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OBJECTIVE High invasiveness of malignant gliomas frequently causes early local recurrence of the tumor, resulting in 
extremely poor outcome. To control such recurrence, novel therapies targeted toward infiltrating glioma cells around the 
tumor border are required. Here, the authors investigated the antitumor activity of sonodynamic therapy (SDT) combined 
with a sonosensitizer, 5-aminolevulinic acid (5-ALA), on malignant gliomas to explore the possibility for clinical use of 
5-ALA–mediated SDT (5-ALA-SDT).
METHODS In vitro cytotoxicity of 5-ALA-SDT was evaluated in U87 and U251 glioma cells and in U251Oct-3/4 glioma 
stemlike cells. Treatment-related apoptosis was analyzed using flow cytometry and TUNEL staining. Intracellular reactive 
oxygen species (ROS) were measured and the role of ROS in treatment-related cytotoxicity was examined by analysis 
of the effect of pretreatment with the radical scavenger edaravone. Effects of 5-ALA-SDT with high-intensity focused 
ultrasound (HIFU) on tumor growth, survival of glioma-transplanted mice, and histological features of the mouse brains 
were investigated.
RESULTS The 5-ALA-SDT inhibited cell growth and changed cell morphology, inducing cell shrinkage, vacuolization, 
and swelling. Flow cytometric analysis and TUNEL staining indicated that 5-ALA-SDT induced apoptotic cell death in all 
gliomas. The 5-ALA-SDT generated significantly higher ROS than in the control group, and inhibition of ROS genera-
tion by edaravone completely eliminated the cytotoxic effects of 5-ALA-SDT. In the in vivo study, 5-ALA-SDT with HIFU 
greatly prolonged survival of the tumor-bearing mice compared with that of the control group (p < 0.05). Histologically, 
5-ALA-SDT produced mainly necrosis of the tumor tissue in the focus area and induced apoptosis of the tumor cells in 
the perifocus area around the target of the HIFU-irradiated field. The proliferative activity of the entire tumor was mark-
edly decreased. Normal brain tissues around the ultrasonic irradiation field of HIFU remained intact.
CONCLUSIONS The 5-ALA-SDT was cytotoxic toward malignant gliomas. Generation of ROS by the SDT was thought 
to promote apoptosis of glioma cells. The 5-ALA-SDT with HIFU induced tumor necrosis in the focus area and apoptosis 
in the perifocus area of the HIFU-irradiated field, whereas the surrounding brain tissue remained normal, resulting in 
longer survival of the HIFU-treated mice compared with that of untreated mice. These results suggest that 5-ALA-SDT 
with HIFU may present a less invasive and tumor-specific therapy, not only for a tumor mass but also for infiltrating tumor 
cells in malignant gliomas.
https://thejns.org/doi/abs/10.3171/2017.6.JNS162398
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Malignant glioma, particularly glioblastoma, is 
the most common and aggressive primary brain 
tumor, with a median survival time of less than 

15 months after maximum resection of the tumor fol-
lowed by the current standard radiochemotherapy.19 The 
extremely poor outcome of malignant glioma is largely 
due to its highly invasive nature, which frequently causes 
early recurrence of the tumor, particularly around the re-
section cavity, resulting in local recurrence. Therefore, a 
novel therapy capable of controlling not only unresectable 
tumors but also infiltrating tumor cells around the tumor 
border is urgently required.

Recently, intraoperative photodynamic therapy (PDT) 
with talaporfin sodium was introduced to locally control 
malignant gliomas, and has shown the possibility of pref-
erential inhibition of tumor growth.12 Although PDT is ex-
pected to be a useful tool in the control of local recurrence 
of malignant glioma, it has the disadvantage of low pen-
etration of the laser light into tissues. On the other hand, 
sonodynamic therapy (SDT), in which a sonosensitizer is 
combined with ultrasound (US) that can penetrate deeply 
into tissue, has been shown to be effective for the treat-
ment of various cancers.7,10 In malignant glioma, 5-ami-
nolevulinic acid (5-ALA) has been widely used for in-
traoperative tumor visualization to distinguish the tumor 
border and detect the existence of residual tumors.18 In 
addition, 5-ALA has been found to be a potent sensitizer 
for SDT in various cancers.15 To date, many in vitro stud-
ies using SDT combined with 5-ALA as a sonosensitizer 
in gliomas have been reported, but there have only been 
a few in vivo studies of SDT in animal models.8,13,14 The 
previous in vivo studies demonstrated a tumor-suppressive 
effect of SDT with a sonosensitizer; however, only a few of 
those studies referred to effects of SDT on the survival of 
tumor-bearing animals. In addition, because the US used 
in those studies was not high-intensity focused ultrasound 
(HIFU), serious injury to normal brain tissues could occur 
in the entire area irradiated by the high-power US. Recent 
progress of MR-guided focused ultrasound (MRgFUS) 
for the brain has enabled effective treatment of essential 
tremor, Parkinson disease, and chronic neuropathic pain 
in clinical studies.4,20 The innovation of therapeutic FUS 
prompted us to apply SDT with HIFU to brain tumors as 
a tumor-specific and less-invasive therapy without crani-
otomy.

In the present study, we examined the antitumor ef-
fects of 5-ALA–mediated SDT (5-ALA-SDT) in malig-
nant gliomas in vitro and in vivo. We demonstrated that 
5-ALA-SDT showed effective cytotoxicity against malig-
nant gliomas through the induction of apoptosis. In ad-
dition, 5-ALA-SDT performed using HIFU markedly in-
hibited in vivo tumor growth in mice by not only inducing 
necrosis in the focus area but also inducing apoptosis in 
the glioma cells in the perifocus area around the target of 
HIFU, resulting in longer survival of tumor-bearing mice 
than of those receiving HIFU alone or no treatment.

Methods
Ethics Statement

The mouse experiments were performed according to 

protocols approved by the animal care and use committees 
of Ehime University. These protocols are in accordance 
with the standards detailed in the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals.3 
The surgery and experimental procedures were performed 
after animals were anesthetized with intraperitoneal (IP) 
medetomidine (0.75 mg/kg), midazolam (4 mg/kg), and bu-
torphanol tartrate (5 mg/kg), and utmost efforts were made 
to minimize animal suffering.

Cells and Cell Culture
The human malignant glioma cell lines U87 and U251 

were obtained by purchasing the U87MG (HTB14) cell 
line from the American Type Culture Collection, and by 
transfer of the U251 cell line from the Hyogo College of 
Medicine (Hyogo, Japan). The U251Oct-3/4 glioma stemlike 
(GSL) cells were obtained by transfection of the Oct-3/4 
expression plasmid into U251 cells as described previous-
ly.6,9,22 Human normal neural stem cells (NSCs; ReNcell 
VM) were purchased from Merck Millipore and main-
tained according to the supplier’s instructions. The glioma 
cells were cultured in DMEM (Wako) supplemented with 
10% heat-incubated fetal bovine serum (FBS; Thermo 
Scientific), 100 U/ml penicillin G, and 100 μg/ml strepto-
mycin, in an incubator with 5% CO2 and 100% humidity at 
37°C. Cells in the exponential phase of growth were used 
in all of the experiments.

In Vitro SDT Combined With 5-ALA
Cells were harvested by trypsinization, centrifuged, 

and resuspended in DMEM containing 10% FBS. An 
equal number of cells was then seeded into 16 wells of a 
96-well plate (FALCON353072; BD) so that neighboring 
wells were free of cells. Each well contained 100 μl of cell 
suspension and approximately 4 × 104 cells/ml, and the 
plates were incubated at 37°C in a 5% CO2 atmosphere 
for 24 hours. The cells were washed with Ca2+-, Mg2+-free 
Dulbecco phosphate-buffered saline (DPBS[-]) and then 
incubated with or without 1 mM 5-ALA (Cosmo BioCo., 
Ltd.) for 4 hours in DMEM with 10% FBS. The cul-
ture plates were then divided evenly into 4 experimental 
groups: 2 with no US treatment (control and 5-ALA alone) 
and 2 with US treatment (US alone and 5-ALA-SDT). The 
US irradiation was applied to cells in the dark. To irradi-
ate glioma cells in culture with US, the culture plates were 
placed above a probe, and the gap between the culture 
plates and the probe was filled with cooled echo gel (ITO 
Physiotherapy & Rehabilitation). We used a 3-MHz US 
generator (UST-770; ITO Physiotherapy & Rehabilitation) 
with an FUS transducer that was a single, 35-mm-diame-
ter circular disc. The US conditions of 2 W/cm2 and 20% 
duty cycle for 3 minutes were used. To analyze the effects 
of US or 5-ALA-SDT on cell morphology and prolifera-
tion, the cells were reincubated after the treatment for up 
to 24 hours in the dark.

Cytotoxicity Assay
Cytotoxicity (cell growth inhibition) induced by US 

alone or by 5-ALA-SDT was analyzed using the colo-
rimetric assay in the Cell Counting Kit-8 (Dojindo).23 
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Briefly, an appropriate amount of the Cell Counting Kit-8 
solution was added to the culture medium, followed by 
incubation at 37°C for 90 minutes. The reaction was then 
terminated by adding 1 w/v% sodium dodecyl sulfate to 
the medium, and the absorbance was measured at 450 
nm (reference wavelength 600 nm) by using a microplate 
reader (iMark; BioRad) in accordance with the manufac-
turer’s instructions.

Cell Morphology After SDT
Cells were treated with US alone or with 5-ALA-SDT. 

The US condition was the same as that used in the in vitro 
SDT study described above. The cells were then incubated 
in DMEM with 10% FBS for 12 hours. Cell morphology 
was then observed under a phase-contrast microscope 
(Floid cell imaging station; Life Technologies).

Flow Cytometric Analysis
Glioma cells were seeded into 4 wells of a 48-well 

plate. Each well contained approximately 105 cells/ml in 
500 μl of cell suspension. The plates were incubated at 
37°C in a 5% CO2 atmosphere for 24 hours. After washing 
with DPBS(-), they were incubated with 1 mM 5-ALA in 
DMEM with 10% FBS for 4 hours. The SDT was per-
formed using the same US conditions as described above. 
After 12 hours, the percentage of apoptotic cells induced 
by the SDT treatment was analyzed using the Gallios 
flow cytometer (Beckman Coulter) and FlowJo software 
(FlowJo) with the Annexin V-Cy5 apoptosis detection kit 
(BioVision) according to the manufacturer’s instructions.

TUNEL Staining
The glioma cells were seeded onto 8-well glass slides 

(154941; Nunc) coated with poly-d-lysine (Sigma-Al-
drich). Each well contained 200 μl of cell suspension and 
approximately 1.5 × 104 cells/ml. The slides were incu-
bated at 37°C in a 5% CO2 atmosphere for 24 hours. After 
washing with DPBS(-), they were then incubated with 1 
mM 5-ALA in DMEM with 10% FBS for 4 hours. The 
cells were then immersed in fresh DMEM with 10% FBS. 
The slides were divided evenly into 2 treatment groups: 
US alone (2 W/cm2 and 20% duty cycle for 3 minutes) and 
5-ALA + US. After 12 hours, the medium was discarded, 
and the slides were dried and fixed in 4% paraformalde-
hyde (PFA) for 30 minutes. The slides were then incubat-
ed for 2 minutes on ice in the presence of 0.2% Triton 
X-100. After washing with DPBS(-), TMR red (In Situ 
Cell Death Detection Kit; Roche Life Science) was added 
to the well and incubated at 37°C for 60 minutes. At 30 
minutes after incubation, Hoechst 33342 (Life Technolo-
gies) was added to the well. The slide was sealed with a 
coverslip, and positive fluorescence showing DNA frag-
mentation was observed under a fluorescence microscope 
(BZ-9000; Keyence), in accordance with the manufactur-
er’s instructions.

Measurement of Intracellular Reactive Oxygen Species
The U87 and U251 glioma cells were seeded into 4 

wells of a 48-well plate. Each well contained 500 μl of 
cell suspension and approximately 105 cells/ml. The plate 

was incubated at 37°C in a 5% CO2 atmosphere for 24 
hours. After washing with DPBS(-), the cells were incu-
bated with 1 mM 5-ALA in DMEM with 10% FBS for 4 
hours. Then, the cells were washed twice with DPBS(-) 
and incubated with 400 μM dichlorodihydrofluorescein 
diacetate (DCFH-DA; OxySelect Intracellular ROS As-
say Kit [Green Fluorescence]; Cell Biolabs, Inc.) for 5 
minutes. After washing with DPBS(-), the cells were 
treated with US (2 W/cm2 and 20% duty cycle for 3 min-
utes). After treatment, the medium was removed from all 
wells and discarded. The cells were gently washed twice 
with DPBS(-). The medium was removed from each well 
and the cells were incubated with cell lysis buffer for 10 
minutes. The mixture was then transferred to a 96-well 
black plate (FALCON353219; BD) for fluorescence mea-
surement. Fluorescence intensity was measured using the 
fluorescence microplate reader (FlexStation 3; Molecu-
lar Devices) at wavelengths of 480 nm excitation/530 nm 
emission.

Effects of Inhibition of Reactive Oxygen Species 
Generation on SDT-Induced Cytotoxicity

To examine the significance of reactive oxygen species 
(ROS) for the cytotoxicity of SDT, the effects of the radi-
cal scavenger edaravone (Tanabe-Mitsubishi Co., Ltd.) 
on the cytotoxicity induced by SDT were analyzed using 
the Cell Counting Kit-8.23 An equal number of cells were 
seeded into 20 wells of a 96-well plate (FALCON353072) 
so that neighboring wells were free of cells. Each well 
contained 100 μl of cell suspension and approximately 4 × 
104 cells/ml, and the plates were incubated at 37°C in a 5% 
CO2 atmosphere for 24 hours. The cells were washed with 
DPBS(-) and were then incubated with or without 1 mM 
5-ALA for 4 hours in DMEM with 10% FBS. The cul-
ture plates were then divided evenly into 5 experimental 
groups: 3 for no US treatment (control, edaravone alone, 
and edaravone + 5-ALA) and 2 for US treatment (US + 
edaravone and US + 5-ALA + edaravone). The cells were 
washed and 100 μl of DMEM with 10% FBS with or with-
out 30 μg of edaravone was added just prior to SDT. US 
was applied to cells in the dark. Cytotoxicity was mea-
sured by the colorimetric assay using the Cell Counting 
Kit-8 as described above.

In Vivo Tumor Model
Immunodeficient mice were obtained from CLEA Ja-

pan, Inc. During the experimental period, the mice were 
kept in a cage and housed in a temperature- and humidity-
controlled aseptic room provided with a light/dark cycle 
system. Either U87 glioma cells or U251Oct-3/4 GSL cells 
(105) were suspended in 3 μl of the culture medium and in-
jected into the brains of 6- to 8-week-old, female, specific 
pathogen-free, nu/nu BALB/c mice (weight 20 ± 2 g [mean 
± SD]) by using a stereotactic apparatus (Narishige). Be-
fore placing the mice in the stereotactic apparatus, the ani-
mals were anesthetized with IP medetomidine (0.75 mg/
kg), midazolam (4 mg/kg), and butorphanol tartrate (5 mg/
kg). The stereotactic coordinates of the injection site were 
as follows: 1 mm forward from the coronal suture, 2 mm 
lateral to the sagittal suture, and 3 mm deep. Preliminary 
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MRI of the mouse brain was performed to confirm the 
size and location of a generated tumor just before per-
forming SDT.

In Vivo SDT With HIFU
The 5-ALA was administered to the mice at a dose 

of 100 mg/kg via a transgastric route. Four hours after 
administration of 5-ALA, tumor-bearing mice were anes-
thetized with IP medetomidine (0.75 mg/kg), midazolam 
(4 mg/kg), and butorphanol tartrate (5 mg/kg), and an 
acoustically transparent gel was applied on the head skin 
so that the transplanted tumor was located under the gel. 
A HIFU transducer with a diameter of 20 mm was hori-
zontally attached to the surface of skin over the intracra-
nial tumor. We focused the US irradiation of HIFU on the 
center of the growing tumor in the mouse brain. To carry 
out such a focused irradiation, the position of the center 
of the tumor was assessed by obtaining a tumor image 
with MRI. Because the measured position of the center 
of the tumor did not significantly differ from the injection 
site in most tumors, the HIFU transducer was set on the 
injection site. The tumor injection site was measured with 
the stereotactic apparatus and the transducer was fixed to 
the injection site by applying a custom-made attachment 
(Narishige).

Ultrasonic irradiation was performed by placing 12 
mm of degassed gel between the transducer and the skin. 
The frequency and sound strength of the US (Sonitron 
GTS) were 2.2 MHz and 0.5 kW/cm2, respectively. One 
US irradiation was performed at 100% duty cycle for 5 
minutes. Mouse brains received US irradiation with the 
same modes once a week for 3 weeks, to control the rapid 
growth of the residual tumor and reduce the tumor volume 
as much as possible. All SDT experiments were conduct-
ed at 20°C under a dim light condition. The experimen-
tal study consisted of 4 groups: 5-ALA-SDT with HIFU, 
5-ALA alone, HIFU alone, and no treatment (control). 
Tumor-transplanted mice were randomly assigned (n = 5 
for each group). During the survival study, we monitored 
the condition of the animals every day. There were no un-
expected deaths. We humanely killed the mice when they 
began to show abnormal signs or behaviors, including dif-
ficulty in food and water intake, abnormal posture, self-
injurious behavior, or marked weight loss (10% in a day) 
for more than 3 consecutive days. The mice were killed by 
anesthesia with an overdose of barbiturate, and the death 
was confirmed by verification of cessation of breathing 
followed by cervical dislocation. These experiments were 
conducted under a uniform sonication condition that was 
based on the results of preliminary studies in which the 
most efficient condition for in vivo SDT was determined. 
All experiments were conducted at 20°C under a dim light 
condition. In addition, the survival time of the mice in each 
group was evaluated with reference to the MRI findings.

Histopathological and Immunohistochemical 
Investigations

The mice whose brain tumors were treated with SDT 
were anesthetized and fixed by perfusion of 4% PFA, and 
the brains were removed. The brain samples were fixed 

again in 4% PFA for 12 hours and were embedded in liq-
uid paraffin. Thin sections of 4-μm thickness were stained 
with H & E. For immunohistochemistry, tissue sections 
were deparaffinized and immersed in Target Retrieval 
Solution (Dako). The sections were then heated 3 times 
in a microwave oven for 5 minutes each time, and were 
washed in Tris-buffered saline (TBS). Endogenous per-
oxidase was blocked with 3% H2O2 for 15 minutes. After 
washing in TBS, the sections were incubated with the fol-
lowing primary antibodies at 4°C overnight: rabbit mono-
clonal anticaspase-3, cleaved (#9664, 1:100; Cell Signaling 
Technology) and mouse monoclonal anti–Ki-67 (M7240, 
1:200; Dako). The sections were then washed 3 times in 
TBS and incubated with peroxidase-labeled anti–rabbit 
or anti–mouse antibody (Histofine Simplestain Max PO; 
Nichirei) for 30 minutes at room temperature. Peroxidase 
activity was detected with diaminobenzidine (Histofine 
Simplestain DAB; Nichirei). The sections were counter-
stained with hematoxylin and dehydrated.

Statistical Analysis
An IBM SPSS Statistics software program was used for 

statistical analysis. The average ± SD value for each group 
was also tabulated, and these values were compared using 
1-way ANOVA and Tukey’s post hoc test. Survival data 
were compared using the Kaplan-Meier method with a log-
rank test. A p value of < 0.05 was considered significant.

Results
Effects of 5-ALA-SDT on the Growth of Glioma Cells

We examined the antitumor effects of US alone and 
of 5-ALA-SDT by analyzing their growth inhibition of 2 
glioma cell lines and GSL cells along with normal NSCs. 
Cell growth inhibition was analyzed by a colorimetric 
assay using the Cell Counting Kit-8 (Fig. 1). Treatment 
with US alone was cytotoxic toward U87 glioma cells and 
U251Oct-3/4 GSL cells, but did not have a significant antitu-
mor effect against U251 glioma cells. The group treated 
with 5-ALA-SDT showed a much stronger inhibitory ef-
fect on the growth of all glioma cells and U251Oct-3/4 GSL 
cells than US alone. Administration of 5-ALA alone did 
not have antitumor effects toward any glioma cells and 
normal NSCs. In addition, neither US alone nor 5-ALA-
SDT had cytotoxic effects on normal NSCs.

Cell Morphological Changes Induced by SDT
Phase-contrast microscopic analysis of the cells at 12 

hours after treatment with US alone indicated decreased 
growth of all of the glioma cells and marked cell shrinkage 
compared with the control. In addition to induction of cell 
shrinkage, 5-ALA-SDT also induced vacuolization, and 
disappearance of cellular processes with some blebbing 
and swelling of the glioma cells. The 5-ALA alone had no 
effect on the morphology of the glioma cells (Fig. 2).

Flow Cytometric Analysis of Cell Death
We evaluated the mode of cell death after SDT treat-

ment of glioma cells by using flow cytometry with the An-
nexin V-Cy5 apoptosis detection kit. US alone increased 

Unauthenticated | Downloaded 05/23/23 11:18 PM UTC



S. Suehiro et al.

J Neurosurg Volume 129 • December 20181420

the apoptotic cell population in all glioma cells, including 
GSL cells to various degrees. The 5-ALA-SDT induced 
a much higher increase in the apoptotic population in all 
glioma cells than US alone (Fig. 3).

TUNEL Staining
The results of TUNEL staining of DNA fragmentation, 

which provides histochemical verification of apoptosis, were 
then assessed. Only a few fluorescence-positive cells were 
observed following US treatment alone. In contrast, many 
fluorescence-positive cells were observed following 5-ALA-
SDT, and this increase in fluorescent cells after SDT com-
pared with US treatment alone was seen not only in apop-
totic glioma cells but also in apoptotic GSL cells (Fig. 4).

FIG. 1. Bar graphs showing cytotoxicity of 5-ALA-SDT in glioma cells. Effects of SDT performed using US combined with 5-ALA 
on the growth of the indicated glioma cells, as evaluated using a colorimetric assay. Treatment with US alone showed significant 
growth-inhibitory effects against U87 and U251Oct-3/4 cells. The 5-ALA-SDT showed a significantly stronger cytotoxicity toward all 
glioma cells than either the control (p < 0.001) or US alone (p < 0.01). The 5-ALA alone showed no cytotoxicity toward any glioma 
cell line. Values are expressed as the mean ± SD of experiments conducted at least in triplicate.

FIG. 2. Use of 5-ALA-SDT induces morphological changes in glioma cells. The effect of US alone or with 5-ALA-SDT (US + 
5-ALA) on the morphology of the indicated glioma cells was analyzed using phase-contrast microscopy. Both 5-ALA-SDT and US 
alone decreased the cell density and induced marked cell shrinkage in all glioma cells. Use of 5-ALA alone did not have any effect 
on the morphology of the glioma cells. Note the intracellular vacuolization, shortening of cellular processes, and swelling in all 
glioma cells promoted by 5-ALA-SDT. The insets show cells at higher magnification.
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Quantitative Analysis of ROS in SDT
The amount of ROS generated by SDT was evaluated by 

measuring the fluorescence intensity of DCFH-DA within 
the glioma cells. For this purpose, only the 2 glioma cell 
lines, U87 and U251, were assayed. The U251Oct-3/4 cells 
could not be assayed using this ROS assay kit because 
these cells were cotransfected with an enhanced green flu-
orescent protein expression vector. Even US alone gener-
ated significantly higher amounts of ROS than the control 
in U251 cells. Treatment with 5-ALA-SDT significantly 
generated much more ROS than the control in both U87 
and U251 cells. In addition, 5-ALA-SDT produced more 
highly ROS than US alone, but there was no significant 
difference in the generated ROS between the 2 treatment 
modes (Fig. 5A).

Effect of Inhibition of the Generation of ROS on 
5-ALA-SDT–Induced Cytotoxicity

The significance of ROS as a cause of the cytotoxic-
ity induced by 5-ALA-SDT was analyzed by determina-
tion of the effect of inhibition of the generation of ROS by 
treatment of the cells with edaravone. Administration of 
edaravone completely eliminated the cytotoxic effects of 
not only 5-ALA-SDT but also US alone (Fig. 5B). These 

results may suggest that the apoptosis that occurred in 
cells treated with 5-ALA-SDT or with US alone was in-
duced by ROS that was generated by a chemical reaction 
promoted by US and 5-ALA or US itself.

Histopathological Characteristics of the Tumor Tissue 
After SDT in Tumor-Bearing Mice

To analyze the effects of HIFU on the histopathologi-
cal characteristics of the tumor tissue in the irradiation 
field in the brains of mice, the field was divided into 2 
areas: focused and perifocused. The latter was defined as 
an area within a 0.5-mm radius around the focused area 
(see Fig. 6J, illustration of the irradiation field of HIFU). 
Tumor tissues were stained with H & E and were also im-
munohistochemically examined for apoptotic cells by us-
ing an anticaspase-3 antibody and for mitotic cells by us-
ing an anti–Ki-67 antibody. Transplantation of U251Oct-3/4 
GSL cells into the brain of nude mice formed a massive 
tumor, with tumor invasion that had a high cellular den-
sity, with many atypical nuclei and mitosis, whose histo-
logical characteristics closely resembled those of human 
glioblastoma (Fig. 6G). Histological examination revealed 
that 5-ALA-SDT with HIFU induced necrosis of the tu-
mor tissue at the center of the focused area of HIFU ir-

FIG. 3. Flow cytometric analysis of glioma cells treated with 5-ALA-SDT. Flow cytometric analysis of the indicated cells follow-
ing 5-ALA-SDT or treatment with US alone was performed using the Annexin V-Cy5 apoptosis detection kit. Although US alone 
induced early apoptosis in U251 glioma cells and U251Oct-3/4 GSL cells, 5-ALA-SDT resulted in a much greater increase in the 
apoptotic cell population in all cell types than US alone.
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radiation (Fig. 6A). Some of the remaining tumor cells in 
the area were positively stained for caspase-3 (Fig. 6B), 
and a few Ki-67–positive cells were observed (Fig. 6C). In 
the perifocused area, the number of tumor cells was mark-
edly decreased even in the nonnecrotic region (Fig. 6D), 
and caspase-3–positive tumor cells were observed to form 
a dotted pattern (Fig. 6E). Almost no Ki-67–positive tu-
mor cells were observed in the perifocused area (Fig. 6F), 
showing that cell proliferation as assessed by the number 
of Ki-67–positive cells was markedly decreased compared 
with the control (Fig. 6I). On the other hand, HIFU alone 
induced a slight necrotic change in tumor cells and a few 
caspase-3–positive tumor cells in the focused area. The 
brain tissue within the irradiation field of HIFU displayed 
normal histological structures (Fig. 6K). Compared with 
the control (untreated) brain, the number of Ki-67–positive 
cells in the perifocused areas was reduced by HIFU alone 
to 30.5%, but there were only a few caspase-3–positive tu-
mor cells in perifocused areas (Fig. 7).

Effects of SDT on the Survival of Tumor-Bearing Mice
We investigated the effects of 5-ALA-SDT with HIFU 

on the survival of glioma-bearing mice. Postprocedure 
MRI demonstrated that 1 treatment of 5-ALA-SDT with 
HIFU partly decreased the tumor mass, which was rec-
ognized as a defect area of Gd enhancement on MRI 
(Fig. 8A). In addition, the rate of increase in size of the 
remaining tumor at 3 days after 5-ALA-SDT was much 
lower than that of the control. Three courses of treatment 
of 5-ALA-SDT with HIFU significantly prolonged the 
survival of glioma-bearing mice compared with control 
animals (p < 0.001; Fig. 8B). Irradiation using HIFU alone 
also prolonged mouse survival, but the difference between 
HIFU alone and control was not statistically significant. 
The cause of death in mice treated with SDT was related 
to proliferation of the surviving tumors in both treatment 
groups (5-ALA-SDT with HIFU and HIFU alone).

Discussion
Antitumor Effects of SDT Combined With 5-ALA

In the present study, we demonstrated that SDT com-
bined with a sonosensitizer, 5-ALA, had significantly 
stronger antitumor effects against human malignant glio-
mas both in vitro and in vivo than did US alone. To date, 
it has been reported that US exhibits its antitumor activity 
not only through a thermal effect but also by the chemical 
action of ultrasonic irradiation, even at a very low inten-
sity (less than 0.5 kW/cm2).5,24 However, our preliminary 
study revealed that US administered at such a low inten-
sity did not show cytotoxicity against glioma cells (data 
not shown). In the present study, we found that US alone 
at an intensity of 2 W/cm2 did not have an antitumor effect 
toward U251 glioma cells, although US with the same in-
tensity did induce a cytotoxic response in other glioma and 
GSL cells. On the other hand, the combination of 5-ALA 
and US showed significant antitumor effects toward all 
glioma and GSL cells under US conditions of 2 W/cm2 
and 20% duty cycle for 3 minutes. These results indicate 
that US with an intensity of not less than 2 W/cm2 might 
be required for effective use of SDT with 5-ALA for ma-
lignant gliomas.

Apoptosis Induced by 5-ALA-SDT
Since US insonation with a high intensity can possibly 

cause heat or mechanical injury to tumor cells, as well as 
to normal brain tissues, a combination of sonosensitizers 
and US at a lower intensity could be a reasonable treat-
ment method for both decreasing the toxicity of US and 
enhancing its antitumor effects. It is known that photosen-
sitizers used for PDT can also be used for SDT. Among 
these photosensitizers, 5-ALA is a natural porphyrin pre-
cursor that is already being used in photodynamic diag-
nosis, and its safety has been confirmed.2 Recently, the 
effect of SDT combined with 5-ALA has been widely in-

FIG. 4. Photomicrographs showing TUNEL staining of glioma cells treated with or without 5-ALA-SDT. Results of TUNEL staining 
of glioma and GSL cells treated with US alone (upper row) or 5-ALA-SDT (lower row). The TUNEL-stained apoptotic cells (red) 
and nuclei counterstained with Hoechst (blue) are shown. Fragmentation of DNA, as indicated by positive TUNEL fluorescence, 
was observed in only a few cells following treatment with US alone, but this was greatly increased in glioma and GSL cells by 
5-ALA-SDT.
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vestigated in a variety of tumor cells, and its induction of 
an apoptotic response has indicated that it can contribute 
to cell death.7,10

In the current in vitro study, we explored whether 
5-ALA-SDT performed using US with a relatively high 
intensity of 2 W/cm2 can induce apoptotic cell death not 
only in glioma cells but also in GSL cells. Flow cytometric 
analysis demonstrated that even US alone increased the 
apoptotic cell population, but that 5-ALA-SDT induced a 
much higher level of apoptosis in all glioma cells than did 
US alone. In a supplementary study of the flow cytometry 
performed using the Annexin V-FITC/7-aminoactinomy-
cin D kit, enabling us to measure each cell population of 
the early apoptosis or necrosis, we found that both 5-ALA-
SDT and US alone enhanced apoptotic cell death, with an 
increase in necrosis in glioma cells, but that 5-ALA-SDT 
elevated the apoptotic population much more highly than 
US alone (unpublished data). These results suggest that 
apoptosis is likely to be responsible for the cytotoxicity 
induced by both US and 5-ALA-SDT, and that, compared 
with US alone, the combination of 5-ALA and US may en-
hance the apoptotic pathway more highly in these glioma 
cells. The TUNEL staining demonstrated more prominent 
DNA fragmentation in both glioma and GSL cells follow-
ing treatment with 5-ALA-SDT than we observed in the 
treatment with US alone. This finding may support the 
concept that the ability of 5-ALA-SDT to induce apopto-
sis in both nonstem glioma and GSL cells is much greater 
than that of US alone.

Optimum Dose of 5-ALA for Enabling the Antitumor 
Activity Induced by 5-ALA-SDT

The intensity of the cytotoxic effects of 5-ALA-SDT 
did not differ among glioma cell lines and GSL cells. Can-
cer stem cells often increase the expression of the ATP-
binding cassette transporter G2 (ABCG2) gene that func-
tions as a drug efflux pump and regulates the intracellular 
concentration of various drugs, including porphyrins, in 
cancer cells.21 Xu and colleagues reported that SDT with 
Photofrin was less effective in killing GSL cells due to the 
overexpression of ABCG2 in the GSL cells, resulting in a 
high efflux of Photofrin to the outside of the cells.25,26 We 
have previously demonstrated that U251Oct-3/4 GSL cells 
highly express the ABCG2 gene and the ABCG2 protein, 
as do U87 glioma cells, whereas U251 glioma cells ex-
pressed them at a very low level.6 A dose-response study 
of 5-ALA–derived protoporphyrin IX (PpIX) production 
showed that the expression level of ABCG2 might influ-
ence the intra- and extracellular concentrations of PpIX 
in these cell lines. The U87 and U251Oct-3/4 cells showed 
a dose-dependent increase of both intra- and extracel-
lular concentrations of PpIX with the increasing dose of 
5-ALA, and showed maximum values at a 5-ALA dose 
of 1 mM, whereas U251 glioma cells similarly increased 
the intracellular PpIX concentration, but did not show an 
increase in extracellular PpIX until the 5-ALA concentra-
tion was greater than 1 mM.

We did not examine what dose of 5-ALA can induce 
cytotoxic effects in glioma cells; however, Shimamura et 
al. reported that 5-ALA showed strong cytotoxicity at a 
concentration of not less than 3 mM in mouse mammary 

FIG. 5. Bar graphs showing measurement of ROS in SDT and the ef-
fects of inhibition of ROS generation on SDT cytotoxic activity. A: The 
amount of intracellular ROS generated following treatment of glioma 
cells with 5-ALA or US alone or with 5-ALA-SDT was evaluated by 
measuring the fluorescence intensity of DCFH-DA within the glioma 
cells following treatment. The levels of ROS were significantly elevated 
following treatment of U251 cells with US alone, and also following treat-
ment of both U87 and U251 cells with 5-ALA-SDT compared with the 
control. The 5-ALA alone did not generate any amount of ROS. Values 
are expressed as the mean ± SD. B: Effect of inhibition of intracellular 
ROS generation by US and 5-ALA-SDT with the radical scavenger 
edaravone (E). The level of ROS was evaluated as for A. Edaravone 
completely eliminated the cytotoxic effects of US alone and of 5-ALA-
SDT in all glioma cells.
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FIG. 6. Photomicrographs showing histopathological samples of the tumors in mouse brains after 5-ALA-SDT with HIFU and an 
illustration showing the 2 areas of HIFU irradiation. The brain tumors of glioma-bearing mice treated with 5-ALA-SDT and HIFU 
were evaluated by analyzing histological features in the area at the focus of HIFU irradiation (A–C), and in the perifocus area 
(within 0.5 mm around the focus, D–F). These 2 areas were defined as shown in the illustration described below. Histological 
features of control glioma-bearing mice (G–I) are also shown. In the control, the tumor grown in the mouse brain consisted of a 
high density of tumor cells with many atypical nuclei and mitosis (G). Many cells were positively stained for Ki-67 (I). In the focused 
area of the tumor treated with 5-ALA-SDT, the central region of the tumor tissue showed necrosis (A), and tumor cells around the 
necrotic area were positively stained for caspase-3 (B). There were few Ki-67–positive cells (C). In the perifocused area of the 
tumor treated with 5-ALA-SDT (D), the tumor cell density was decreased versus control, many caspase-3–positive cells were 
observed (E), and no tumor cells stained positively for Ki-67 (F). J: Illustration of the focus and perifocus areas in the irradiation of 
HIFU to the tumor in the mouse brain (left) and the corresponding photomicrograph of brain histological sample showing these 2 
areas in the tumor grown in the mouse brain after irradiation with HIFU (right). The focus area is a rounded shape with a diameter 
of approximately 2 mm with the highest intensity of FUS. The perifocus area is within 0.5 mm around the focus area.  K: Histo-
logical samples of the brain tissue within the irradiation field of HIFU showing no injury to cellular components and normal cell 
architecture (upper panel, H & E; lower panel, Klüver-Barrera stain). MIB-1LI = MIB-1 labeling index.
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tumor cells.16 Based on these data, we determined that the 
optimal concentration of 5-ALA in the present in vitro 
studies was 1 mM. At this dose, the intracellular concen-
tration of PpIX was almost the same among these 3 cell 
lines, although the extracellular concentration was differ-
ent. The present study, which showed that there was no 
significant difference in the intensity of the cytotoxicity 
of 5-ALA-SDT among these cells, may indicate that the 
levels of intracellular PpIX are primarily responsible for 
the cytotoxic effect of 5-ALA-SDT. These results may in-
dicate that if an appropriate dose of 5-ALA is used to en-
sure a certain concentration of intracellular PpIX, then the 
antitumor function of 5-ALA-SDT can operate effectively 
even in glioma cells that show a high efflux for drugs.

Role of ROS Generated by 5-ALA-SDT in the 
Treatment-Related Cytotoxicity

Regarding mechanisms of the antitumor activity in-
duced by SDT, it has been suggested that intracellular ROS, 
such as superoxide radicals, singlet oxygen, and hydrogen 
peroxide generated by SDT, are responsible for apoptotic 
cell death, resulting in cytotoxicity against tumor cells.11 
We measured ROS in glioma cells treated with US alone 
or US combined with 5-ALA. Significant amounts of ROS 
were generated by US alone. The 5-ALA-SDT generated 
much higher amounts of ROS than US alone, although 
there was no significant difference between the 2 modes 
of treatment. Inhibition of the generation of ROS with the 
radical scavenger, edaravone, almost completely eliminat-
ed the cytotoxic effects of both 5-ALA-SDT and US alone. 
These results may suggest that ROS generated by chemical 
reactions through SDT are likely to be a cause of apoptotic 
cell death, resulting in antitumor activity. However, it is 
also possible that other factors, including direct induction 
of necrosis due to the thermal effect of the treatment, may 
participate in the cell death promoted by 5-ALA-SDT.

Antitumor Effects in the Glioma-Bearing Mice by SDT 
Performed Using HIFU

In the in vivo study, taking into consideration the po-
tential clinical application, we used a HIFU unit with a 
transducer frequency of 2.2 MHz and an acoustic inten-
sity of 0.5 kW/cm2 for US irradiation so that the US wave 
would penetrate through the mouse skull and focus at a 
depth of 5 mm in the mouse brain. The HIFU irradiation 
was performed once a week for 3 weeks to control the rap-
id growth of residual tumors, because the focused area of 
HIFU was not large enough to span the entire tumor mass 
for a single treatment. Preliminary experiments indicat-
ed that the residual tumor continued to grow and expand 
around the lesion within 4–7 days of the first 5-ALA-SDT 
treatment. Song et al. also reported that the tumors that 
remain after SDT inevitably grow within 14 days and that, 
therefore, multiple SDT treatments may be required to 
fully control the growth of the lesions.17 We demonstrated 
that the mice treated with 5-ALA-SDT by using HIFU 
survived much longer than either the untreated mice (con-
trol) or the mice treated with HIFU alone. Histological ex-
amination after the death of the untreated mice disclosed 
that the cause of death was due to the proliferating tumor. 
All mice treated with 5-ALASDT also died of growing 
tumors at a later period. These results suggest that more 
irradiation performed using HIFU combined with 5-ALA 
to the untreated area may further prolong survival time 
without impairing brain functions, because the brain tis-
sues around the tumor where irradiation performed using 
HIFU passed through were histologically intact despite 
repeated SDT.

As the tissue temperature at an irradiation focus in-
creases with HIFU irradiation, adverse effects, such as 
intratumoral bleeding, may occur. On the other hand, the 
high temperature may be an advantage for tumor cell kill-
ing because 5-ALA can enhance heat-induced cell death 
of cancer cell lines by acting as a thermosensitizer.1 For 
clinical application, the influence of increased temperature 

FIG. 7. Bar graphs showing quantitative analysis of the MIB-1 index and apoptotic tumor cells after 5-ALA-SDT with HIFU. The 
focus or perifocus areas of brain tumors of glioma-bearing mice that were treated with HIFU or with 5-ALA-SDT were analyzed for 
the MIB-1 staining index (left) and for apoptotic rates (right). The MIB-1 staining index was calculated based on the numbers of 
proliferating cells in tumor tissue that were positively stained for Ki-67 in immunohistochemistry. Apoptotic rates were calculated by 
evaluation of the number of caspase-3–positive cells in immunohistochemistry.
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in SDT on tumor growth and normal brain tissues needs 
to be further studied.

Pathological Changes in the Transplanted Tumor Tissues 
by 5-ALA-SDT Performed With HIFU

In an in vivo SDT study, it is very important to accurate-
ly adjust the focus point of HIFU to the targeted area with-
in the tumor. We adjusted the position of the center of the 
HIFU transducer to the tumor injection site by measuring 
the scale of the stereotactic apparatus. In histopathological 
analysis, approximately 5%–15% of tumors in the perifo-
cused area of HIFU irradiation were positively stained for 
caspase-3. Because these perifocused areas were included 
in the pathway of HIFU irradiation, these data suggest that 

apoptotic change could be induced in tumor cells in the 
areas that received less irradiation due to the decreased in-
tensity of the HIFU. The cause of this apoptosis may have 
been that glioma cells in which PpIX had accumulated ini-
tiated a reaction cascade for cellular apoptosis even with 
a lower intensity of HIFU. This hypothetical mechanism 
may explain why, even after a single treatment of 5-ALA-
SDT performed using HIFU, the remaining tumor did not 
grow as rapidly as not only the untreated tumor in mouse 
brain but also the tumor treated with HIFU alone, as seen 
on MRI (Fig. 8A). These results suggest that it may be pos-
sible to specifically kill the infiltrating tumor cells at the 
invasive front of malignant glioma that have accumulated 
PpIX by promoting apoptosis induction with 5-ALA-SDT 
performed using HIFU.

FIG. 8. Analysis of brain tumors on MRI studies obtained pre- and post-SDT, and survival curves of the mice. A: The MR images 
obtained on day 0 (before SDT) and on day 3 after SDT with HIFU, without HIFU (control), or with 5-ALA (i.e., 5-ALA-SDT), and 
after administration of 5-ALA alone. In the rightmost column, the MRI on day 3 after 5-ALA-SDT demonstrated a partial loss of 
Gd enhancement, showing death of the tumor cells. The MR images in the leftmost column (untreated tumors; control) and MR 
images in the second column from the left (tumors with 5-ALA alone) showed rapidly growing tumors during the period from day 
0 to day 3. In the second column from the right, HIFU alone was ineffective in inhibiting the tumor growth and the MR images 
showed an apparent increase in the tumor mass 3 days after the SDT. B: Kaplan-Meier curves of overall survival in tumor-bearing 
mice treated with HIFU alone, with 5-ALA-SDT with or without HIFU, or not treated (control). The tumor-bearing mice treated with 
5-ALA-SDT with HIFU survived for a significantly longer time than did those treated with HIFU alone, those treated with 5-ALA 
alone, or those that were not treated (control). *p < 0.001 versus control or HIFU alone.
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Future Prospects of 5-ALA-SDT With HIFU
The combination of 5-ALA-SDT with HIFU has the 

possibility to be a much more effective therapy for ma-
lignant gliomas, not only in the initial treatment but also 
at tumor progression or recurrence. The treatment is tu-
mor specific based on the selective accumulation of the 
5-ALA–derived porphyrin molecule in malignant glioma 
cells, including GSL cells, and can be performed without 
craniotomy and repeatedly, unlike radiation therapy. In ad-
dition, ultrasonic irradiation by SDT can penetrate much 
deeper into brain tissues than light irradiation by PDT, re-
sulting in much stronger antitumor effects on infiltrating 
tumors. It is also interesting that 5-ALA-SDT with HIFU 
was shown to be effective in killing GSL cells that are 
likely a main cause for tumor progression and local recur-
rence after tumor resection.

However, to apply SDT to human malignant gliomas, 
several problems remain to be resolved. These problems 
include determination of the optimum amount of actual 
accumulation of 5-ALA–derived PpIX in glioma cells, 
particularly in the infiltrating cells; determination of the 
influence of extracellular PpIX on tumors and normal 
brain tissues; and determination of more detailed molecu-
lar mechanisms underlying the antitumor activity. There is 
also the possibility of tissue injury by ROS generated by 
5-ALA-SDT. Of these problems, the most important is de-
termination of the optimum conditions of HIFU that will 
effectively kill the tumors without injury to normal brain 
tissues—in particular, to control the infiltrating tumor cells 
at the invasion front through apoptotic cell death induced 
by the relatively lower intensity of HIFU irradiation in the 
near focus region (i.e., farther away than the perifocus). To 
clarify a substantial cytotoxic effect of 5-ALA-SDT with 
HIFU on infiltrating tumor cells around the tumor that 
cause a poor prognosis in patients with malignant glioma, 
we are proceeding to investigate the cytotoxic effect of 
5-ALA-SDT with HIFU, in particular on such infiltrating 
tumor cells, by using an in vivo optical imaging system.

Conclusions
The use of 5-ALA-SDT could effectively promote cell 

death through apoptosis in not only glioma cell lines but 
also GSL cells. Regarding the underlying mechanism, 
ROS generated by 5-ALA-SDT may have a significant 
role in promoting the apoptotic cascade. Treatment with 
5-ALA-SDT using HIFU in glioma-transplanted mice 
had a marked antitumor effect, whereas the surrounding 
brain tissues remained normal, resulting in longer survival 
of the mice. Histologically, 5-ALA-SDT performed using 
HIFU produced mainly tumor necrosis in the focused area 
of HIFU and induced apoptotic changes in the tumor cells 
in the perifocused area under the irradiated field of HIFU. 
By determining the optimum intensity of HIFU combined 
with 5-ALA that can induce effective apoptosis of glioma 
cells, it is expected that SDT using HIFU combined with 
the sonosensitizer 5-ALA may be a potent and less inva-
sive therapy for malignant gliomas in the future.
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