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Background: Sonodynamic therapy (SDT) is a promising method that uses ultrasound to
activate certain chemical sensitizers for the treatment of cancer. The purpose of this study was
to investigate the sonoactivity of a novel sensitizer, sinoporphyrin sodium (DVDMS), and its
sonotoxicity in an esophageal cancer (ECA-109) cell line.

Methods: The fluorescence intensity of DVDMS, hematoporphyrin, protoporphyrin IX, and
Photofrin II was detected by fluorescence microscopy and flow cytometry. Generation of singlet
oxygen was measured using a 1, 3-diphenylisobenzofuran experiment. A 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide assay was used to examine cell viability. Production of
reactive oxygen species (ROS) and destabilization of the mitochondrial membrane potential were
assessed by flow cytometry. Apoptosis was analyzed using Annexin-PE/7-amino-actinomycin D
staining. Confocal microscopy was performed to assess mitochondrial damage and identify
release of cytochrome C after treatment. Western blots were used to determine expression of
oxidative stress-related and apoptosis-associated protein. Ultrastructural changes in the cell
were studied by scanning electron microscopy.

Results: DVDMS showed higher autofluorescence intensity and singlet oxygen production
efficiency compared with other photosensitizers in both cancerous and normal cells. Compared
with hematoporphyrin, DVDMS-mediated SDT was more cytotoxic in ECA-109 cells. Abundant
intracellular ROS was found in the SDT groups, and the cytotoxicity induced by SDT was effec-
tively remitted by ROS scavengers. DVDMS located mainly to the mitochondria of ECA-109
cells, which were seriously damaged after exposure to SDT. Release of cytochrome C, an
increased rate of apoptosis, and activated apoptosis protein were detected in the SDT group.
In addition, relatively severe cell damage was observed on scanning electron microscopy after
treatment with DVDMS and SDT.

Conclusion: These results suggest that DVDMS could be activated by ultrasound, and that
DVDMS mediates SDT-induced mitochondrial-dependent apoptosis in ECA-109 cells via
production of ROS.

Keywords: sonodynamic therapy, sinoporphyrin sodium, reactive oxygen species, mitochondrial
damage, apoptosis, ECA-109 cells

Introduction

Ultrasound, a mechanical wave with periodic vibrations of particles in a continuous
and elastic medium,’ is used for diagnostic imaging of soft tissues. Previous research
shows that ultrasound can have different biological effects at different intensities
and frequencies.? The thermal effects and thermal ablation induced by high-intensity
ultrasound have been studied in various applications, including relief of inflammation
and necrosis of solid tumors. Low-intensity ultrasound may have nonthermal effects,
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eg, oscillating and cavitating bubbles® have been used in
the targeting and controlled release of drugs and might be
important in gene therapy.*”’

An important application of low-intensity ultrasound, ie,
sonodynamic therapy (SDT), lies in the activation of certain
sensitizers used in the treatment of cancer. Because of its
good penetrability, ultrasound can focus energy on tumors
and kill them effectively, with few side effects in normal
tissue.®!! The direct mechanical stress and indirect chemical
reactions caused by ultrasound, such as generation of reactive
oxygen species (ROS), can cause lethal sonodamage, includ-
ing cellular apoptosis and necrosis.!? Recently, SDT has been
widely investigated for its ability to damage a broad range
of cancers, and found to have certain curative effects."!> It
has been reported that SDT is an effective anticancer therapy
when combined with microbubbles or nanoparticles and
chemotherapeutic drugs.

The physical and chemical properties of sonosensitizers
directly determine the therapeutic efficacy of SDT. Many
sonosensitizers are derived from photosensitizers that have
been used widely in photodynamic therapy. To date, many
conventional photosensitizers, eg, hematoporphyrin,'*'¢
Photofrin II,7'7 ATX-70,'%!° chlorin €6,?° and ATX-S10,%!
have been confirmed to trigger cell death after activation
by ultrasound. Therefore, development of photosensitiz-
ers may be an indirect way of identifying sonosensitizers.
At the Chinese Academy of Medical Sciences, Fang and
Yang isolated a compound from Photofrin II that they
named sinoporphyrin sodium, also known as DVDMS.?
DVDMS is a porphyrin dimer connected by an ether
bond (Figure 1). Then DVDMS was compound based
on the chemical structure. The compound is patented in
the People’s Republic of China.?® Details of the synthe-
sis and characteristics of DVDMS are described in the
patent document. Compared with Photofrin II, DVDMS

CO,Na

CO,Na CO,Na CO,Na

Figure | Molecular structure of DVDMS (sinoporphyrin sodium).

has demonstrated an advantage as a new photosensitizer
because of its strong antitumor photosensitivity and low
skin sensitivity.? In addition, our previous work shows that
DVDMS has good activity at an appropriate ultrasound
intensity both in vivo and in vitro?*? suggesting that it
may be a potential sonosensitizer, but the mechanism
of DVDMS-mediated SDT remains unclear. Therefore,
we undertook this study to evaluate the cytotoxicity of
DVDMS-mediated SDT in ECA-109 cells and to clarify
the underlying mechanism.

Materials and methods

Chemicals

DVDMS is marketed by Qinglong Hi-tech Co, Ltd (Jiangxi,
People’s Republic of China) and was kindly provided by
Professor Qicheng Fang from the Chinese Academy of
Medical Sciences (Beijing, People’s Republic of China). The
DVDMS was of 98.5% purity. It was dissolved in phosphate-
buffered saline with a storage concentration of 0.815 mM,
and stored in the dark at —20°C.

3-(4, 5-dimethylthiazol-2-yl)-2, S-diphenyltetrazolium
bromide tetrazolium (MTT), N-acetylcysteine, Hoechst
33258, and 1, 3-diphenylisobenzofuran (DPBF) were
purchased from Sigma Chemical Company (St Louis, MO,
USA). Mito-Tracker Green (MTG), Mito-Tracker Red (MTR),
Lyso-Tracker Green (LTG), 2/, 7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), and 5,5’,6,6’-tetrachloro-1,1",3,3’-
tetracthyl benzimidaloyl carbocyanine iodide (JC-1) were
supplied by Molecular Probes Inc., (Invitrogen, Carlsbad,
CA, USA). All other reagents were commercial products of
analytical grade.

Cell culture

Human esophageal cancer (ECA-109) cells, human embryo
kidney (HEK-293) cells, and human breast cancer (MDA -
MB-231) cells were obtained from the cell bank at the
Chinese Academy of Science. ECA-109 cells were cultured
in Roswell Park Memorial Institute 1640 medium (Sigma-
Aldrich, St Louis, MO, USA) containing 10% fetal bovine
serum (Thermo Scientific Hyclone, Logan, UT, USA),
1% penicillin-streptomycin (penicillin 100 U/mL and
streptomycin 100 pg/mL), and 1% glutamine. HEK-293 and
MDA-MB-231 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (Gibco, Life Technologies, Carlsbad, CA,
USA) containing 10% fetal bovine serum, 1% penicillin-
streptomycin, and 1% glutamine. All cells were cultured in
a humidified 5% CO, and 95% air atmosphere incubator at
37°C.
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Ultrasound apparatus and SDT protocol
The ultrasonic apparatus used in this study has been
described in a previous paper.?’” A 35 mm diameter pla-
nar transducer (Institution of Applied Acoustics, Shaanxi
Normal University, Shaanxi Province, People’s Republic of
China) was submerged in an acrylic tank filled with distilled,
degassed water. Continuous-wave ultrasound was provided
by a generator (T&C Power Conversion, Rochester, NY,
USA). For sonication, cells in a 35 mm culture dish (Corning
Inc., Corning, NY, USA) were placed in a water bath 10 mm
above the transducer in a horizontal position. To minimize
the reflected ultrasound, the end of the tank was covered
with 6 mm thick polyester film. The frequency was 1.0 MHz,
the output power was 4 W, and the duration of exposure to
ultrasound was 1-3 minutes.

Cells were seeded in a 35 mm culture dish (3 x 10°
cells per dish), incubated at 37°C for 12 hours, and then
divided randomly into four groups, ie, a control group,
an ultrasound control group, a sensitizer control group,
and an SDT group. For the sensitizer control and SDT
groups, cells were incubated with various concentrations
of sensitizers for 3 hours. After incubation, the sensitizers
were replaced by culture medium, and the cells were then
treated with ultrasound.

As an inhibitory experiment, N-acetylcysteine
(5 mM), a ROS scavenger, was added to the cells one
hour before loading the sensitizer. The inhibitor did not
appear to be cytotoxic to the cultured cells at the concen-
tration used.

In vitro imaging and fluorescence
intensity

For the flow cytometry assay, ECA-109 cells and HEK-239
cells were incubated with 4 uM DVDMS, hematoporphyrin,
protoporphyrin IX, and Photofrin II for 3 hours, then washed
with phosphate-buffered saline, harvested by trypsiniza-
tion, and resuspended in culture medium containing 10%
fetal bovine serum. The samples were then immediately
analyzed by flow cytometry (Guava easyCyte 8 HT, EMD
Millipore, Billerica, MA, USA). The mean fluorescence
intensity representing uptake of sensitizers by ECA-109
cells and HEK-293 cells was analyzed using FCS Express
version 3 software (DeNovo Software, Los Angeles, CA,
USA). For each group, 2,000 cells were analyzed. After
incubation with the different sensitizers, the cells were
washed in phosphate-buffered saline and then imaged using
an E-600 fluorescence microscope (Nikon Corporation,
Tokyo, Japan).

Detection of singlet oxygen generation

We used photo-oxidation of DPBF as a quantitative method
to evaluate production of singlet oxygen. In this absorption
spectrophotometric assay, DPBF is oxidized to its correspond-
ing diketone upon interaction with singlet oxygen in stoichio-
metric equivalents. Loss of DPBF absorbance at about 410
nm represented the production of singlet oxygen.'®!” DPBF
was dissolved in anhydrous alcohol and attenuated by saline
to 0.2 mM. DVDMS 10 uM and hematoporphyrin, proto-
porphyrin IX, and Photofrin II dissolved in 0.2 mM DPBF
were irradiated by laser light (excitation wavelength 635 nm,
energy power 5 J), and absorbance of DPBF at 414 nm was
monitored using an ultraviolet spectrophotometer.

Assessment of cytotoxicity

The cytotoxicity of SDT was analyzed in the different types
of cells using the MTT assay, as previously described.? Cell
survival was calculated using the following equation:

Cell survival (%) = OD X 100%.

treatment group control group

Determination of intracellular ROS
DCFH-DA, a nonfluorescent cell-permeant compound, is
cleaved by endogenous esterases within the cell and the
de-esterified product can be converted into the fluorescent
compound, dichlorofluorescein (DCF), upon oxidation by
intracellular ROS. Therefore, we studied production of ROS
by measuring the fluorescence intensity of DCF.

One hour after treatment, the cells were washed with
phosphate-buffered saline and incubated with Roswell
Park Memorial Institute 1640 containing 4 uM DCHF-DA
at 37°C in an incubator for 20 minutes with gentle shaking.
After incubation, the samples were washed in phosphate-
buffered saline and harvested by trypsinization, then
detected immediately by flow cytometry (Guava easyCyte
8HT). Histograms were analyzed using FCS Express ver-
sion 3 software.

Estimating subcellular localization

of DVDMS

ECA-109 cells were incubated with DVDMS for 3 hours, then
coloaded with 3 nM MTG (excitation wavelength 490 nm,
emission wavelength 516 nm) or LTG (excitation wavelength
504 nm, emission wavelength 511 nm). After incubation,
the cells were washed with phosphate-buffered saline and
imaged using an inverted TCS SP5 confocal laser scanning
microscope (Leica, Wetzlar, Germany). During multichannel
imaging, photomultiplier sensitivities and offsets were set to
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a level at which bleed through effects from one channel to
another were negligible.

Monitoring the structural and functional

changes of mitochondria

MTG was used to track the mitochondrial changes in living
cells. After treatment, the cells were washed in phosphate-
buffered saline then imaged using an inverted confocal laser
scanning microscope. JC-1 was used to evaluate perturba-
tion of the mitochondrial membrane potential. Cells were
harvested and washed in phosphate-buffered saline, then
incubated with JC-1 for 20 minutes at 37°C. After staining,
cells were washed with incubation buffer then immediately
analyzed by flow cytometry.

Release of cytochrome c

Cells in each treatment group were incubated with 0.5 mM MTR
(excitation wavelength 579 nm, emission wavelength 599 nm)
in phosphate-buffered saline at 37°C for 20 minutes, fixed in
4% paraformaldehyde at 4°C for 15 minutes, and subsequently
permeabilized with 0.1% Triton X-100 at 4°C for 5 minutes;
between steps, cells were washed with phosphate-buffered
saline. After permeation, cells were blocked with goat serum
at 37°C for one hour, and then incubated with anti-cytochrome
c antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight at 4°C. After being washed with phosphate-buffered
saline, the samples were incubated with fluorescein isothiocy-
anate-conjugated secondary antibody. Cells were also labeled
with the nucleus dye, Hoechst 33258, and observed by inverted
confocal laser scanning microscopy.

Assay for detection of apoptosis

The Guava Nexin assay kit (EMD Millipore) was used to
quantify the amount of cells in apoptosis. Annexin V-PE can
detect phosphatidylserine on the external membrane of apop-
totic cells; the cell-impermeant dye 7-aminoactinomycin D is
also used as an indicator of cell membrane integrity. Briefly,
cells were harvested by trypsinization in each group, and
100 pL of cells from each sample was suspended in a mixture
of 100 uL Annexin V-PE and 7-aminoactinomycin D binding
buffer and incubated at room temperature for 20 minutes.
Samples were investigated using flow cytometry (Guava
easyCyte 8 HT).

Western blot analysis

After treatment, cells were lysed in radioimmunoprecipitation
buffer (containing 50 mM Tris-HCI [pH 7.4], 150 mM NaCl,
1 mM ethylenediamine tetraacetic acid, 1% Triton X-100, 1%

sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM
phenylmethylsulfonyl fluoride, 1 mM leupeptin, and 0.01 mM
aprotinin). Similar amounts of protein were analyzed in
each lane. Electrophoresis was carried out on 10%—15%
acrylamide gels and the proteins were transferred to poly-
vinylidene fluoride membranes (EMD Millipore, 0.22 mM
pore size). After washing and blocking, the membranes were
incubated overnight at 4°C with primary antibodies against
rabbit polyclonal caspase-3 (Cell Signaling Technology, Dan-
vers, MA, USA) and rabbit polyclonal phospho-p38 mitogen-
activated protein kinase (MAPK, Cell Signaling Technology).
After washing, the membranes were incubated for one hour
with IRDye® 680-labeled secondary antibodies (LI-COR
Biosciences, Lincoln, NE, USA) at room temperature for
one hour. The infrared fluorescence was detected using the
Odyssey infrared imaging system (LI-COR Biosciences).
Anti-B-actin was used to ensure equal loading.

Scanning electron microscopy

Four hours after SDT, cells in each group were fixed with
2.5% glutaraldehyde and dehydrated by graded alcohol after
being washed in phosphate-buffered saline, dried at the
critical point, conductive coating, and then observed under
a S-3400N scanning electron microscope (SEM, Hitachi,
Tokyo, Japan).

Statistical analysis

All values are expressed as the mean + standard deviation.
Differences between the treatment groups were assessed
with one-way analysis of variance. Statistical significance
was established at a P-value<<0.05. Each experiment was
repeated three times.

Results
In vitro imaging and fluorescence

intensity

Fluorescence microscopy and flow cytometry analysis indicated
the intracellular fluorescence intensity of different sensitizers
in ECA-109 (cancerous) cells and HEK-293 (normal) cells.
As seen in Figure 2A, compared with other sensitizers, 4 uM
DVDMS showed brighter fluorescence in both cancerous cells
and normal cells, but the fluorescence intensity of the sensitizers
in cancer cells was much higher than in normal cells. Further
quantificational testing with flow cytometry demonstrated
clearly that the fluorescence intensity of DVDMS (Figure 2B)
was approximately 10-fold of the other three sensitizers, and
the fluorescence intensity of DVDMS in cancer cells was much
higher than in normal cells (Figure 2C).
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Figure 2 Fluorescence intensity of the different photosensitizers in normal cells and cancerous cells under the same experimental conditions.
Notes: (A) Fluorescence photographs of the different sensitizers in ECA-109 cells and HEK-293 cells. (B) Measurement of fluorescence intensity by flow cytometry and
(C) recorded mean fluorescence intensities. Data are presented as the mean * standard deviation of three independent experiments. *P<<0.05 and **P<<0.0| between HEK-

293 and ECA-109 cells.

Abbreviations: DVDMS, sinoporphyrin sodium; Hp, hematoporphyrin; PplX, protoporphyrin IX.

Detection of singlet oxygen production

Single oxygen production was detected to compare the
photoactivity of the different photosensitizers. The absor-
bance of DPBF was 1.98+0.10 and decreased to 1.749+0.09
(P<0.05), 1.739+0.08 (P<<0.05), 1.637£0.06 (P<<0.05), and
1.60720.15 (P<<0.05) in the presence of hematoporphyrin,
DVDMS, protoporphyrin 1X, and Photofrin II dissolved
in DPBF, respectively. After irradiated by 5 J laser light,
DPBF absorbance decreased to 1.611£0.08 (P<<0.05),

1.05940.07 (P<<0.01), 1.36240.07 (P<<0.01), and 1.460+0.06
(P<<0.01) when the sensitizers were hematoporphyrin,
DVDMS, protoporphyrin IX, and photofrin II, respectively
(Figure 3).

Cytotoxicity assessment

The cytotoxicity of DVDMS-mediated SDT on the different
cell lines was evaluated by MTT assay. For ECA-109 cells
(Figure 4A), DVDMS alone did not achieve significant cell
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Figure 3 Detection of singlet oxygen production on exposure to the different sensitizers. Absorbance of DPBF was analyzed by ultraviolet spectrophotometry after dissolution
in 4 UM DVDMS, protoporphyrin IX, hematoporphyrin, and Photofrin Il in DPBF with or without light irradiation. *P<<0.05 and “P<<0.01 versus DPBF only group.
Abbreviations: DPBF, |, 3-diphenylisobenzofuran; DVDMS, sinoporphyrin sodium; Hp, hematoporphyrin; PpIX, protoporphyrin IX.

growth inhibition, with a survival rate of 105.76%, 102.54%,
and 96.65% when the concentration was 1, 2, and 4 uM,
respectively. The cell damage caused by ultrasound alone
was minor, with only 15.01% dead cells detected when the
irradiation time was 3 minutes. A more marked inhibitory
effect on cell proliferation was seen with increasing DVDMS
concentration and longer ultrasound exposure time. The
cytotoxicity increased significantly from 32.66% (P<<0.05)
to 67.13% (P<<0.01) when the ultrasound irradiation time
was increased from one minute to 3 minutes in the presence
of 4 UM DVDMS, and was similar in the other SDT groups
(DVDMS concentration 1 uM or 2 uM). For MDA-MB-231
cells (with p53 mutation), treatment with DVDMS alone
inhibited cell proliferation in a dose-dependent manner
when compared with the control group (96.10%), and
cell viability decreased to 68.77% (P<0.05) in the 4 uM
DVDMS group. In the SDT groups, cell viability decreased
from 54.41% to 34.92% when the exposure time was one

>
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s ©
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®
3

IS
S

8
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Cell viability (% of control)
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minute and 3 minutes, respectively, in the presence of 4 uM
DVDMS (Figure 4B). We also investigated the viability of
HEK-293 cells after SDT mediated by 4 uM DVDMS; inter-
estingly, in contrast with tumor cells, no significant changes
were observed in the viability of normal cells (Figure 4C).
On the basis of these findings, we suggest that DVDMS can
selectively kill tumor cells, and this may be related to its
preferential accumulation in tumor cells.

Figure 5 shows cell survival after treatment with hemato-
porphyrin and SDT, and there were no inhibitory effects in
the hematoporphyrin only groups at the concentrations tested
(1-32 uM). When the hematoporphyrin dose was <8 UM,
the inhibition rate was not significantly different from that
with ultrasound alone. A cell death rate of 28.35% was
achieved when the ultrasound exposure time was 3 minutes
in the presence of 4 UM hematoporphyrin. In the presence of
32 uM hematoporphyrin, cell viability decreased to 83.12%,
67.56%, and 54.80% when the ultrasound irradiation time

Ultrasound irradiation time 120
=0 =1 =2 =3 (minutes)

100

80

Cell viability (% of control) ()

Control DVDMS  Ultrasound S1 S2 s3

Groups

Figure 4 Cytotoxicity of DVDMS-mediated sonodynamic therapy in ECA-109 cells (A), MDA-MB-231 cells (B), and HEK-293 cells (C).

Notes: Cell viability was measured by MTT assay 4 hours after sonodynamic therapy. DVDMS, 4 uM DVDMS alone; Ultrasound, 3 minutes of ultrasound irradiation alone;
S1, cells treated with 4 yM DVDMS plus one minute of ultrasound irradiation; S2, cells treated with 4 yM DVDMS plus 2 minutes of ultrasound irradiation; S3, cells treated
with 4 pM DVDMS plus 3 minutes of ultrasound irradiation. All data are expressed as a percentage of untreated cells, and error bars represent the standard deviations of
the means of three independent experiments. *P<<0.05 and #*P<<0.01 versus untreated cells.

Abbreviations: DVDMS, sinoporphyrin sodium; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide tetrazolium.
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Figure 5 Viability of ECA-109 cells 4 hours after hematoporphyrin-mediated sonodynamic therapy by MTT assay. All data are expressed as the percentage of untreated cells,
and the error bars represent standard deviations of the means of three independent experiments. *P<<0.05 and #*P<<0.01 versus untreated cells.
Abbreviations: Hp, hematoporphyrin; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide tetrazolium.

was one, 2, and 3 minutes, respectively. These results confirm
that DVDMS had better sonotoxicity than the classical
hematoporphyrin sensitizer.

Determination of intracellular ROS
Intracellular ROS was measured by DCFH-DA com-
bined with flow cytometry to determine whether ROS
was involved in SDT. Figure 6 demonstrates that, com-
pared with the control, ultrasound alone caused 1.90%
(P>0.05), 6.59% (P>0.05), and 7.70% (P>0.05) high
DCF fluorescence when the ultrasound exposure time
was one, 2, and 3 minutes, respectively. However, 4 uM
DVDMS alone could enhance high DCF fluorescence by
only 3.35% (P>0.05). Cells in the SDT group showed
markedly increased DCF fluorescence in the presence
of 4 uM DVDMS, with 17.65% (P<0.05), 58.60%
(P<<0.01), and 70.35% (P<<0.01) of cells displaying high
DCF fluorescence when the exposure time was one, 2,
and 3 minutes, respectively. Under the same conditions,
4 uM hematoporphyrin-mediated SDT caused 14.85%
(P<0.05), 24.20% (P<0.05), and 37.50% (P<<0.01) high
DCF fluorescence with ultrasound exposure times of one,
2, and 3 minutes, respectively.

In order to investigate the role of ROS in SDT-induced cell
death, ECA-109 cells were pretreated with N-acetylcysteine,
a specific ROS scavenger. Cytotoxicity was determined
using the MTT assay. The data in Figure 7 indicate that
N-acetylcysteine decreased the cytotoxic effect of sonication
with DVDMS, suggesting that enhanced generation of ROS
plays an important role in SDT.

Estimating subcellular localization
of DVDMS

Red DVDMS fluorescence corresponded well with green
MTG fluorescence, but did not overlap with LTG green
fluorescence, suggesting that DVDMS accumulated mainly
in the mitochondria of ECA-109 cells (Figure 8).

Monitoring changes

in mitochondrial activity

MTG was used to detect mitochondrial changes in
ECA-109 cells after DVDMS-mediated SDT because
it is a specific tracker probe for mitochondrial activity.
As demonstrated in Figure 9A, in the control group,
abundant mitochondria distributed in ECA-109 cells
in a regular manner and the bright green fluorescence
represent the assemblies of mitochondria in cells,
after SDT treatment, apparent decrease of bright
green fluorescence blots, and irregular distribution of
mitochondria were observed. However, these changes
in the mitochondria can be effectively rescued by
N-acetylcysteine.

JC-1 is a potential sensitizing cationic dye capable of
entering selectively into the mitochondria, and it revers-
ibly changes its color from red to green as the membrane
potential decreases. Figure 9B indicates that 0.77% and
4.91% of cells showed low red fluorescence intensity when
cells were treated with ultrasound alone (3 minutes) and
DVDMS (4 uM) alone, respectively. While cells in the
SDT groups showed a marked decrease in mitochondrial
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Figure 6 Measurement of intracellular reactive oxygen species in ECA-109 cells. At

one hour posttreatment, cells were labeled with DCFH-DA, and the fluorescence

intensity of the oxidized product (DCF) was detected in individual cells by flow cytometry. The data shown are representative of three independent experiments.
Abbreviations: DCF, dichlorofluorescein; DVDMS, sinoporphyrin sodium; Hp, hematoporphyrin; DCFH-DA, 2’, 7’-dichlorodihydrofluorescein diacetate.

membrane potential, 7.14%, 18.87%, and 30.29% of cells
displayed low red fluorescence intensity when the ultrasound
irradiation time was one, 2, and 3 minutes, respectively.
However, the markedly decreased mitochondrial membrane

m Without NAC
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o 80¢t
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s 20
S o
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Figure 7 Effect of NAC, a reactive oxygen species scavenger, on sonodynamic
therapy-induced cytotoxicity in ECA-109 cells.

Notes: Cell viability was determined after 4 hours of incubation following exposure
using the MTT assay. The black bars indicate survival of cells without NAC, and the
white bars indicate survival of cells with NAC. *P<<0.05 and *P<<0.0] compared with
the same group with or without NAC.

Abbreviations: DVDMS, sinoporphyrin sodium; Hp, hematoporphyrin; NAC,
N-acetylcysteine; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
tetrazolium.

potential in the SDT group was effectively inhibited by
N-acetylcysteine, and only 2.39% of cells showed low red
fluorescence in the SDT group (3 minutes of irradiation
time) in the presence of N-acetylcysteine.

20 ym
—

20 pm
T

Figure 8 Subcellular localization of DVDMS in ECA-109 cells.

Notes: After incubation with DVDMS (red channel), cells were stained with MTG
(Molecular Probes Inc., [Invitrogen, Carlsbad, CA, USA]) (mitochondrial probe,
green channel) and LTG (Molecular Probes Inc., [Invitrogen, Carlsbad, CA, USA])
(lysosome probe, green channel). After coloading, cells were visualized by confocal
microscopy.

Abbreviations: DVDMS, sinoporphyrin sodium; LTG, Lyso-Tracker Green; MTG,
Mito-Tracker Green.
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Figure 9 Detection of mitochondrial damage. Mitochondrial distribution was observed by Mito-Tracker Green staining (Molecular Probes Inc., [Invitrogen, Carlsbad, CA,
USA]) (A), and changes in mitochondrial membrane potential were analyzed by JC-| staining (B) in ECA-109 cells after sonodynamic therapy. Cells were photographed at

three magnifications (100x, 250x%, and 500x).

Notes: Control, untreated cells; ultrasound, cells treated with ultrasound (LP, 4 W) for 3 minutes only; DVDMS, cells treated with 4 uM DVDMS only; S1, cells treated with
4 uM DVDMS plus | minute of ultrasound irradiation; S2, cells treated with 4 M DVDMS plus 2 minutes of ultrasound irradiation; S3, cells treated with 4 uM DVDMS plus
3 minutes of ultrasound irradiation; S3 + N-acetylcysteine, cells treated with 4 uM DVDMS plus 3 minutes of ultrasound irradiation in the presence of N-acetylcysteine.
Abbreviations: DVDMS, sinoporphyrin sodium; JC-1, 5,5",6,6"-tetrachloro-1,1",3,3"-tetrethyl benzimidalyl carbocyanine iodide; NAC, N-acetylcysteine.

Release of cytochrome ¢

Figure 10 shows cytochrome c release for each group after
treatment. The green fluorescence of cytochrome ¢ over-
lapped very well with the red fluorescence of MTR, a specific
mitochondrial dye, in control cells. Cells in the SDT groups

displayed diffuse cytochrome c¢ green fluorescence that did
not overlap very well with MTR red fluorescence, suggesting
cytochrome ¢ was partially released from the mitochondria,
while in the SDT + N-acetylcysteine group, cytochrome c
release was obviously suppressed.
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Figure 10 Detection of release of cytochrome ¢ from mitochondria in ECA-109 cells after sonodynamic therapy. The fluorescence images were acquired by confocal
microscopy. Control, untreated cells; S3, cells treated with 4 uM DVDMS plus 3 minutes of ultrasound irradiation; S3 + N-acetylcysteine, cells treated with 4 uM DVDMS

plus 3 minutes of ultrasound irradiation in the presence of N-acetylcysteine.

Abbreviations: DVDMS, sinoporphyrin sodium; MTR, Mito-Tracker Red; Cyto C, cytochrome c.

Assay for detection of apoptosis

According to the manufacturer’s instructions, Annexin
V-positive staining is an indicator of both early and late
apoptosis, whereas 7-aminoactinomycin D only labels cells
dying by necrosis. For our purposes, double-negative cells
were considered viable; the Annexin V-positive populations
were all collectively counted as apoptotic, and the single

7-aminoactinomycin D-positive cells were considered to
be necrotic. Figure 11 shows that there are 93.65% viable
cells and 5.90% apoptotic cells in the control group. In
the ultrasound only (3 minutes) and DVDMS only (4 uM)
groups, the proportion of viable cells decreased to 89.25%
and 90.81%, respectively, and the proportion of apop-
totic cells increased to 10.25% and 8.94%, respectively.
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Figure Il Dot plots of Annexin V-PE and 7-AAD uptake by differently treated cells. (A) Control cells, (B) cells treated with ultrasound for 3 minutes, (C) cells treated with
4 uM DVDMS only, (D) cells treated with 4 uM DVDMS plus | minute of ultrasound irradiation, (E) cells treated with 4 LM DVDMS plus 2 minutes of ultrasound irradiation,
and (F) cells treated with 4 uM DVDMS plus 3 minutes of ultrasound irradiation. Data shown are representative of three independent experiments.

Abbreviations: 7-AAD, 7-aminoactinomycin D; DVDMS, sinoporphyrin sodium.
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When cells were treated with SDT, their viability decreased
to 82.95%, 70.25%, and 54.70%, whereas the proportion of
apoptotic cells increased to 17.00%, 29.70%, and 43.30%
when the ultrasound exposure time was one, 2, and 3
minutes, respectively.

In addition, the activity of apoptosis-related protein
caspase-3 and oxidative stress-associated protein phospho-
p38 MAPK were analyzed by Western blotting. Figure 12
shows that the ratio of cleaved caspase-3 and phospho-p38
MAPK to B-actin increased significantly compared with the
control (24.688% to 59.262% [P<<0.01] and 15.479% to
30.373% [P<<0.05], respectively) in the SDT group when
the ultrasound irradiation time was 3 minutes with 4 uM
DVDMS, but the expression level of cleaved-caspase-3 and
phospho-p38 MAPK reverted to the levels seen in the control
group in the present of N-acetylcysteine.

Observations on SEM

The morphological effects of DVDMS-SDT were observed
by SEM (Figure 13). In the control group, cells appeared to
show their normal polygonal shape with an intact membrane
and abundant microvilli. Cells treated with 3 minutes of irra-
diation only or 4 uM DVDMS only were not significantly
different when compared with control cells. However, when
the cells were treated with DVDMS-SDT, they showed
marked shrinkage and a sharp decrease in numbers of
microvilli numbers. This deformation became more sig-
nificant and apparent with increasing ultrasound exposure
time, with the cytoplasm appearing to flow out through

Procaspase-3

cell membranes that had been fractured by 3 minutes of
ultrasound exposure in the SDT group.

Discussion

SDT is a minimally invasive therapeutic approach, which
can kill tumor cells to a maximum extent without affecting
normal tissue.'” Many photosensitizers (such as hemato-
porphyrin, Photofrin II, protoporphyrin IX, photophyrin,
ZnPcS,P,,
Another is DVDMS, a novel chemical compound derived

and chlorin e6) can be activated by ultrasound.

from Photofrin II by Fang and Yang. The high chemical purity,
water solubility, explicit active ingredients, and good singlet
oxygen yield of active DVDMS? has laid a solid foundation
for its application in photodynamic therapy. Researchers
have demonstrated the photochemical activity of DVDMS
in a number of cancer cell lines with short-time skin sen-
sitivity.?® Moreover, our own previous work has confirmed
that DVDMS also had ultrasound activity in K562 and U937
leukemia cells in vitro,?? as well as an anticancer effect in
vivo.? The aim of the study described here was to add to our
knowledge of DVDMS-mediated SDT by investigating the
sonodynamic effect of DVDMS in ECA-109 cells.

Given that DVDMS is a novel sensitizer, we initially
carried out a series of fundamental investigations comparing
DVDMS with other clinical sensitizers. Selective accumula-
tion of DVDMS in tumor cells was found in this study, and
may be due to the acidic environment around tumors, more
low-density lipoprotein on tumor surfaces, poor lymphatic
drainage, or leaky vasculature.”’ The preferential accumulation
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Figure 12 Activation of apoptosis and oxidative stress-related proteins in ECA-109 cells posttreatment. Cleavage of caspase-3 and phospho-p38 was detected by Western
blotting analysis, with B-actin used as a loading control. The ratios of cleaved caspase-3 and phospho-p38 were analyzed by Quantity One software. Control, untreated cells;
S3, cells treated with 4 UM DVDMS plus 3 minutes of ultrasound irradiation; S3 + N-acetylcysteine, cells treated with 4 uM DVDMS plus 3 minutes of ultrasound irradiation
in the presence of N-acetylcysteine. Data are presented as the mean + standard deviation of three independent assessments. *P<<0.05 and **P<<0.0l versus untreated
control.

Abbreviations: NAC, N-acetylcysteine; p-p38, phospho-p38.
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Figure 13 Scanning electron microscopic images of ECA-109 cells 4 hours after treatment.

Notes: Control, without any treatment; ultrasound alone, cells treated with ultrasound (LP 4 W) for 3 minutes; DVDMS alone, 4 uM DVDMS only; SDT-1, SDT-2, SDT-3
cells treated with ultrasound (LP 4 W) for 1, 2, and 3 minutes in the presence of 4 UM DVDMS, respectively. Cells in each group were captured at different magnifications
(3,000 for upper images and 5,000x for the lower images); bars represent 20 um and |0 um, respectively.

Abbreviations: DVDMS, sinoporphyrin sodium; SDT, sonodynamic therapy.

of DVDMS in tumor cells paves the way for targeted therapy.
Moreover, compared with hematoporphyrin, protoporphyrin
IX, and Photofrin I, DVDMS shows higher red fluorescence,
which may have advantages in further clinical applications, eg,
accurate tracing of tumors and imaging. Given that the main
mechanism of photodynamic therapy is related to generation
of singlet oxygen, the yield of singlet oxygen might be propor-
tional to the effectiveness of photodynamic therapy.”® Figure
3 shows the higher singlet oxygen production associated with
DVDMS compared with other photosensitizers.

We also monitored the cytotoxicity of DVDMS-
mediated SDT in both normal cells and cancer cells.
Figure 4A—C shows that DVDMS-mediated SDT had a
selective lethal effect on cancer cells and that the cyto-
toxicity of DVDMS was cancer cell line-selective, which
is consistent with our previous study.?> Subsequently, we
compared the sonotoxicity of DVDMS with that of hemato-
porphyrin, which is also used in the People’s Republic of
China. Figure 5 indicates a significant loss of viability in
the DVDMS-SDT groups, whereas the cytotoxicity induced
by hematoporphyrin-SDT was very slight under the same
experimental conditions.

As described by other researchers,'”*2%3! ROS may be
one of the key factors in SDT-induced cell damage. Excessive
ROS may damage lipids, proteins, and DNA, and cause
mitochondrial dysfunction, deregulation of ion balance, and
loss of membrane integrity. Substantial enhancement of ROS
was detected one hour after DVDMS and hematoporphyrin-
mediated SDT. In addition, the yield of ROS triggered by the
combination of DVDMS and ultrasound was about two-fold
that in the hematoporphyrin-SDT groups (Figure 6). The
crucial role of ROS in SDT-induced cell death was verified by
application of the ROS scavenger, N-acetylcysteine. Figure 7
shows that cell survival was significantly enhanced in the

presence of N-acetylcysteine in both the DVDMS-mediated
and hematoporphyrin-mediated SDT groups, indicating the
vital role of ROS in SDT.

Given the key role of ROS in the cytotoxicity caused by
SDT and the short existence time and diffusion distance of
radical products derived from the sensitizer during the SDT
process, localization of the sensitizer in cells is potentially
important in SDT.**3? We determined the subcellular localiza-
tion of DVDMS, and the results shown in Figure 8 indicate
that DVDMS was mainly located in the mitochondria of
ECA-109 cells. On the basis of this finding, we speculated
that the mitochondria may be targeted for damage by SDT.
MTG staining clearly showed the changes in distribution
of mitochondria and their decreased numbers after SDT
(Figure 9A). The cleaning systems of the cells themselves
may also contribute to the elimination of damaged mitochon-
dria. Furthermore, JC-1 staining showed that SDT caused the
mitochondria membrane potential to collapse (Figure 9B).
Mitochondria, as the major energy generators in cells, play
a vital role in cell apoptosis induced by many stimuli.®*
As reported elsewhere, impaired mitochondria may initi-
ate apoptotic responses, including release of cytochrome ¢
from mitochondria into the cytoplasm and excitation of the
caspase protein family.’** The results of the Annexin V-PE
assay in our study demonstrated changes in cell apoptosis
after DVDMS-mediated SDT (Figure 11), as well as other
hallmarks of mitochondrial apoptosis in ECA-109 cells
after SDT, such as release of cytochrome ¢ and activation
of caspase-3 (Figures 10 and 12). As mentioned earlier,
DVDMS-mediated SDT led to abundant production of ROS,
the significance of which have been confirmed in the current
work. Literatures have provided that the activation of MAPK
played a major role in ROS-induced signaling pathways as
the response to photodynamic therapy and sonodynamic
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therapy.’*¥” Here we observed an increase in expression of
phospho-p38 MAPK immediately after SDT, whereas in the
presence of the ROS scavenger, N-acetylcysteine, expression
of this protein was markedly suppressed.

The SDT-induced cell damage was observed further
by SEM. Consistent with previous findings, no significant
morphological changes were observed in either the ultra-
sound alone or DVDMS alone groups, whereas cells treated
with DVDMS-mediated SDT showed decreased numbers
of microvilli and cell shrinkage on SEM (Figure 13).
Changes on the surface of the cell membrane affect cellular
function directly, and may eventually lead to death of the
cell,’® so the results of our morphological evaluation were
considered to be consistent with the cell viability trends
reported above.

Conclusion

Taken together, our results clearly demonstrate the advantages
of DVDMS when compared with other clinical sensitizers, as
well as a synergistic effect between DVDMS and ultrasound.
As a potential sonosensitizer agent, DVDMS-mediated
SDT resulted in significant production of ROS and severe
mitochondrial damage in ECA-109 cells. In this way, ROS
and oxidative stress might contribute to the initiation of
mitochondrial apoptosis.
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