a non-invasive modality,
has been attracting extensive attention in the management
of malignant tumors. The present study aimed to investi-
gate low-intensity ultrasound-induced cellular destruction
and autophagy in nasopharyngeal carcinoma cells in vitro.
Nasopharyngeal carcinoma CNE2 cells were subjected to
ultrasound exposure, as tumor model cells, at an intensity
of 1.35 W/cm?. Cytotoxicity was investigated 24 h after
ultrasound treatment. Nuclear damage was observed using
nuclear staining with Hoechst 33258. Mitochondrial dysfunc-
tion was measured using confocal laser scanning microscopy
with rhodaminel23 staining. Mitochondrial morphology
and autophagy were observed using transmission electron
microscopy (TEM). Low-intensity ultrasound significantly
killed CNE2 cells proportional to the ultrasonic treatment
time. Upon nuclear staining, nuclear condensation and typical
apoptotic bodies were noted in the CNE2 cells exposed to
ultrasound wave for 12 sec. A collapse in mitochondrial
membrane potential was noted in the treated cells. Upon TEM,
swollen mitochondria, more vacuoles and autophagy were
noted after ultrasound treatment. Our findings demonstrate
that low-intensity ultrasound significantly damages CNE2
cells and emphasize that autophagy may be an important event
in ultrasound-induced cell death.

Introduction

Nasopharyngeal carcinoma (NPC) is one of the most common
malignant tumors in Southeast Asia, including Hong Kong.
Current treatments for NPC, such as surgery, radiotherapy and
chemotherapy, have serious side effects with limited success
(1-4). Fortunately, continued research efforts have spawned
novel therapies.

Correspondence to: Dr Chuanshan Xu, School of Chinese Medicine,
The Chinese University of Hong Kong, Shatin, N.T. Hong Kong SAR,
P.R. China

E-mail: xcshan@163.com

Key words: ultrasound treatment, autophagy, nasopharyngeal carcinoma

With the development of transducer design and measure-
ment technology, ultrasound as a safe alternative and
non-invasive therapeutic approach has been widely applied in
medicine (5). High-intensity focal ultrasound (HIFU) produces
a high temperature that directly or indirectly deactivates tumor
cells/tissues and is therefore undergoing development as a non-
invasive therapeutic modality in the management of cancer (6).
Recently, the applications of low-intensity ultrasound in
tumors and vascular diseases have been widely investigated.
Emerging evidence has confirmed that low-intensity ultra-
sound markedly inhibits the proliferation and clone formation
of tumor cells through heat, mechanical effects and acoustic
cavitation (7,8). Fitzgerald et al demonstrated that therapeutic
ultrasound markedly decelerated cellular proliferation and
decreased in-stent hyperplasia (9). Takeuchi et al reported
that ultrasound energy inhibits the proliferation of mouse
T lymphoma cells at an intensity of 350 mW/cm? and human
histiocytic lymphoma cells (U-937) at an intensity of 700 mW/
cm?. The morphological changes included apoptosis, such as
the shrinking of cells and formation of apoptotic bodies (10).
However, it remains unclear which types of mechanisms are
involved in these bioeffects. Recent studies have shown that
autophagy is involved in the pathogenesis of tumors. The
induction of autophagy has shown a substantial improve-
ment in antitumor therapy (11,12). The present study focused
on investigating low-intensity ultrasound-inducing cellular
destruction and autophagy in NPC cells in vitro.

Materials and methods

Cell culture. The CNE2 NPC cell line was provided by the
Shanghai Biology Institute under the approval of the Ethics
Committee of Chongqing Medical University. The cells were
grown in RPMI-1640 medium supplemented with 10% fetal
calf serum (FCS; Gibco), 50 pg/ml penicillin, 50 ug/ml strep-
tomycin and 10 ug/ml neomycin. The cells were incubated at
37°C in a humidified CO, (5%) incubator.

Ultrasound treatment. An ultrasound exposure system, which
was equipped with a built-in digital timer and intensity regu-
lator, was manufactured by Southwest University, Chongqing,
China. In this system, a 1-cm diameter plane transducer from
piezoelectric ceramic was used to convert the electrical power
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into acoustic power. Prior to ultrasound exposure, polyacety-
lene test tubes containing a 1-ml cell suspension (1x10° cells/
ml) was fixed vertically on a platform in a water tank filled
with degassed water with the ultrasound beam pointing upward
as described by Yu ef al (13). In this study, CNE2 cells were
exposed to continuous ultrasound with a frequency of 1.7 MHz,
and the spatial average intensity was set to 1.35 W/cm?. The
cells used in the experiments were randomly divided into
two groups: ultrasound treatment and control. The cells in the
control group were not treated with ultrasound treatment.

Cytotoxicity. The cytotoxic effect of ultrasound on the CNE2
cells was evaluated using the 3-(4,5-dimthylthiazol-2-yl)-2,5
diphenyl-tetrazolium bromide (MTT) assay. Briefly, the treated
cells (5x10° cells/well) were incubated in a 96-well microplate
at 37°C for 20 h. The medium was then removed from each
well, and 100 1l MTT reagent was added to each well (0.5 mg/
ml, diluted with medium), and then incubation was carried out
for 4 h at 37°C. Finally, MTT reagent was removed, and 100 ul
dimethyl sulfoxide (DMSO) was added per well. After shaking
for 10 min, the optical density (OD) was measured using an
iEMS Analyzer (Typel401; Lab-system) at a wavelength of
570 nm. The percentage of cytotoxicity was calculated using
the following equation: Cytotoxicity (%) = (OD control group
- OD treatment group)/OD control group x 100%.

Nuclear staining. The treated CNE2 cells (1x10° cells/well)
were incubated at 37°C for 18 h after ultrasound treatment.
The cells were washed with phosphate-buffered solution (PBS)
and then stained with Hoechst 33258 (5 pg/ml) (stock solu-
tion 1 mg/ml in sterile water) for 5 min at 37°C. The stained
cells were washed with PBS two times and then observed
immediately using fluorescence microscopy. A filter set of Ex/
Em of BP330-380/LP420 nm was used, and the images were
recorded by a color charge-coupled device camera.

Confocal laser scanning microscopy. The mitochondrial
membrane potential (AYm) was measured using confocal laser
scanning microscopy (CLSM) with rhodaminel23 staining.
Briefly, CNE2 cells were treated with ultrasound for 12 sec
at an ultrasonic intensity of 1.35 W/cm?, and were further
incubated for 4 h. The rhodaminel23 (dissolved in DMSO to
produce a 1 mg/ml stock solution) (5 xg/ml) was added 30 min
before cell harvesting. After being washed with PBS, the cells
were observed using CLSM (LSM 510; Zeiss, Esslingen,
Germany) with the excitation setting at 488 nm.

Transmission electron microscopy. Transmission electron
microscopy (TEM) was performed to identify mitochondrial
morphological changes and autophagy of the CNE2 cells
18 h after ultrasound exposure. Fixed cells were post-fixed in
2% 0s0,, dehydrated in graded alcohol and flat embedded in
Epon 812 (Electron Microscopy Sciences, Fort Washington,
PA, USA). Ultra-thin sections (100 nm) were prepared, stained
with uranyl acetate and lead citrate, and examined under an
electron microscopy (H-600; Hitachi, Japan).

Statistical analysis. All data were processed using one-way
analysis of variance (ANOVA). A P-value of <0.05 was consid-
ered to indicate a significant difference.
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Figure 1. Cytotoxic effect of ultrasound on CNE2 cells 24 h after ultrasound
exposure was assessed by MTT assay. The frequency of ultrasound was
1.7 MHz and the spatial average ultrasonic intensity was set at 1.35 W/cm?.

Results

Cytotoxicity of ultrasound in CNE2 cells. To assess the
cytotoxicity of ultrasound in the CNE2 NPC cell line, the
ultrasound-treated cells were incubated for 24 h. The cytotoxic
effect of ultrasound on the CNE2 cells is shown in Fig. 1. The
death rate of CNE2 cells exposed to ultrasound (1.7 MHz) at
1.35 W/cm? was significantly higher compared to the death
rate of CNE2 cells in the absence of ultrasound exposure
(P<0.05). The death rate increased along with the ultrasound
exposure time, showing that ultrasound treatment definitively
killed CNE2 cells.

Nuclear damage. The CNE2 cells were stained using
Hoechst 33258 after ultrasound treatment, and normal cells
displayed a weak fluorescence as shown in Fig. 2A. As shown
in Fig. 2B, nuclear condensation and fragmentation were
observed in the cells 18 h after ultrasound treatment.

Confocal laser scanning microscopy. CLSM analysis with
rhodaminel23 staining was used to measure the mitochondrial
membrane potential (MMP). A significant collapse of MMP
was noted in the CNE2 cells after the treatment of ultrasound
(Fig. 3).

Transmission electron microscopy. TEM showed the integ-
rity of cell membranes and many normal mitochondria in
the CNE2 cells 18 h after sham treatment (Fig. 4A). After
ultrasound treatment, swollen mitochondria, vacuoles and
autophagosomes were noted in the treated cells (Fig. 4B).
This demonstrated that ultrasound significantly results in the
ultrastructural damage and induced autophagy of CNE2 cells.

Discussion

Ultrasound therapy, as a non-invasive modality, has shown
promise as a novel technique in the management of tumors
(5,6). To investigate the effect of low-intensity ultrasound
on NPC cells, the poorly differentiated CNE2 cell line was
chosen as tumor model cells for cytotoxic assay 24 h after
ultrasound exposure in the present study. The results showed
time-dependent cytotoxicity in CNE2 cells after ultrasound
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Figure 2. Nuclear damage in CNE2 cells 18 h after ultrasound treatment was analyzed by the Hoechst 33258 staining method. (A) Control. (B) Ultrasound
treatment.

A

Figure 3. Collapse of MMP in CNE2 cells demonstrated by confocal laser scanning microscopy with rhodaminel23 staining 4 h after ultrasound treatment.
(A) Control. (B) Ultrasound treatment. Bar, 150 pm.

Figure 4. Investigation of ultrastructural morphology and autophagy of CNE2 cells using TEM at 18 h after ultrasound treatment. (A) Control. (B) Ultrasound
treatment. a, normal mitochondrion; b, swollen mitochondria; ¢, autophagosome; d, mitochondrial myelin-like body; e, vacuole. Magnification, x20,000.
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exposure at the intensity of 1.35 W/cm?. These findings
revealed that low-intensity ultrasound markedly killed NPC
cells. However, the underlying mechanisms are still unclear.

Structural and/or functional changes always occur in
biological tissues upon exposure to ultrasound. The structural
changes range from slight damage to cell death (6). The degree
of structural and/or functional damages and the ability of the
cells to repair the damages determine the mode of cell death,
which manifests as instant lysis, necrosis or apoptosis (6).
Lysis and necrosis consist of a passive route which usually
triggers rigorous inflammation, directly resulting in cell death.
Apoptosis, a carefully regulated mode of cell death involving
reduced immune reaction, is a preferred mode of killing
cancer cells (11). In this study, typical apoptotic characteris-
tics, such as nuclear condensation and fragmentation, were
observed 18 h after treatment with low-intensity ultrasound.
A significant collapse of MMP was concomitantly observed
in CNE2 cells after treatment with low-intensity ultrasound
as determined by CLSM with rhodaminel23 staining. The
collapse of MMP is an early event in the process of apoptosis
(14). Therefore, our findings demonstrated that low-intensity
ultrasound significantly induced apoptosis of CNE2 cells.

In our TEM, swollen mitochondria and vacuoles were found
in the cells treated with low-intensity ultrasound, demonstrating
that low-intensity ultrasound significantly damages mitochon-
drial structure. Additionally, CLSM showed that low-intensity
ultrasound markedly decreases the fluorescent intensity value
of rhodaminel23. The fluorescent intensity value of rhoda-
minel23 reflects MMP and the functions of mitochondria
(15,16). These findings indicate that low-intensity ultrasound
causes the damage of mitochondrial morphology and func-
tion. Mitochondrial damage directly affects cellular energy
metabolism, cell activity and even cell death (16,17). At the
same time, autophagosomes were observed in the cells treated
with low-intensity ultrasound. This suggests that low-intensity
ultrasound induces the autophagy of CNE2 cells. Autophagy
is an evolutionarily degradative mechanism that is essential
for growth regulation and maintenance of homeostasis in all
eukaryotic cells (18,19). Defective autophagy causes a variety
of diseases, including malignant tumors (19,20). Basal levels
of autophagy may act as a tumor-suppressor mechanism.
Autophagic induction is regarded by several researchers as
an important strategy for treating cancer (12). Conversely,
multiple lines of evidence indicate that autophagic occur-
rence may also permit the survival of cancer cells in response
to external stress or cytotoxic drugs (20). Therefore, it is
unclear whether autophagy induces the death of CNE2 cells
or promotes their survival after treatment with low-intensity
ultrasound. The exact mechanism should be determined in
future investigations.

In summary, the present study demonstrated that
low-intensity ultrasound significantly damages CNE2 cells.
Our results emphasize that autophagy may be an important
event in ultrasound-induced cell death.
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