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Abstract. The aim of the present study was to investigate the 
potential effect of hematoporphyrin monomethyl ether‑sonody-
namic therapy (HMME‑SDT) on MG‑63 osteosarcoma cells. 
The HMME concentration was kept constant at 20 µg/ml and 
the MG‑63 osteosarcoma cell line was exposed to ultrasound 
with an intensity of 1.0 W/cm2 for 30 sec. Cell cytotoxicity 
was quantified using an MTT assay 6 h after HMME‑SDT. 
The intracellular localization of HMME was imaged using 
inverted confocal laser scanning microscopy. Apoptosis was 
investigated using flow cytometry with Annexin V‑fluorescein 
isothiocyanate and propidium iodine staining. The cytotoxicity 
of HMME‑mediated sonodynamic action on MG‑63 cells was 
significantly higher than that of other treatments, including 
ultrasound alone, HMME alone and sham treatment. Flow 
cytometry demonstrated that HMME‑SDT action markedly 
enhanced the apoptotic rate of MG‑63 cells. The mechanisms 
of apoptosis were analyzed by measuring the protein expres-
sion of poly ADP‑ribose polymerase (PARP), cleaved PARP, 
procaspase‑3, cleaved caspase‑3 and cleaved caspase‑9. The 
data demonstrated that HMME‑SDT action markedly induced 
the apoptosis of MG‑63 cells.

Introduction

Osteosarcoma (OS) is the most common type of primary 
malignant bone tumor, and predominantly occurs in 
infants  (1). With the development of novel chemotherapy 
protocols, surgical excision and radiological staging, 5‑year 
survival rates and cure rates have increased to 60‑80% in 
patients with localized disease (2). However, problems with 

chemotherapy remain, particularly the frequent development 
of drug resistance (3). Therefore, there remains a requirement 
for the development of alternative methods for the treatment of 
OS. In recent years, the use of SDT has been widely accepted 
as a promising therapeutic strategy to prevent the development 
and recurrence of malignant diseases.

Sonodynamic therapy (SDT) is a non‑invasive approach 
for the treatment of diseases based on the synergistic effects 
of low intensity ultrasound and sonosensitization (4‑6). The 
ultrasound energy can be focused on targeted tissues to induce 
local cytotoxicity by activating sonosensitizers with minimal 
damage to healthy tissues (7,8). Recently, SDT has been widely 
used in the treatment of tumors and has been demonstrated to 
mediate apoptosis in numerous experimental systems in vitro 
or in vivo. SDT has been shown to induce cell death by apop-
tosis in a number of human tumor cell lines, such as liver, oral, 
leukemia, lung and colon cancer cell lines (9).

Therefore, SDT has great advantage as a targeted cancer 
therapy. The ultimate goal of anticancer therapy is to kill 
cancer cells rapidly and effectively. In the present study, the 
effects of SDT on the MG‑63 human osteosarcoma cell line 
were investigated using in vitro assays for proliferation and 
apoptosis. The mechanisms of apoptosis were analyzed by 
measurement of the protein expression of poly ADP‑ribose 
polymerase (PARP), cleaved PARP, procaspase‑3, cleaved 
caspase‑3 and cleaved caspase‑9. 

Materials and methods

Cell culture. The MG‑63 human osteosarcoma cell line 
was obtained from the American Type Culture Collection 
(Rockville, MD, USA). The cell line was cultured in Dulbecco's 
modified Eagle's medium (DMEM, Life Technologies, Inc., 
Grand Island, NY, USA) supplemented with 10% fetal bovine 
serum (FBS, Hyclone, NY, USA), 100 U/ml penicillin and 
100 µg/ml streptomycin (Wuhan Boster Biological Technology, 
Ltd., Wuhan, China) at 37˚C in a humidified atmosphere of 5% 
CO2 in air. Experiments were conducted in logarithmic growth 
phase cells.

Ultrasonic exposure system and SDT treatment protocols. 
The ultrasonic exposure system (Fig. 1) used in our study was 
multifunctional physiotherapy ultrasonic equipment (Tianshi 
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Technologies Ltd Co., Beijing, China). Using this device, ultra-
sound at 1 MHz could be produced. The transducer (diameter, 
2.5 cm; centre frequency, 1.0 MHz; duty factor, 10%; and repe-
tition frequency, 100 Hz) was placed upward at the bottom of 
a water tank. The tank was filled with degassed water and the 
inner surface was padded with ultrasound‑absorbing materials 
(Tianshi Technologies Co., Ltd., Beijing, China) to minimize 
the wave reflection. The spatial average and temporal average 
intensities (ISATA) was measured with a stainless‑steel ball 
radiometer (diameter, 0.32  cm; Tianshi Technologies Co., 
Ltd.) over 30 sec. The output intensity was 1 W/cm2 during 
exposure. MG‑63 cells were seeded in 35‑mm petri dishes and 
placed in the degassed water at a distance of ~5.2 cm from 
the ultrasonic transducer. During exposure, the temperature 
of the water was maintained at 37˚C. During the sonication 
procedure, the temperature of the solution inside the petri 
dishes was measured prior to and following ultrasound treat-
ment with a digital thermometer, and no significant variation 
of temperature was detected (±0.5˚C). 

HMME was obtained from Yingfa Kangmei Ltd. Co., 
(Beijing, China). The cells were divided into the following four 
groups: Sham group, which received no treatment; the HMME 
group, which was treated with 20 µg/ml HMME alone; the 
ultrasound group treated with 1 W/cm2 ultrasound alone and 
the ultrasound + HMME (SDT) group, which was treated with 
1 W/cm2 ultrasound plus 20 µg/ml HMME.

Cell viability assays. Cells were seeded into 35‑mm petri dishes 
(Bogoo Biotechnology Company, Shanghai, China) and incu-
bated with different concentrations of HMME (0, 5, 10, 20, 30, 
40 and 50 µg/ml) for 3 h in the dark. They were then exposed 
to ultrasound for 30 sec. After SDT (6 h), the cell survival rate 
was determined by an MTT assay. The MTT assay provides a 
fast and simple method to evaluate the viability of the cells in 
the SDT (10). This assay was performed as a regular procedure 
and the absorbance at 570 nm was recorded using a microplate 
reader (BIO‑TEK ELx800, BioTek, San Diego, CA, USA) 
against the reference value at 690 nm. Results were expressed 
as a percentage of the control.

Intracellular localization of hematoporphyrin monomethyl 
ether. MG‑63 cells were incubated with 20 µg/ml HMME for 
4 h, then co‑loaded with 10 nM Mito Tracker Green (MT‑G, 
Molecular Probes, Invitrogen Life Technologies, Carlsbad, 
CA, USA) and 1 µg/ml Hoechst 33342 (Ho; Molecular Probes, 
Invitrogen Life Technologies). After loading, cells were 
washed with phosphate‑buffered saline (PBS) and imaged 
using an inverted confocal laser scanning microscope (TCS 
SP5Leica, Wetzlar, Germany). In the multi‑channel imaging, 
photomultiplier sensitivities and offsets were set to a level at 
which bleed through effects from one channel to another were 
negligible.

Cell apoptosis assays. Cell apoptosis was detected using the 
Annexin  V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) apoptosis detection kit (KeyGen, Nanjing, China). 
In brief, 1x105 treated cells were harvested following trypsin-
ization and centrifugation at 111.8 x g for 5 min. Cells were 
washed with PBS and resuspended in 500 ml binding buffer, 
to which 5 ml Annexin V‑FITC was added. After a 5 min 

incubation, 5 ml PI was added, followed by a 5 min incubation 
in the dark. Apoptotic cells were analyzed by flow cytometry 
(FC500 system; Beckman Coulter, Fullerton, CA, USA).

Western blot analysis. PARP, cleaved PARP, procaspase‑3, 
cleaved caspase‑3 and cleaved caspase‑9 were measured by 
western blot analysis. SDS‑PAGE and immunoblotting were 
conducted according to set standard procedures.

Briefly, cells were harvested and collected by centrifuga-
tion at 111.8 x g for 5 min, then precooling lysate was added 
(containing 0.25% sodium deoxycholate, 1% Triton X‑100, 1% 
Nonidet P‑40, 5 mM EDTA, 10 µg/ml leupeptin, 10 µg/ml 
aprotinin and 1 mM phenylmethylsulfonyl fluoride; all from 
Sigma‑Aldrich, St. Louis, MO, USA) on ice. The cells were 
centrifuged at 111.8 x g for 5 min, and the supernatant was 
collected, followed by the addition of 5X  loading buffer 
(containing 10% SDS, 5% β‑mercaptoethanol, 15% glycerol, 
0.01% bromophenol blue and 200 mM Tris‑HCl; pH 6.7) in 
boiling water for 5 min and separated on a 10‑15% linear 
SDS polyacrylamide gel. Then, the proteins were trans-
ferred onto nitrocellulose filter membranes (Millipore, 
Billerica, MA, USA). Membranes were incubated at room 
temperature for 2 h and probed at 4˚C overnight with mouse 
monoclonal PARP (cat.  no.  sc‑56197), mouse monoclonal 
cleaved PARP (cat. no. sc‑56196), mouse monoclonal procas-
pase‑3 (cat. no. sc‑7272), rabbit monoclonal cleaved caspase‑3 
(cat. no. sc‑22171‑R), mouse monoclonal cleaved caspase‑9 
(cat. no. sc‑70505) as primary antibodies all purchased from 
Santa Cruz Biotechnology, Inc. (San Diego, CA, USA). 
Membranes were probed with a goat anti‑rabbit antibody 
conjugated with secondary antibody (Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, China) for 
1 h and visualized by enhanced chemiluminescence (Tianshi 
Technologies Co., Ltd.).

Statistical analysis. Statistical analysis was conducted using 
SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA). 
All values are expressed as the mean ±  standard error of 
the mean. Differences between the treated cells and control 
were assessed with one‑way analysis of variance. P<0.05 was 
considered to indicate a statistically significant difference.

Results

HMME‑SDT inhibits the proliferation of MG‑63 cells. Cell 
viability was detected by an MTT assay. The survival rate 

Figure 1. Ultrasonic exposure system.
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of MG‑63 cells decreased with HMME concentration and 
ultrasonic irradiation time increased. As shown in Fig. 2A, the 
survival rate was significantly decreased with the increase in 
ultrasound exposure time. As shown in Fig. 2B, the survival 
rate was significantly decreased with increasing concentration 
of HMME.

As shown in Fig. 2C, cell survival in 20 µg/ml HMME 
alone was 94.70±0.58% compared with control, showing no 
obvious cytotoxic effect on MG‑63 cells. When cells were 
treated with 1.0 W/cm2 ultrasound, the survival rate of cells 
was 77.68±0.89%. However, when cells were treated with 
ultrasound in the presence of 20 µg/ml HMME, cell survival 
decreased to 40.18±1.35% (P<0.01), demonstrating a syner-
gistic enhancement of sonochemically induced cytotoxicity.

Intracellular localization of HMME. After 4 h incubation with 
HMME, cells were co‑loaded with the mitochondria probe 
MT‑G (green) and nuclear probe Ho (blue). As shown in Fig. 3, 
the HMME fluorescence (red) corresponded well with MT‑G 
green fluorescence but without any Ho blue fluorescence 
overlap, indicating that HMME predominantly accumulated 
in the mitochondria of MG‑63 cells.

HMME‑SDT induces apoptosis in MG‑63 cells. Flow cytom-
etry with Annexin  V (Annexin V‑FITC) and PI staining 
has been regarded as an important way to distinguish early 
apoptosis from late apoptosis or necrosis (11). In the present 
study, flow cytometry showed that HMME‑SDT significantly 
increased the apoptosis of the MG‑63 cell population. Fig. 4 

Figure 3. Intracellular localization of HMME. (A) Hoechst 33342 blue fluorescence (magnification x400); (B) MT-G green fluorescence (magnification x400); 
(C) HMME fluorescence (magnification x400); (D) Hoechst 33342 blue fluorescence, MT-G green fluorescence and HMME fluorescence (magnification x400). 
HMME, hematoporphyrin monomethyl ether; MT-G, mito tracker green.

Figure 2. HMME‑sonodynamic therapy in MG‑63 cells. (A) Ultrasound exposure time, (B) HMME concentration and (C) viability of MG‑63 cells after 
different treatments. Control, no treatment; HMME, 20 µg/ml HMME treatment alone; ultrasound, 1 W/cm2 ultrasound treatment alone; Ultrasound+HMME, 
1 W/cm2 ultrasound plus 20 µg/ml HMME. P<0.01 versus the sham, HMME and Ultrasound groups. HMME, hematoporphyrin monomethyl ether; US, 
ultrasound.
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shows the MG‑63 cells 12 h after sham treatment, 11.49% of 
the cells had undergone apoptosis. Following treatment with 
HMME alone, 19.02% of the MG‑63 cells had undergone 
apoptosis while following ultrasound treatment alone 23.58% 
had undergone apoptosis. However, in the MG‑63 cells treated 
with HMME‑SDT, there was a significant increase in the 
percentage of cells that had undergone apoptosis to 43.56% at 
the intensity of 1.0 W/cm2 for 30 sec. These results showed that 

the sonodynamic action of HMME could effectively induce 
the apoptosis of OS cells.

Protein expression detected by western blot analysis. 
Increasing evidence suggests that changes in matrix metallo-
proteinases are associated with apoptosis (12‑14). In a number 
of experimental systems, SDT has been shown to induce 
apoptosis. Therefore, the present study aimed to detect several 
key apoptosis related proteins, such as PARP, cleaved PARP, 
procaspase‑3, cleaved caspase‑3 and cleaved caspase‑9, to 
assess whether MG‑63 cells can be induced by SDT.

Cleaved PARP is a classical substrate of activated caspase‑3, 
and it can often be considered as a marker of apoptosis; thus, it 
was used to indicate the occurrence of apoptosis. PARP cleavage 
occurs at the early stages of apoptosis, as well as the later 
stages. Fig. 5 shows that cleaved PARP significantly increased 
following sonodynamic therapy when compared with that in 
the ultrasound alone or HMME alone group. Similarly, little 
cleaved caspase‑9 (caspase‑9 activation) was measured in either 
the HMME alone or ultrasound irradiation group, but typical 
35 kDa caspase‑9 cleavage was observed, and accompanied 
by a decrease in the procaspase‑9 level. In addition, ultrasound 
irradiation in the presence of HMME resulted in more obvious 
caspase‑3 activation compared with the control, accompanied 
by the decreased level of procaspase‑3. These results showed 
that sonodynamic therapy could induce apoptotic cell death of 
MG‑63 cells, which is caspase dependent.

Figure 4. Apoptosis of MG‑63 cells was analyzed 12 h after sonodynamic therapy with HMME (20 µg/ml) under ultrasound sonication (1.7 MHz) with the 
intensity of 1.0 W/cm2 for 30 sec using flow cytometry with Annexin V‑FITC and propidium iodide staining. (A) sham radiation, (B) HMME alone, (C) ultra-
sound alone, (D) HMME‑mediated sonodynamic therapy. HMME, hematoporphyrin monomethyl ether; FITC, fluorescein isothiocyanate.

Figure 5. Western blotting analysis of PARP, cleaved PARP, procaspase‑3, 
cleaved caspase‑3, cleaved caspase‑9. PARP, poly ADP‑ribose polymerase.
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Discussion

Apoptosis is a complex mechanism that regulates cell numbers 
and is essential throughout the life of all metazoan animals. 
Caspase activation is the most fundamental pathway among 
different types of biochemical events in cells undergoing 
apoptosis (15‑20). The induction of apoptosis may be the most 
effective defense against cancer  (20). Recent studies have 
revealed that low intensity ultrasound combined with sono-
sensitizers can induce apoptosis in a number of cancer cell 
types (21‑26). The majority of those studies are irradiated by 
selecting cell types, sonosensitizers and the ultrasound expo-
sure parameters (21‑26). This study demonstrated that SDT 
therapy mediated by HMME has significant antitumor effects 
on MG‑63 human osteosarcoma cells.

The localization of sonosensitizer is important in the 
treatment of tumors, due to the short half life and short 
diffusion distance of the majority of radicals derived from 
the sonosensitizer produced during SDT (27). In order to 
detect the intracellular localization of HMME in MG‑63 
cells, cells were co‑loaded with HMME, MT‑G mitochon-
dria probe and Ho nucleus dye, and their corresponding 
fluorescence was imaged by inverted confocal laser scan-
ning microscopy. Fig.  3 shows that the fluorescence of 
HMME corresponded well with that of MT‑G but not with 
Ho, which suggests that HMME is predominantly local-
ized in the mitochondria of MG‑63 cells. The cell survival 
rate was then detected by MTT 6 h following SDT treat-
ment. Data as shown in Fig. 2B shows that the proposed 
ultrasound‑induced cell damage was markedly enhanced by  
20 µg/ml HMME (P<0.01), whereas HMME alone did not 
exhibit significant cytotoxic effects on MG‑63 cells. Fig. 5 
shows that cleaved PARP significantly increased after 
sonodynamic therapy when compared with treatment with 
ultrasound alone or HMME alone. Similarly, little cleaved 
caspase‑9 (caspase‑9 activation) was measured in either the 
HMME alone or ultrasound irradiation group, but typical 
35 kDa caspase‑9 cleavage was measured, and was accom-
panied by a decrease in the procaspase‑9 level. In addition, 
ultrasound irradiation with the presence of HMME resulted 
in more notable caspase‑3 activation compared with the 
control, accompanied by a decrease in the level of procas-
pase‑3.

Mitochondrial damage may be the predominant reason 
for HMME‑SDT‑induced cytotoxicity as HMME primarily 
accumulated in the mitochondria of MG‑63 cells, suggesting 
that the mitochondria are the target of SDT. As the major 
energy generators, mitochondrial‑mediated apoptosis occurs 
in response to a wide range of stimuli.

There are two major apoptotic pathways: The external 
(receptor‑mediated) and the intrinsic (mitochondria‑mediated). 
The intrinsic pathway of apoptosis occurs through internal and 
external stimulation, including a number of mediators, which 
can promote or inhibit the process (28). The most representative 
regulators of the mitochondria‑mediated pathway are p53, an 
inducer of apoptosis, and Bcl‑2, a molecule with the opposite 
effect (29‑31). The mitochondria‑caspase signaling pathway 
was activated following SDT and ultrasound to promote the 
expression of pro‑apoptotic proteins, such as caspase‑3 and 
Bax in cancer cells (12).

In another study, histidine significantly reduced the genera-
tion of nitrogen oxides and activation of caspase‑3 during 
sonodynamically‑induced apoptosis, suggesting that active 
species, such as singlet oxygen are important in the sonody-
namic induction of apoptosis (32). It has been reported that 
SDT induced apoptosis in cancer cells partially through a Ca2+ 
dependent pathway. SDT can induce cell apoptosis through 
ion channels. The intensity of bubble activity determines 
intracellular Ca2+ level (33) and is closely associated with cell 
membrane damage and repair. In addition, certain cells main-
tain high levels of Ca2+ long after ultrasound exposure, which 
indicates the complete loss of cell membrane integrity (34). An 
increase in calcium level is the key process underlying cell 
apoptosis (35).

SDT affects the expression of numerous genes which 
provides novel insights into the molecular mechanisms of SDT 
for the treatment of tumors (36).

In conclusion, this study shows that apoptosis participates 
in SDT‑induced cell death in MG‑63 cells. The relative 
percentages of cells undergoing apoptosis following SDT 
could be experimentally manipulated. The existing research 
results can provide important insight into SDT‑induced cell 
apoptosis and also indicated that HMME‑SDT may be a 
potential therapeutic approach in the management of OS.
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