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Abstract
We investigated the anti-tumor efficiency of sonodynamic therapy (SDT) on human tongue
squamous carcinoma SAS cell line using low intensity ultrasound (LIU) of 0.6 and 0.8 W/cm?,
plus 5-aminolevulinic acid (ALA). Xenograft in vivo experiments using Balb/ca nude mice and
MTT assays in vitro showed that ALA-LIU therapy significantly suppressed the proliferation of
SAS cells. ALA-LIU therapy markedly enhanced SAS cell apoptosis rate compared to LIU alone.
Based on TEM and fluorescence microscopy observations, there are notably morphology
changes and seriously swollen mitochondria in xenograft tissues, and ALA-induced PpIX bond
strongly to mitochondria of SAS cells. Immunohistochemical staining and western blotting
demonstrated upregulation of Bax, cytochrome c and caspase-3, and downregulation of Bcl-2
for both in vivo and in vitro cases after ALA-LIU treatment. Increase of reactive oxygen species
(ROS) in the ALA-LIU treatment groups were found using 2, 7-dichlorofluorescin diacetate
(DCFH-DA) staining. Administration of the ROS scavenger, N-acetylcysteine (NAC), suppressed
ALA-LIU-induced apoptosis and the expression of mitochondria apoptosis-related proteins,
which confirmed that the ALA-LIU induced SAS cell apoptosis is through the generation of
ROS. The process initially damaged mitochondria, activated pro-apoptotic factors Bax and
cytochrome c and supressed the anti-apoptotic factor Bcl-2, activated caspase-3 to executed
apoptosis through mitochondrial signaling pathway.

Copyright © 2012 S. Karger AG, Basel

Jinhua Zheng, PhD Department of Anatomy, Harbin Medical University, Harbin, Heilongjiang
194# Xuefu Road, Nangang District, Heilongjiang, 150081 (PR.China)
Tel +86-451-86674508, Fax: +86-451-86674001
E-Mail jhzhenghrbmu@yahoo.cn; dzk@psu.edu

321



DOI: 10.1159/000339067 © 2012 S. Karger AG, Basel

1 1 i ine: www.karger.com/cpb
and B|Ochemlstry Published online: June 25, 2012 9 p
Lv/Fang/Zheng et al.: Low-intensity Ultrasound and 5-aminolevulinic Acid Therapy on
Tongue Carcinoma

Introduction

Tongue cancer ranks as the most malignant of oral cavity cancers, characterised
by rapidly growing tumours. Traditional surgical excision causes facial disfigurement,
difficulties in chewing and swallowing, and dysphasia, while concurrent chemotherapy and
radiotherapy also give rise to side effects in patients with poor prognosis [1]. Sonodynamic
therapy (SDT) is a novel non-invasive intervention strategy for tumour treatment, whose
anti-tumour activity arises from the synergistic effects from the combined application of
low-intensity ultrasound (LIU) and sonosensitisation. This procedure selectively kills local
primary and recurrent tumour cells by utilising the targeting ability of the sonsensitiser and
the localisation ability of ultrasound energy. Thus, SDT can effectively target and inhibit the
growth of various cancer cell types in vitro and in vivo [2-7].

Many investigators believe that apoptosis plays a vital role in the anti-cancer effect of SDT
[4, 8-12]. It is widely accepted that ultrasound activate sonosensitisers to produce cytotoxic
reactive oxygen species (ROS) such as singlet oxygen (0?), which can destroy cells on contact
[8, 9, 12]. Furthermore, the activities of various key anti-oxidases, including superoxide
dismutase (SOD) and haeme oxygenase (HO)-1, are weakened by SDT [13, 14], suggesting the
importance of oxidative stress in cellular apoptosis induced by ultrasound or SDT. The most
commonly used sonosensitisers, haematoporphyrin (Hp) and their derivatives, selectively
accumulate on tumour sites, and within a few hours, they are rapidly excreted from the body
with little residual cellular toxicity. The sub-cellular localisation of the sonosensitiser, such
as cell membranes and mitochondria, was typically identified as the sites of cellular damage
by ultrasound. Endogenous protoporphyrin IX (PpIX), but not exogenous PplX, converted
from the 5-aminolevulinic acid (5-ALA) mainly accumulated in the mitochondria [15].

High-intensity focused ultrasound (HIFU) has already been in clinical use for the
treatment of tumours, with an effectiveness that has been confirmed by clinical research
[16]. However, HIFU has a limited treatment volume, and may cause overheating of normal
surrounding tissues. More importantly, it primarily induces cell necrosis, which may cause
an unpredictable immune response and trigger metastasis. Non-thermal LIU may assist in
the treatment of tumours by suppressing the mitosis of cancer cells, but LIU alone could also
trigger the proliferation of malignant cells, contributing to metastasis [17].

The effectiveness of low intensity ultrasound is related to its promotion of non-thermal
effects, including mechanical and indirect chemical effects, which result in tumour inhibition
[18, 19]. In a previous study, we showed that ALA combined with LIU acted synergistically to
cause damage to and apoptosis of SAS cells in vitro. Excessive intracellular ROS production
induced by ALA-LIU, followed by an increase in lipid peroxidation (LPO) and a decrease in
mitochondrial membrane potential (MMP), were primarily responsible for the significantly
higher cell apoptosis rates compared with the use of LIU alone [20]. In this study, we assess
the inhibitory effect of ALA-LIU on human tongue squamous carcinoma in Balb/ca nude
mice and in SAS cells. The focus of our attention is oxidative stress in mitochondria and
intracellular Ca?*-mediated apoptosis pathways in ALA-LIU-induced apoptosis.

Materials and Methods

Tumour model and localisation of 5-ALA converted PplX in vivo and in vitro

Male Balb/ca nude mice (SLAC; Shanghai Laboratory Animal Center, Shanghai, China) were housed in
dedicated, pathogen-free barrier facilities. A 0.2 mL suspensions of tongue squamous carcinoma SAS cells
(Human Science Research Resources Bank, Osaka, Japan) at a density of 1 x 10° cells/mL in serum-free
medium were subcutaneously (s.c.) injected into the right-hand flanks of four-week-old mice. Following
tumour formation, the mice were intravenously (i.v.) injected with 250 mg/kg of 5-ALA (Sigma Chemicals,
St. Louis, MO, USA) solution. The distribution of 5-ALA-endogenous PpIX in mice was measured every 2 h
through the red fluorescence intensity of PpIX under the excitation supplied by a 405-nm blue light source.
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Cells were seeded in six-well plates and incubated with serum-free RPMI 1640 medium containing 10
pg/mL 5-ALA for 4 h, re-suspended in phosphate-buffered saline (PBS), and co-stained with 10 pg/mL of
rhodamine 123 (Sigma Chemicals, St. Louis, MO, USA) for 10 min. After washing twice with PBS, the cells
were observed under a fluorescence microscope for the sub-cellular localisation patterns.

Sonication device and treatment protocol in vivo and in vitro

The ultrasonic generator and power amplifier used in this study was assembled by Harbin Institute
of Technology (Harbin, China), as shown in Figure 1A. Murine tumours were immersed in degassed water,
and placed directly in line with the center of ultrasonic transducer (diameter: 2.5 cm; centre frequency:
1.0 MHz; duty factor: 10%; repetition frequency: 100 Hz) surface at a distance of 15 cm, to ensure field
uniformity. The internal surface of the glass tank was padded with ultrasound-absorbing materials to
minimise reflection waves. The ultrasonic intensity used was 0.8 W/cm? as measured inside the tank by
using a hydrophone (Onda Corp., Sunnyvale, CA, USA). The temperature of the water was maintained at 25°C
+ 2°C during the sonication. When the tumours had grown to a diameter of 5-7 mm within approximately
10 days of implantation, the animals were randomly divided into six groups to undergo varying treatments:
the control group (C), 250 mg/kg of 5-ALA solution alone (A), sonication alone - twice (Us,), sonication
- once plus 5-ALA (AUs,), sonication - twice plus 5-ALA (AUs,), and sonication - thrice plus 5-ALA (AUs,).
Ultrasound radiation was applied for 15 min at each treatment, and the interval between treatments was 6
h. Sonication began at 12 h after injection with 5-ALA solution in the sonication plus 5-ALA groups.

In the in vitro experiments, the cells were sealed in a suspension bag inside a water tank, and positioned
9 cm from the transducer surface to utilise the far field for uniformity. The ultrasound frequency was 0.87
MHz, provided in a pulse wave mode with a duty factor of 60% and a repetition frequency of 100 Hz;
ultrasonic intensity at this position was 0.6 W/cm?, as measured by a hydrophone. The SAS cell suspension
was divided into eight groups: control (C), 5-ALA alone (A), sonication - 1 min (U,), sonication - 3 min
(U,), sonication - 5 min (U,), sonication - 1 min plus 5-ALA (AU,), sonication - 3 min plus 5-ALA (AU,), and
sonication - 5 min plus 5-ALA (AU,). For the A and AU groups, the cell suspensions were mixed with 10
pg/mL 5-ALA solution, and incubated for 4 h in the dark. For the U and AU groups, the cell suspensions were
placed in small PE bags (1.5 x 2.0 cm) and sonicated at 37°C in the dark.

Evaluation of anti-tumour effect

The long and short diameters (a and b, in millimeters, respectively) of the tumours were measured
daily with a slide caliper after the treatments. Tumour volumes were calculated according to the formula
[(m/6) a x b?]. All mice were sacrificed 10 days after drug administration.

Transmission electron microscopy

Xenografts were dissected and fixed with 2.5% glutaraldehyde for 2 h, post-fixed in 1% osmium
tetroxide (0s04) at 4°C for 2 h, and embedded with Epon812 for 72 h at 60°C. Ultra-thin sections were cut
and stained with uranium acetate, followed by lead citrate, and then observed under a transmission electron
microscope (Hitachi, Tokyo, Japan).

TUNEL assay for apoptotic cells in vivo

Apoptosis was assessed in xenograft tumours by using the terminal deoxyribonucleotide transferase-
mediated nick-end labelling (TUNEL) method in combination with an in situ apoptotic detection kit (Boster
Biological Technology, Ltd., Wuhan, China), according to the manufacturer’s instructions, and stained with
diaminobenzene (DAB) for 10 min. Slides were examined using a polarised light microscope (Nikon, Tokyo,
Japan).

Immunohistochemical staining

Tumours were harvested, fixed in 4% paraformaldehyde (PFA), dehydrated with a graded ethanol
series, cleared in dimethylbenzene, and embedded in paraffin. Next, tissue blocks were cutinto 4-pum sections
by using a paraffin-slicing machine (Leica, Nussloch, Germany), and mounted on glass slides. Tissue sections
were deparaffinised and rehydrated, heated in citrate buffer (0.01 M, pH 6.0), and treated with endogenous
peroxidase at room temperature. After blocking in 10% goat serum, the sections were stained with rabbit
polyclonal anti-Bcl-2 (1:200; Santa Cruz Biotechnology, Inc., CA, USA), mouse monoclonal anti-caspase-3
(1:200; Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-Bax (1:200; Santa Cruz Biotechnology, Inc.),
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or rabbit polyclonal anti-cytochrome c (1:300; Boster Biological Technology, Ltd.) primary antibodies and
incubated overnight at 4°C. Subsequently, sections were incubated with secondary antibodies and stained
with DAB reagent. Finally, all sections were observed under an electron microscope. Immunopositive
expression in cells was quantified with integrated optical density (10D) values by using Image Pro Plus (IPP)
software 6.0 (Media Cybernetics, Inc., Bethesda, MD, USA).

All animal experiments strictly followed the guidelines of the Laboratory Animal Committee of the
Harbin Medical University.

Assessment of cell viability in vitro

After various treatments, cells were re-incubated in 96-well plates for 1, 2, 4, 6, and 12 h. Cell viability
was measured using MTT cell proliferation assays and a Cytotoxicity Detection Kit (KeyGen Biotech, Nanjing,
China). The absorbance value (AV) was measured at 570 nm by using a microplate reader (Awareness
Technology Inc., Burlington, VT, USA). The percentage of cell viability was calculated using the following
formula: (AV of experiment well/AV of control well) x 100%.

Cell apoptosis analysis

An annexin V-PI apoptosis detection kit (KeyGen Biotech) was used for apoptosis analysis. The treated
and control cells were harvested, and washed three times with PBS at 4°C. Annexin V (5 pL) and propidium
iodide or PI (5 pL) were added to 490 pL of suspension, and mixed gently. After incubation at 4°C for 30 min
in the dark, the cells were observed under a fluorescence microscope (Olympus, Tokyo, Japan) and counted
by a flow cytometer (FACSCount, NY, USA).

Immunoblotting

Cells were lysed in RIPA buffer (Beyotime Biotechnology Inc., Nantong, China) on ice. Protein
concentrations were determined using a BCA Protein Assay Kit (Beyotime Biotechnology Inc.). Cell lysates
(50 pgof protein) were separated by 10% SDS-PAGE, and electrophoretically transferred onto polyvinylidene
fluoride membranes. After blocking in TBS-T containing 5% low-fat milk, the membranes were incubated
overnight at 4°C with primary antibodies against the target proteins Bcl-2 (1:200), Bax (1:200), cytochrome
¢ (1:200), caspase-3 (1:200), with B-actin as a loading control. After washing twice with TBS-T, the
membranes were incubated with secondary anti-rabbit IgG antibody linked to horseradish peroxidase, and
protein levels were detected using an ECL detection system (Amersham, Uppsala, Sweden).

Measurement of intracellular ROS

Intracellular ROS levels were determined by detecting the fluorescence of 2, 7-dichlorofluorescein
(DCF) by using a ROS assay kit (Applygen, Beijing, China). After treatment, cells were plated onto cover-slips
in 12-well plates in serum-free dichlorofluorescin diacetate (DCFH-DA, 10 pM) at 37°C for 20 min in the
dark. Cover-slips were rinsed three times in PBS, and then mounted onto glass for microscopic observation.
The level of intracellular ROS was determined by the fluorescent intensity quantified with 10D values.

In experiments involving the ROS scavenger N-acetylcysteine (NAC), the cells were pre-treated with 10
mM NAC (Beyotime Biotechnology Inc.), immediately followed by ultrasound exposure.

Intracellular Ca** concentration assay

Intracellular Ca? concentration ([Ca?7i) was measured using the fluorescent Ca* probe fura-2 AM
(Beyotime Biotechnology Inc.). After treatment, cells were incubated with 4 pM fluo-2 AM at 37°C for 30
min in the dark, and gently rinsed twice with D-Hanks’ solution. Fura-2 fluorescence was observed under a
fluorescence microscope. Fluorescence intensity was determined using a Cary Eclipse Spectrophotometer
(Varian, Madrid, Spain) with excitation and emission wavelengths of 340 nm (or 380 nm) and 510 nm,
respectively. The [Ca*']i was estimated by the 340/380-ratio method, by using a Kd value of 224 nM.

Statistical analysis

All data are shown as the mean * standard deviation (SD) values. The difference between groups
was analysed according to Student’s t-test. Statistical evaluation was performed using SPSS 13.0 software.
Differences were considered statistically significant at P < 0.05.
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Fig. 2. Inhibition of growth of SAS cells in vivo and in vitro. (A) Average tumour volume observed after
different treatments. Error bars represent the SD (n = 3). *p < 0.05 and **p < 0.01 vs. C or A group. (B)
Cell proliferation effect of different treatments, as tested by MTT assay. Cell viability was presented as
a percentage of AV570 relative to the control group and is represented as the mean # SD value of three
experiments. **p < 0.01 vs. C or A group.

Results

Protoporphyrin IX produced by metabolism of 5-ALA in vivo was localised to tumour sites

To observe the aggregation of endogenous PpIX in tongue cancer xenografts, mice were
illuminated every 2 h with a 405-nm blue light source after the injection of 5-ALA solution.
The results showed that the red fluorescence of PpIX concentrated in the tumour sites;
the intensity was the strongest at 12 h after injection, and had practically diminished by
24 h (Fig. 1B). Therefore, the ultrasound treatment time was chosen as 12 h after 5-ALA
administration for future experiments.

ALA-LIU significantly suppressed the proliferation of human tongue squamous carcinoma

SAS cells in vivo and in vitro

The anti-tumour efficacy of ALA-LIU was evaluated in vivo. Tumour growth in different
treatment groups was evaluated by measuring tumour volumes. As shown in Figure 24,
tumour growth remained unchanged compared with the controls when the tumours were
treated with 5-ALA alone. Sonication alone resulted in some degree of anti-tumour activity,
becoming weaker with time post-treatment, and there was no significant difference in the
growth rate compared with the control group on day 8. However, ultrasound combined with
5-ALA substantially inhibited tumour growth, and the effect was noticeably enhanced with
an increase in ultrasound treatment time.

The survival rate of SAS cells under different treatment regimens was detected by MTT
assays in vitro. As shown in Figure 2B, both ultrasound alone and in combination with 5-ALA
suppressed cellular proliferation during the same treatment interval, and the cell viability
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Fig. 3. Apoptosis induction with ALA-LIU or LIU in vitro and in vivo. (A) Fluorescence microscopy images
of apoptotic SAS cells subjected to Annexin V-PI double staining in vitro following 4-h incubation after ALA-
LIU treatment. Annexin V-FITC in conjunction with PI staining could distinguish early apoptotic (Annexin V-
FITC-positive cells yielded green fluorescence) from late apoptotic (Annexin V-positive and PI-positive cells
yielded green and red fluorescence, respectively) cells. The white arrow points out the nuclear fragments of
the apoptotic cells. Bar: 50 um. (B) The rate of apoptosis of SAS cells as determined by FACS assay in vitro.
*p < 0.05 and *# p < 0.01 among groups. (C) Representative images of TUNEL staining of apoptotic cells
(brown) in tumour tissue. The red arrow points out the nuclear fragments of the apoptotic cells. Bar: 50
um. (D) The cell apoptosis rate in vivo was calculated according to the formula: number of positive-stained
cells/number of total cells. **p < 0.01 compared with C or Us2 group.

was lower in the corresponding AU groups. The inhibition effect in the AU groups became
stronger and the cell viability was at a minimum 4 h after treatment; the cell viabilities in the
AU, AU,, and AU, groups were 70.5% * 2.8%, 60.4% * 2.7%, and 54.3% * 3.1%, respectively.
At 6-h incubation after the treatment, cell activity increased only slightly in the AU groups,
but showed a marked recovery in the U groups, indicating that ALA-LIU can persist in
inhibiting cellular proliferation, with the effect strengthening with the increase in ultrasound
irradiation time, similar to the in vivo results.

ALA-LIU induced apoptosis of SAS cells in vivo and in vitro

The ability of SDT to induce cellular apoptosis has been confirmed in several cell lines
[4, 6, 7,9], and is regarded as the primary mechanism by which SDT inhibits tumour growth.
To analyse the pro-apoptotic effect of ALA-LIU on SAS cells, annexin V-PI double staining
and FACS analysis were performed. Fluorescence microscopy images showed that ALA-LIU
induced both early- and late-stage apoptosis in SAS cells, as indicated by fragmented and
irregularly stained nuclei (Fig. 3A). Subsequent FACS analysis revealed that there was a
significant difference (P < 0.05 or P < 0.01) in the total apoptosis rate between the U, group
and AU groups (Fig. 3B), including between the U, group and AU, group. The total apoptosis
rates of the AU, AU,, and AU, groups were 16.61% + 1.13%, 20.53% =+ 0.48%, and 30.31% =
2.48%, respectively.

Subsequently, TUNEL assays were used to detect whether apoptosis could be induced by
ALA-LIU invivo. As shown in Figure 3C, ultrasound irradiation alone resulted in less apoptosis,
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Fig. 4. Ultrastructural changes to the cells in xenograft tissue and co-localisation of ALA-induced PpIX and
mitochondria in vitro. (A) Transmission electron microscopy images of SAS cells after ALA-LIU treatment.
a, Tumour cells in untreated tissue. b, ¢, d, and e, Tumour cell in ALA-LIU treated tissues. b, Tumour cells
presenting with small volume. cand d, Mitochondria in the cells (white arrows) were swollen and vacuolated,
at times. The endoplasmic reticulum (black arrows) expanded in the shape of cords. e, Apoptotic bodies.
(B) Intracellular localisation of ALA-induced PpIX. SAS cells were co-loaded with mitochondria tracker
(Rhodamine 123) and 10 pg/mL ALA for 4 h. Rhodamine 123 (green panel) and endogenous PpIX (red
panel) were visualised by fluorescence microscopy. Bar: 50 pm.

while positive particles (indicative of apoptosis) significantly increased in the corresponding
AU groups. The nuclei of some tumour cells consisted of condensed chromatin, and they
were fragmented, demonstrating typical features of apoptosis. The apoptosis rate increased
with the number of treatments (one, two, and three) in the AUs groups, and was at least 1.7,
3.2,and 4.5 times greater than the sonication alone group (Us,), respectively (Fig. 3D). These
results demonstrated that ALA-LIU effectively induced apoptosis of SAS cells in vivo, which
may be the primary mechanism for the arrest of cancer cell proliferation.

ALA-LIU induced cell apoptosis by the endogenous mitochondria caspase pathway

Toidentify the mechanism responsible for SAS cell apoptosis, we observed ultrastructural
changes of tumour cells in xenograft tissues after ALA-LIU treatment, by using a transmission
electron microscope. The sizes of the tumour cells in the AU group (Fig. 4Ab) were reduced
compared to the untreated group (Fig. 4Aa). Tumour cells in some areas had a large number
of swollen mitochondria with fragmented or absent ridges (Fig. 4Ac). Surprisingly, it was
observed that the cell nuclei and membranes showed no evident changes in these cells.
The mitochondria of some cells were even vacuolated, in which the ridges had completely
disappeared. Furthermore, the endoplasmic reticulum were expanded into cord-like shapes
(Figs. 4Ac and 4Ad), and the nuclear chromatin was condensed and distributed around the
edge of the nuclei, presenting the classical appearance of apoptotic cells. Other tumour
tissues exhibited typical apoptotic bodies, as shown in Figure 4Ae. This morphological
evidence showed that apoptosis induced by ALA-LIU began from the mitochondria. Prior
to the occurrence of apoptosis, the organelles initially demonstrated large morphological
changes, especially in the mitochondria.

Figure 4B showed that endogenous PpIX (emitting red fluorescence) was distributed
in the cytoplasm, co-localised to the same region as the mitochondria (marked with green

327



Cellular Physiology

Cell Physiol Biochem 2012;30:321-333

DOI: 10.1159/000339067

© 2012 S. Karger AG, Basel
www.karger.com/cpb

and B|Ochemlstry Published online: June 25, 2012
Lv/Fang/Zheng et al.: Low-intensity Ultrasound and 5-aminolevulinic Acid Therapy on
Tongue Carcinoma

(A) (B)

o, 2 — .
58 .
C Us, AUs Et i ” cEr
: 4 28 | 25 - , !
251 &5
e g «
o Fitad ' 2 i 3 = |
Bel-2 % X ot L LY c Us,  AUs,
ot wa— e Treatment group Treatment group
* »
"‘éi e i S | o ™ = n £y
i L e iz~ 38w
»a R i EE
1 ) =
53 ES $3 ° "
=g Z L)
5 8 &
Bax L g 2 58 -
o e [:;E 2 | “E .,
L AL c Us.  AUs, = Us, AU,
L -y Treatment group Treatment group
(C) ultrasound exposure time 0 3 1 3 5
- = + + +
cytochrome ¢ ALA
. ultrasound -+ + + +
#
Bax |_,,._... - s v-‘
caspase-3

cytochrome ¢ |M

caspase-3  |wm— W oo

actin I — %

Fig. 5. Effect of ALA-LIU on mitochondrial apoptosis proteins in SAS cells in vivo and in vitro. (A)
Immunohistochemical analysis in vivo showing cytoplasmic staining for Bcl-2, Bax, cytochrome-c, and
caspase-3. Bar: 50 pm. (B) The expression level of each protein in in vivo experiment was evaluated using
the mean IOD value. Data are presented as the mean * SD values. *p < 0.05 and **p < 0.01 vs. C group. (C)
Changes in the expression of cytochrome c, Bcl-2, Bax, and caspase-3 after various treatments were analysed
by immunoblotting in vitro. Increased expression of Bax, cytochrome c, and caspase-3 and decreased
expression of Bcl-2 were observed in an ultrasound-exposure time-dependent manner in ultrasound
combined with ALA treatment groups.

fluorescence), implying that endogenous PplX was converted from 5-ALA bound to the
mitochondria of SAS cells. Since PpIX is sonosensitive, ultrasound irradiation implemented
at this time will cause direct damage to the mitochondria, and triggered cell apoptosis.

To confirm that mitochondria play a role in the pro-apoptotic effect of ALA-LIU, we
examined the expression of mitochondrion-associated apoptotic factor cytochrome c,
mitochondria apoptosis regulatory factors Bcl-2 and Bax, and apoptotic executive factor
caspase-3, by immunohistochemical staining and western blot analyses in vivo and in
vitro. The above proteins were expressed in the cytoplasm of each group (Fig. 5A). Protein
expression levels were assessed by the mean 10D value of the positively stained particles.
The expression of cytochrome ¢, Bax, and caspase-3 was significantly higher (P < 0.05 or P <
0.01), while that of Bcl-2 was lower (P = 0.03) in the AU group than in the control group (Fig.
5B). Similar results were achieved in the AU group in vitro by western blotting, which also
revealed that the effect of ALA-LIU increases with the treatment time (Fig. 5C).

ROS play a key role in the ALA-LIU-induced mitochondria apoptosis pathway

Previous studies have shown that ultrasound combined with a sonosensitiser can
raise the level of intracellular ROS in the tumour cells in vitro [4, 8, 21, 22]. Therefore, we
hypothesised that ALA-LIU triggers apoptosis pathway by ultrasound stimulation of the 5-
ALA-converted PpIX in the mitochondria to produce ROS, which damaged the sub-cellular
structure. The SAS cells were incubated with DCFH-DA to determine whether treatment with
ALA-LIU is associated with the generation of ROS. As shown in Figures 6A and B, ALA-LIU
treatment dramatically increased ROS generation compared with the control cells and had
an ultrasound irradiation time-depending manner.
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Fig. 6. Effect of reactive oxygen species (ROS) in SAS cells induced by ALA-LIU. (A) Intracellular ROS
production in SAS cells were observed under the fluorescence microscope by using 2°,7’-dichlorofluorescin
diacetate (DCFH-DA) staining. Light green fluorescence shows increased levels of ROS in the cytoplasm in
AU groups. Bar: 50 pm. (B) ROS level was evaluated by fluorescence intensity analysis for each cell. Data
were presented as the mean * SD values from three independent experiments. ** p < 0.01 vs. C group. (C)
Effect of ROS inhibitor (NAC) on cell apoptosis studied by FACS assay in vitro. (D) Effect of NAC on proteins
activity in vitro. ALA-LIU induced the activation of Bax, cytochrome-c, and caspase-3 and deactivation of Bcl-
2, while NAC reversed the expression of the above factors induced by ALA-LIU.

Subsequently, we checked the influence of ROS on SAS cell apoptosis induced by ALA-
LIU by using the ROS scavenger NAC. The FACS results showed that cells pre-treated with
NAC showed a marked reduction in the total cell apoptosis rate of the AU group (Fig. 6C). The
effects of NAC on the expression of cytochrome c, Bcl-2, Bax, and caspase-3 in the ALA-LIU
treated group were further examined by western blotting. As expected, the expressions of
these proteins were restored in the AU group when the cells were pre-treated with NAC (Fig.
6D). Interestingly, there were no obvious changes in protein expressions in the sonication
alone group, even after pre-treatment with NAC.

Intracellular Ca?* participated in cell apoptosis induced by ALA-LIU

The ultrastructural changes to the endoplasmic reticulum induced by ALA-LIU may
result in changes in the intracellular Ca®* concentration, and there exists a close relationship
between intracellular Ca?* concentration and ROS generation in signal transduction pathways.
Therefore, the induction of apoptosis by ALA-LIU was investigated to determine a possible
relationship with the increase in intracellular Ca®* concentration. As shown in Figures 7A
and B, the treatment of SAS cells with ALA-LIU led to a dramatic increase in intracellular Ca%
levels. The effect of NAC on the intracellular Ca?* level in LIU- and ALA-LIU-treated SAS cells
was further examined. As expected, the cells pre-treated with NAC (10 mM) show a marked
reduction in the intracellular Ca? levels in the AU group, which indicated that the increased
Ca*levels induced by ALA-LIU was associated with ROS generation.
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Fig. 7. Effects of ALA-LIU on intracellular
Ca* concentration [Ca*]i. (A) Fluorescence (A)
microscopy images of SAS cells subjected
to different treatments were loaded with
Fluo-2 AM (green fluorescence). Green
fluorescence indicated increased [Ca?']i in
the cytoplasm. The fluorescence intensities
were restored by pre-treatment with the
antioxidant NAC in AU2 group. Bar: 50 pm. NAGCH
(B) A fluorescence spectrophotometer was
used to determine the level of intracellular
[Ca%]i. Treatment of SAS cells with ALA-LIU
for 4 hled to a marked increase in the [Ca?*]i. (B
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Discussion

Sonodynamic therapy, which utilises the synergistic effect of LIU and non-toxic
sonosensitisation, has aroused the increasing interest of medical researchers as a non-
invasive and reproducible method for cancer treatment [4, 17, 23-25]. As a photosensitising
agent, 5-ALA has been examined in the context of diagnosis and treatment of PDT [26, 27].
Since 5-ALA is not itself photosensitive, it need not be used in the dark, and may be consumed
orally in a clinical setting. In the present study, we demonstrated that the combined use
of 5-ALA and LIU can significantly inhibit the growth of human tongue carcinoma in vivo
and in vitro. We observed that the inhibitory effect of ALA-LIU is conducted through the
mitochondrial apoptosis pathway with the involvement of reactive oxygen species (ROS).

Previous studies have reported that an intensity of 3 W/cm? (or occasionally 2 W/cm?)
is the critical threshold value between low-level and high-level ultrasound. However, most
investigators believe that the threshold level should be evaluated by the bio-effects produced
in a specific tissue [17, 28]. Some investigators hold the view that ultrasound promotes the
growth of tissues and cells rather than supporting an inhibitory effect when the ultrasonic
intensity is lower than 1 W/cm?[29, 30]. The LIU, combined with a sonosensitiser or SDT, is
very promising technique for tumour suppression without any side effects and damage to
the normal surrounding tissues. Compared to ultrasound irradiation alone, SDT can greatly
suppress cellular proliferation [2, 13, 31-34]. Investigators have previously reported that
different intensity of ultrasound combined with diverse sonosensitisers produced distinct
biological effects on specialised cells and tissues [13, 31, 32, 35]. In our study, the intensity of
ultrasound was less than 1 W/cm? in both in vivo and in vitro experiments. We evaluated the
growthinhibitionand apoptosis of SAS cellsinduced by 5-ALA-mediated SDT, and screened the
ultrasound parameters (including frequency, intensity, duty factor, duration, and treatment
protocol). We confirmed that 5-ALA-based SDT effectively inhibited the proliferation of SAS
cells, with a long-term inhibitory effect, compared to sonication alone (Fig. 2).

Our preliminary data in vitro (Figs. 3A and B) and in vivo (Figs. 3C and D) suggested that
the ALA-LIU could effectively induce SAS cell apoptosis. Furthermore, for the same 5-ALA-
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converted PpIX concentration, the apoptosis rate depends on the ultrasound irradiation time,
allowing the user to regulate the degree of apoptosis by controlling ultrasound sonication
time.

The ultrastructural changes in tumour cells (Fig. 4A) showed that mitochondria were the
most obviously altered organelles, occurring prior to the changes observed in the nuclei and
cell membranes. Therefore, we hypothesise that the apoptosis induced by ALA-LIU, which
initially causes damage to the mitochondria, is distinct from the apoptosis induced by other
sonosensitiser-mediated SDTs [8, 10, 14, 15, 36], which initially causes damage to the cell
membrane. The location of endogenous PpIX converted from 5-ALA in the mitochondria (Fig.
4B) supported this hypothesis. We found that the expression levels of the mitochondrion-
associated pro-apoptosis proteins Bax, cytochrome c, and caspase-3 were increased, while
the expression level of the apoptosis inhibitory protein Bcl-2 was decreased after ALA-LIU
treatment in vivo (Figs. 5A and B) and in vitro (Fig. 5C) in an ultrasound-exposure time-
dependent manner. Indeed, ALA-LIU-induced SAS cell death occurs via the mitochondrial
caspase pathway. Our results showed that the mitochondria are the primary target of ALA-
LIU action.

Accumulated active oxygen in tumour cells can cause oxidising reactions in biomolecules,
which may disrupt the integrity of lipid membranes, enzymes, and nucleic acids. We found
that ALA-LIU could increase the levels of ROS and lipid peroxide in cells [20]. In the present
study, we provided more detailed evidence of ultrasound-exposure time-dependent changes
in ROS induction of SAS cells (Figs. 6A and B). The free radical scavenger NAC prevented
ALA-LIU-induced apoptosis and prevented changes to the mitochondrial apoptosis-related
protein expression (Figs. 6C and D). These results demonstrate that reactive oxygen is the
trigger for mitochondrial apoptosis pathways induced by 5-ALA-mediated SDT. It should be
noted that this phenomenon did not occur when cells were treated with ultrasound alone,
indicating that the pro-apoptotic mechanisms are different in LIU alone, compared with
ALA-LIU treatments.

Apoptosis induced by ultrasonic irradiation was presumed to due to increased
intracellular Ca?* levels [37, 38]. Recent studies also revealed a relationship between SDT
and intracellular Ca?* [22, 36, 39]. Our results showed that ALA-LIU treatment significantly
increased the concentration of intracellular Ca?*, which was inhibited by a scavenger of
reactive oxygen, indicating that changes in the intracellular Ca?* concentration, also initiated
by ROS, are not a separate cause of, but the other major contributor to, apoptosis.

In summary, we report strong evidence suggesting that ALA-LIU treatment inhibits
SAS cell proliferation in vivo and in vitro, in part by targeting the mitochondria, through
mitochondrion-mediated apoptosis signalling pathways, and that both apoptosis and change
in intracellular Ca?* concentration are closely related to ROS concentration. The encouraging
results observed in SAS cells and animal models demonstrate the great potential of 5-ALA-
mediated SDT for treating human tongue squamous carcinoma.
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