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Sonodynamic therapy induces apoptosis of human leukemia HL-60
cells in the presence of protoporphyrin IX
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Abstract. Sonodynamic therapy (SDT) is expected to be a novel therapeutic strategy for tumor. The
protoporphyrin IX disodium salt (PpIX), a photosensitizer, can be activated by ultrasound. The present
study aims to investigate apoptosis of HL-60 cells induced by PpIX-mediated SDT. 3-(4, 5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was adopted to examine cell toxicity.
Apoptosis was detected using Annexin V-PE/7-amino-actinomycin D (7-AAD) double staining.
Detection of apoptotic bodies was examined by Hoechst33342 (HO) staining. Western blotting was
used to analyze the protein of caspase-3 and poly ADP-ribose polymerase (PARP). Intracellular reactive
oxygen species (ROS) was detected by a flow cytometer after exposures. Compared with PpIX alone
and ultrasound alone groups, the synergistic cytotoxicity of PpIX plus ultrasound were significantly
boosted. In addition, as determined by Annexin V-PE/7-AAD staining, SDT significantly induced
HL-60 cell apoptosis, the obvious nuclear condensation was also found with HO staining at 4 hours
post-SDT treatment. Furthermore, Western blotting showed visible enhancement of caspase-3 and
PARP cleavage in this process. Besides, intracellular ROS production was significantly enhanced after
SDT. Our findings demonstrate that PpIX-mediated SDT could induce apoptosis on HL-60 cells, sug-
gesting that apoptosis is an important mechanism of cell death induced by PpIX-mediated SDT.
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Introduction

Leukemia is a disease manifested by the failure of cell death,
or inability of hematopoietic cells to differentiate into func-
tional mature cells (Koeffler 1983; Collins 1987). Presently,
the traditional cancer therapies for leukemia treatment,
including chemotherapy and bone marrow transplantation,
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show some limitations because of drug resistance, poor
prognosis and serious side effects, etc. Therefore, novel
therapeutic strategies, preferably consisting of noninvasive
treatments, are urgently required.

Sonodynamic therapy (SDT), a novel strategy in tumor
treatment, shows synergistic effects on cell killing by the
combination of a sonosensitizer and ultrasound, which are
based on photodynamic therapy (Liu et al. 2006, 2008). Many
recent reports concerning SDT have focused on apoptotic
events after ultrasound irradiation with a photosensitizer
in vitro (Wang et al. 2008; Tang et al. 2010). Lagueaux et
al. found that ultrasound exposure can induce apoptotic
response in human leukemia cells such as HL-60, Kgla,
and Nalm-60 (Lagneaux et al. 2002). Yumita et al. observed
sonodynamically induced apoptosis in HL-60 cells (Yumita
et al. 2010). In conclusion, this method of treating diseases
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induced by ultrasound may have future clinical applications
(Amir et al. 2010).

SDT uses ultrasound to activate a sonosensitizer, which
selectively accumulates in cancer cells or tissues. Protopor-
phyrin IX (PpIX) is an efficient hydrophobic sensitizer which
is activated by both light and ultrasound waves (Liu et al.
2007). In our past study, we used low-intensity ultrasound
to activate PpIX and our data showed that sonodynamic ac-
tion of PpIX significantly enhanced the cell apoptosis (Wang
et al. 2010). Further, it was found that certain drugs, upon
ultrasonic irradiation, created active oxygen species such as
superoxide radicals and singlet oxygen, and that the active
oxygen thus destroyed cancer cells effectively (Miyoshi et
al. 1997). More recently, Song, et al. reported that the reac-
tive oxygen species (ROS) may play an important role in
ultrasonically-induced cell apoptosis with the presence of
5-aminolevulinic acid, and sonosensitizer activation gener-
ates ROS that destroyed the cell membrane and intracellular
substances (protein and nucleic acid) to promote apoptosis
(Song et al. 2011).

Therefore we are interested in assessing its safety through
exploration of its biological effects. In the present study, we
have focused on investigating the apoptosis of HL-60 cells
induced by PpIX-mediated sonodynamic action in vitro.

Materials and Methods

Chemicals

Protoporphyrin IX disodium salt (PpIX) was purchased
from Sigma Chemical Company (St Louis, MO, USA) and
was dissolved in RPMI-1640 medium (pH 7.2) at 2 mg/
ml, sterilized, aliquoted and stored in the dark at —-20°C.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium
bromide tetrazolium (MTT) and Hoechst33342 (HO) were
purchased from Sigma Chemical Company (St Louis, MO,
USA). Guava Nexin Assay kit (4500-0450) were obtained
from Guava technologies Inc (Hayward, CA, USA). 27°-
dichlorodihydrofluorescein-diacetate (DCFH-DA) were
supplied by Molecular Probes Inc. (Invitrogen, CA, USA).
Antibodies against cleaved poly (ADP-ribose) polymerase
(PARP) were obtained from Cell Signaling Technology (Bev-
erly, USA). Caspase-3 and B-actin antibody were acquired
from Santa Cruz Biotechnology (Santa Cruz, CA). All other
reagents were of analytical grade.

Cell culture

The human acute myeloid leukemia cell line HL-60 was
obtained from the Shanghai Research Institute Cell. The cell
line was cultured in an RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, 100 pg/

ml streptomycin, 1 mM I-glutamine and 5.95 mg/ml HEPES.
The cells were passaged 1-2 days. Cells were maintained at
37°Cin a humidified 5% CO, atmosphere. Cells in the expo-
nential phase of growth were used in each experiment (cell
viability was above 98% using trypan blue exclusion test).

Ultrasound exposure setup

The experiment set-up for insonation was similar as previ-
ously described (Su et al. 2013). Briefly, the focused ultra-
sound transducer with a circular ceramic plate of 15 mm
in diameter, manufactured by the Institution of Applied
Acoustics, Shaanxi Normal University (Xian, China), was
submerged in degassed water in the tank facing directly
upward. The electrical signal was generated and amplified
by a multi-functional generator (AG1020, T&C Power
Conversion, Inc, Rochester, NY, USA) before feeding the
transducer. The ultrasound field distribution was recorded
by the Ultrasonics C-Scan image System (3560C, Physical
acoustics corporation, USA). The central focal spot was
shown at about 26 mm away from the piezoelectric sound
source. The produced focus area was about 6-8 mm in
width, and the depth of focus was about 1.6 cm. Ultrasound
irradiation was conducted with a frequency of 1.1 MHz in
a continuous wave mode for 60 s duration. 0.5 ml sample
contained in a polypropylene test tube was placed into
the center of the focal zone for irradiation. Samples were
submerged entirely in degassed water and the test tube was
rotated at 20 rpm by a micro-motor to improve mixing and
to provide a uniform exposure. In 1640-serum free medium,
suppose in the free field conditions, we previously evaluated
the acoustic intensities in the tube being about 1 W/cm?
(IsaTa, spatial average time average intensity) when the load
power by the AG1020 apparatus indicated 3 W, which was
used throughout the experiment.

For all experiments, the coupling water was degassed
before ultrasound treatment and was maintained at room
temperature during irradiation. The temperature inside the
test tube was measured before and after ultrasound treatment
with a digital thermometer, and no significant variation of
temperature was detected (£1°C). Thus, any bio-effects ob-
served in this study were considered to be non-thermal.

SDT treatment protocols

HL-60 cells in the exponential phase were collected and di-
vided randomly into four groups: (1) control, (2) PpIX alone,
(3) ultrasound alone, and (4) ultrasound plus PpIX. For PpIX
and ultrasound plus PpIX groups, the cells were incubated
with 0.1 pg/ml PpIX during a 3 h drug-loading time in the
serum-free RPMI 1640 medium, allowing sufficient time
for cell uptake of the sensitizer to reach a maximum level.
Instead of PpIX, an equivalent quantity of PBS (in g/I: NaCl
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8.0,KCl0.2,Na,HPO,4 1.44, KH,PO40.24, pH 7.2), was used
for the control and ultrasound alone groups. The cells in
ultrasound and ultrasound plus PpIX groups were exposed
to ultrasound at a frequency of 1.1 MHz and an intensity of
1 W/cm? for 60 s duration. After the treatment procedure,
cells were re-suspended in fresh medium and cultured for
an additional time as specified in the text and then subjected
to different analysis.

Cell uptake of PpIX detection by flow cytometry

HL-60 cells were harvested in an exponential growth phase,
washed once with serum-free medium and incubated with
various concentrations of PpIX at 37°C in a 6-well microplate
for different time intervals. Serum-free medium was used to
avoid PpIX interact with serum and excrete from the cells.

For determining PpIX content, cells were collected after
different incubation time points and immediately detected
with flow cytometry Guava easyCyte 8HT (Millipore, MA,
USA). The mean fluorescence intensity of PpIX was recorded
at the same measurement conditions.

Cell toxicity assay

MTT assay relies primarily on the mitochondrial metabolic
capacity of viable cells and reflects the intracellular redox
state. The MTT assay was used to monitor the cytotoxicity
of PpIX-mediated SDT on HL-60 cells. At 4 h after ultra-
sound exposure, cells in 100 pl were added to 96 well culture
plates, and viability was determined by adding 10 ul MTT
solution (5 mg/ml in PBS) to each well, and the mixture was
incubated for 4 h at 37°C in CO; incubator. The formazan
crystals were dissolved in 100 ul 10% SDS, 0.01 M HCI
solution, and the absorbance at 570 nm was recorded us-
ing a microplate reader (BIO-TEKELX800, USA) against
the reference value at 630 nm. The cell survival of treated
samples was then obtained by comparing the results of the
incubated but non-exposed control sample.

Analysis of cell apoptosis

Quantification of cell apoptosis was performed by Guava
Nexin assay, which utilizes Annexin V-PE to detect the
externalization of phosphatidylserine on the external mem-
brane of apoptotic cells; the membrane-impermeant dye,
7-amino-actinomycin D (7-AAD), is used as an indicator
of cell membrane integrity. Briefly, after 2 h of incubation
post SDT, 100 pl cells from each sample were suspended in
amixture of 100 pl Annexin V-PE and 7-ADD binding buffer
and then incubated at room temperature for 20 min. The
samples were detected by flow cytometer (Guava easyCyte
8HT, Millipore, Billerica, MA, USA) and analyzed using
FCS Express software (De Novo Software, Los Angeles, CA,

USA). Early apoptotic cells were only stained by annexin
V-PE, while late apoptotic cells were stained by both annexin
V-PE and 7-ADD. (Cell apoptosis rate % = early apoptotic
cell rate % [lower right % gated] + late apoptotic cell rate %
[upper right % gated]).

HO staining

HO is a fluorescence probe which binds to double-stranded
DNA and represents the change of nuclear morphology.
HL-60 cells were incubated for 4 h in a 6-well microplate
after the SDT treatment. The stained cells were washed
in 1 ml PBS, and both the treated and control cells were
stained with 0.1 pg/ml HO for 30 min at 37°C. The stained
cells were washed three times in PBS and then observed
using a fluorescence microscopy. Excitation wavelength
was 364 nm and emission wavelength was 454 nm. The
mean intensity of HO was analyzed using Image-Pro Plus
software.

Western blotting staining

SDS-PAGE and immunoblotting were performed according
to standard procedures. Briefly, cells were lysed by RIPA
buffer on ice. The protein samples were separated on a 10%
SDS polyacrylamide gel, and then the gel was transferred to
nitrocellulose membranes (Millipore, MA, USA) and blotted
with primary antibodies (Caspase-3 and Cleaved-RARP)
overnight at 4°C. The bound primary antibodies were then
tagged with IRDye 680 Conjugated IgG (Li-cor, Biosciences)
at room temperature for 1 h. The infrared fluorescence was
detected with the Odyssey infrared imaging system (Li-cor
Bioscience, Lincoln, NE).

Determination of intracellular ROS

Intracellular ROS was analyzed using a flow cytometer with
DCFH-DA. DCFH-DA, a non fluorescent cell permeant
compound, is cleaved by endogenous esterases within the
cell and the de-esterified product can be converted into the
fluorescent compound 2,7’-dichlorofluorescein (DCF) upon
oxidation by intracellular ROS. To estimate intracellular
ROS, immediately after treatment, both the control and
treated cells were loaded with 100 nM DCFH-DA for 10
min at 37°C, washed with PBS and immediately analyzed
using flow cytometry.

Statistical analysis

All values were expressed as means + SD of at least four inde-
pendent experiments, the differences among the groups were
analyzed by one-way analysis of variance (one-way ANOVA),
P <0.01 and p < 0.05 were considered to be significant.
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Results

Uptakes of PpIX in HL-60 cells

The intracellular concentration changes of PpIX at differ-
ent time points after addition to HL-60 cells were evaluated
by the mean fluorescence intensity as determined by flow
cytometry. As shown in Figure 1, immediately after PpIX
administration, the intracellular PpIX increased quickly
for the first 1 h, then slightly increased and peaked at 3 h,
therein, 0.1 pg/mland 0.5 ug/ml PpIX display significant in-
crease in PpIX fluorescence in comparison with 0 ug/ml (p <
0.01), followed by a slight decrease and almost sustained the
same level at 4-5 h after adding of PpIX. While the intracel-
lular PpIX accumulation curves at different concentrations
showed similar trends.

Cytotoxicity of PpIX-SDT on HL-60 cells

The treated cells were incubated for 4 h to assess the cyto-
toxicity of PpIX-mediated SDT on HL-60 cells. The data in
Figure 2 revealed that, compared with control, the PpIX alone
group and ultrasound alone caused a slight cell damage on
HL-60 cell (84.8% and 84.4% cell survival), whereas the syn-
ergistic effect of ultrasound plus PpIX showed significant cell
killing, which caused 36.2% cell viability loss (p < 0.01). This
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combined cytotoxicity of PpIX-SDT was much higher than
that of PpIX (p < 0.05) or ultrasound alone (p < 0.05).

Apoptosis induction in HL-60 cell after SDT

Flow cytometry with Annexin V-PE and 7-ADD stain-
ing was applied to estimate cell apoptosis at 2 h after SDT
treatment. The results in Figure 3 showed that the early and
late apoptotic cell populations of HL-60 cells after PpIX-
mediated SDT significantly increased up to 0.3% and 39.6%,
respectively. In the untreated control group, the early and late
apoptotic cell populations were 0.9% and 2.4%, respectively,
which was partly increased to 1.7% and 13.4% after 1 W/cm?
ultrasound treatment; while in PpIX group, these apoptotic
cell populations were 1.3% and 10.5%, respectively. These
obtained data suggested that, compared with control, PpIX
and ultrasound alone, PpIX-SDT could markedly enhance
cell apoptosis in HL-60 cells.

To further verify that PpIX-mediated SDT induced apop-
tosis of HL-60 cells, HO staining showed that the multiple
nucleus were stained a less bright blue and the color was
homogeneous in the control groups, and the contrast phase
indicated normal cell morphology with intact cell plasma
membrane. Cells in PpIX alone group were similar as control
cells, cells in ultrasound alone groups showed slight enhanc-
ing HO staining and few cells indicated damaged nuclei, and

0.1 pg/ml PpIX
B 0.5pg/ml PpIX
Figure 1. Kinetics of intracellular PpIX level
in HL-60 cells after incubation with different
concentration of PpIX. Data are presented
4 5 as mean + SD from three independent ex-

periments (every sample has four replicates).
** p < 0.01versus untreated controls.



ROS might be involved in SDT-induced damage in HL-60 cells

159

few cells with plasma membrane blebbing were observed
under phase-contrast imaging. After being irradiated by
ultrasound with PpIX for 4 h, the blue emission light in apop-
totic cells was much bright. Condensation of chromatin and
nuclear fragmentations could also be found in many treated
cells and some of them formed the structure of apoptotic
bodies, which is one of the classic characteristics of apoptotic
cells; obviously cell lysis with broken cell membrane were
observed under phase-contrast imaging (Fig. 4A,B).

The above-mentioned results imply that the combination
of PpIX and ultrasound was more efficient in inducing DNA
damage on HL-60 cells than other treatments.

Changes of apoptosis related protein expression

To further investigate whether the apoptotic effect was in-
volved in PpIX-SDT, we also monitored the key apoptosis
related protein changes by using Western blotting. Caspase-3
is a critical executioner of apoptosis (Ghobrial et al. 2005).
The applied caspase-3 antibody detects endogenous levels
of full length caspase-3 (35 kDa) and the large fragment of
caspase-3 resulting form cleavage (17 kDa). As shown in
Figure 5, SDT treatment caused increase of typical caspase-3
cleavage at 0.5 h post treatment, comparing with control,
and this cleavage phenomenon almost sustained 6 h after
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Figure 2. The cytotoxicity of HL-60 cells at 4 h after PpIX-SDT was
assessed by MT'T assay. Control, cells without any treatment; Ultra-
sound, cells were irradiated with 1 W/cm? ultrasound alone; PpIX,
cells were treated with 0.1 ug/ml PpIX alone; Ultrasound+PpIX,
cells were irradiated with 1 W/cm? ultrasound in the presence of
0.1 pg/ml PpIX. * p < 0.05 versus PpIX and ultrasound; ** p < 0.01
versus untreated controls.
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treatment. We know, caspase-3 is either partially or totally
responsible for the proteolytic cleavage of many key proteins
such as the nuclear enzyme PARP. So, next, we examined
PARP cleavage after treatment. The used cleaved PARP
(Asp214) antibody detects engogenous levels of the large
fragment (89 kDa) of human PARP produced by caspase
cleavage. The result showed more obvious cleaved PARP
fragment was detected at 2 h to 6 h post SDT, which indirectly
supported caspase activation and apoptotic response by SDT
induction in HL-60 cells (Figure 6).

A Control

SDT induces mitochondrial ROS generation

The intracellular ROS was analyzed using a flow cytom-
eter with DCFH-DA staining immediately after different
treatment. As shown in Figure 6, only 4.33% and 3.83%
of cells in control and PpIX alone group, respectively,
showed higher DCF fluorescence, and this percentage of
cells slightly increased to 14% in ultrasound alone group,
whereas, about 36.7% of cells in ultrasound plus PpIX group
displayed higher DCF fluorescence. It demonstrated that

Ultrasound

35

30

25

Mean intensity (a.u.)
° » S & 8

Control Ultrasound SDT

PpIX

Figure 4. Nuclear HO staining. The stained nuclei were visual-
ized under a fluorescent microscope (A, scale bar: 25 um). Data
expressed as mean * SD of four independent experiments (B).
Control, control group with untreated cell; PpIX, cells were
treated with 0.1 pg/ml PpIX alone; Ultrasound, cells were irradi-
ated with 1 W/cm? ultrasound alone; SDT, cells were irradiated
with 1 W/cm? ultrasound in the presence of 0.1 pg/ml PpIX.
** p < 0.01 versus untreated controls.
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PpIX-mediated SDT markedly increased the intracellular
ROS level.

Discussion

It has been proven that ultrasound could enhance cytotoxic
therapy in several cell lines (Arthur et al. 2007; Mi et al.
2009; Zhao et al. 2009). In our paper, the MTT assay indi-
cated that the combination of ultrasound and PpIX exerted
more significant cytotoxic effect on HL-60 cells than ultra-
sound alone (p < 0.05) or PpIX alone (p < 0.05) under the
same experimental conditions (Fig. 2), demonstrating that
PpIX-mediated SDT was effective on enhancing HL-60 cells
toxicity. However, the concrete mechanisms in cell death
remain unclear.

Apoptosis is considered to have the most widespread
physiological, pathological, and therapeutic roles in re-
sponse to chemotherapy and physical therapy (Tang et al.
2009), which is an important mode of cell death during
sonodynamic therapy (Feril et al. 2005). Lagneaux et al.

demonstrated the induction of apoptosis in leukemic
cells by a “low-energy” ultrasonic treatment (Lagneaux
et al. 2002). In the current paper, to evaluate whether the
cytotoxicity of SDT was related to apoptosis, SDT-treated
HL-60 cells were stained with Annexin V-PE and 7-AAD.
The obtained results showed that at the given experimental
conditions, SDT treatment could significantly increase
the apoptotic cells (39.9 % in SDT versus 3.3% in control,
11.8% in PpIX, 15.1% in ultrasound) by flow cytometry
with Annexin V-PE/7-AAD double staining (Fig. 3). Also,
results of HO staining showed us the typical apoptotic
characteristics in PpIX-SDT, such as nuclear condensation
with enhancing HO staining. The altered nuclei morphol-
ogy was observed in PpIX-SDT-treated cells, and the phase
contrast image shows cell lysis and cytoplasmic loss in the
combined treatment group (Fig. 4A,B). Additionally, the
measurement by Western blotting indicated that after SDT
treatment, the apoptotic executioner protein, caspase-3,
was obviously cleaved to its active subunit, and the general
substrate of caspase-3, PARP, was also cleaved to 89-kDa
fragments (Fig. 5). These data implied that apoptosis might

A Control SDT-0.5h SDT-2h SDT4h SDT-6h

Cleaved-PARP/Actin

% ** x s
08 -
0.6 -
04 -
0.2 -
0

SDT-05h SDT-2h SDT4h SDT-6h

Control

Cleaved PARP

Procaspase-3

Cleaved caspase-3

Cleaved caspase-3/Actin

*4 . ** *4
1.8
1.6 -
14 -
12
14

SDT-05h SDT-2h SDT4h  SDI-6h

Control

Figure 5. A. Western blotting analysis of cleaved PARP, caspase-3 activation in HL-60 cells after different incubation time following SDT treat-
ment. Actin was used as a loading control. Data expressed as mean + SD of four independent assessments (B). Control, cells without any treat-
ment; SDT, cells were irradiated with 1 W/cm? ultrasound in the presence of 0.1 ug/ml PpIX. ** p < 0.01 versus untreated control group.
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be an important mode of cell death of HL-60 cells after the
treatment of PpIX-mediated SDT.

ROS is usually considered as a well-known indicator
of apoptosis which has been confirmed to be implicated
in numerous therapeutic mechanisms of malignant dis-
eases, including photodynamic therapy, ultrasound therapy,
chemotherapy, etc (Gogvadze and Zhivotovsky 2007; Tsuru
et al. 2012). Oxidative stress was thought to be one of the
major initiators of apoptosis in SDT (Dai et al. 2009; He et
al. 2010; Yumita et al. 2010). Previously published studies
have shown that low-intensity ultrasound could efficiently
activate some sensitizers to produce ROS directly or indi-
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rectly damaging tumor cells (Rosenthal et al. 2004; Hiraoka
et al. 2006; Kuroki et al. 2007). Moreover, in 2013, Xu et al.
reported that the antitumor effect of SDT on glioma stem-
like cells (GSCs) appeared to be primarily dependent on ROS
production, and the ROS generation during the synergistic
effect of ultrasound and Photofrin decreased cell survival
rates and enhanced apoptosis in GSCs (Xu et al. 2013). In
our paper, SDT could stimulate the generation of ROS on
HL-60 cells obviously (Fig. 6). These data therefore reveal
that sonodynamic action of PpIX significantly increased the
level of ROS in HL-60 cells, subsequently inducing apoptosis
of the HL-60 cells.
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Figure 6. Measurement of intracellular reactive oxygen species (ROS) in HL-60 cells. The cells were labeled with 2}7’-dichlorodihydroflu-
orescein-diacetate (DCFH-DA), the fluorescence intensity of DCF in the cells was detected by flow cytometry. Control, control group with
untreated cell; Ultrasound, cells were irradiated with 1 W/cm? ultrasound alone; PpIX, cells with 0.1 pg/ml PpIX alone; Ultrasound+PpIX,
cells were irradiated with 1 W/cm? ultrasound in the presence of 0.1 pg/ml PpIX; DCE, 2,7-dichlorofluorescein. The shown data indicate
the percentage of cells with higher DCF fluorescence, which represent three independent assessments.
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In the current study, we have demonstrated that SDT was
effective on decreasing cell viability, inducing apoptosis and
damage in HL-60 cells, ROS was involved in this process. Most
importantly, it also indicated that PpIX-mediated SDT could
be a potential therapeutic modality for treating leukemia.
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