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Abstract Sonodynamic therapy (SDT) has shown great po-
tential as an approach for cancer treatment, and
hyperthermotherapy (HT) is also a promising cancer therapy.
Here, we investigate whether HT could improve the efficacy
of SDT and to make a preliminary exploration on potential
mechanism. Xenograft tumor was established in nude mice
model, and SNB19 and U87MG glioma cell lines were uti-
lized for in vitro experiment. Alamar blue assay was per-
formed to assess cell viability. Optical microscope was used
to characterize the morphology changes of the glioma cells
induced by SDTandHT treatments. Apoptotic rate, mitochon-
drial membrane potential (MMP), and intracellular production
of reactive oxygen species (ROS) were examined by flow
cytometer. The cell apoptosis of tumor tissues were detected
by TUNEL assay. Furthermore, the expression of apoptosis-
related proteins was detected with Western blot in vitro and
immunohistochemistry in vivo. SDT plus HT group could
significantly reduce the cell viability with circular-cell mor-
phological change, compared with SDT group, and cell via-
bility was decreased depending on raise of 5-ALA concentra-
tion, ultrasound exposure time, and temperature. The results
also indicate that HT increased a conspicuous apoptosis, ROS

production, and a remarkable loss in MMP induced by 5-
ALA-SDT in vitro. Meanwhile, our data also demonstrated
that the combined treatment could significantly induce apo-
ptosis and delay tumor growth in vivo. Furthermore, in both in
vitro and in vivo experiments, SDT plus HT group expressed
significantly higher protein levels of Bax and cleaved caspase-
3, 8, and 9 compared to SDT, HT, and control groups and
significantly lower protein level of bcl-2 than the other three
groups, while the expression of these proteins was unchanged
betweenHTand control groups. HTmay provide an important
promotion on 5-ALA-SDT and further propose that SDT in
combination with HT is a new potential application for the
treatment of human glioma.
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Introduction

As the most common primary malignant brain tumor, glioma
is characterized by rapid proliferation, strong invasiveness,
unsatisfactory prognosis, and so forth [1–3]. The median sur-
vival for glioblastoma patients is still at a mere 14 months
even under multidisciplinary treatments like tumor resection,
radiotherapy, and chemotherapy [4, 5]. To conquer this hard
problem, new promising and more effective treatments have
been constantly explored [5–7].

Some investigators advocated treating cancer with
hyperthermotherapy (HT) [8–10], which creates a promising
approach to cancer therapy. Heating cancer cells at 42 °C or
higher temperature can be pretty effective due to tumor cells’
specific sensitivity [8, 11, 12]. Technically, HTworks through
destroying the structure of cytomembrane, activating

* Shaoshan Hu
shaoshanhu@126.com

1 Department of Neurosurgery, The Second Affiliated Hospital of
Harbin Medical University, Harbin 150086, China

2 Department of Neurological Surgery, Nippon Medical School, 1-1-5
Sendagi, Bunkyo-ku, Tokyo 113-8603, Japan

3 Division of Metabolism and Nutrition, Department of Biochemistry
and Molecular Biology, Nippon Medical School, 1-1-5 Sendagi,
Bunkyo-ku, Tokyo 113-8602, Japan

Tumor Biol. (2016) 37:10415–10426
DOI 10.1007/s13277-016-4931-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s13277-016-4931-3&domain=pdf


lysosomes, inhibiting the synthesis of DNA, RNA, and pro-
tein, and inducing protein denaturation [8, 13, 14]. However,
HT exerts a mild effect on antitumor. A synergistic adminis-
tration with other therapies is expected to be more effective.

It is well known that 5-aminolevulinic acid (5-ALA), a
metabolic precursor of protoporphyrin IX (PpIX) in the heme
biosynthesis pathway, has a specific accumulation in the tu-
mor tissue [15]. In most studies, 5-ALA has been widely used
as a photosensitizer or sonosensitizer in photodynamic thera-
py (PDT) and sonodynamic therapy (SDT) on many human
tumors including malignant glioma [16–18]. As a relatively
novel and noninvasive approach to cancer treatment on the
basis of photodynamic therapy, SDT is first proposed by
Umemura et al. in 1990 [19]. With ultrasound, SDT has a
strong ability to penetrate biological tissue. In particular, fo-
cused ultrasound can gather the sound power to the deeper
tissue and activate certain sonosensitizers, thus having the
antitumor effect [20, 21]. Recent research suggests that SDT
is fairly effective in killing glioma. It has been reported that
many mechanisms had been put forward to describe the anti-
tumor effect of SDT, mainly including ultrasonic cavitation,
reactive oxygen species (ROS) causing cell damage, inducing
apoptosis and autophagy, and so on [20–23].

However, given their respective anticancer effect and
mechanism, it still remains unclear whether the combined ap-
plication of SDT and HT will lead to a stronger effect.
Therefore, it is essential to investigate its antitumor effect
and mechanism. And it will contribute to the evolution of
anti-glioma therapy. To the best of our knowledge, there has
been no similar study reported in the English literature to date.
As such, in our research, we aimed to investigate human ma-
lignant glioma reaction by SDT in conjunction with HT, by
evaluating cell apoptosis, mitochondrial membrane potential
(MMP), and intracellular production of reactive oxygen spe-
cies (ROS) in vitro and tumor growth in vivo and to make a
preliminary exploration on potential mechanism.

Materials and methods

Chemicals and reagents

5-aminolevulinic acid was purchased from Cosmo BioCo.,
Ltd. (Tokyo, Japan) and was dissolved in 1 N HCL solution
to make a 100 mM stock solution. One hundred-millimeter
stock solution was sterilized, aliquoted, and stored at −80 °C
in the dark. Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), streptomycin, and penicillin were
obtained from Gibco (Grand Island, NY, USA). Alamar
Blue® and MitoProbe™ DiIC1(5) Assay Kit for Flow
Cytometry were from Invitrogen (Carlsbad, CA, USA).
CellROX® Green Flow Cytometry Assay Kit was purchased
from Life Technologies (Eugene, Oregon, USA). Annexin V-

FITC Apoptosis Detection Kit was obtained from Beytotime
(Shanghai, China).

Cell lines and cell culture

SNB19 is a well-characterized human glioblastoma cell line
[24]. U87MG, another human primary glioblastoma cell line,
was purchased from ATCC (American Type Culture
Collection, Manassas, VA, USA). The human glioma cell
lines SNB19 and U87MGwere cultured in DMEMcontaining
10 % fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml
streptomycin at 37 °C in a humidified incubator with atmo-
sphere of 5%CO2. The cells were harvested for passage twice
per week when they were nearly confluent.

SDT and HT procedure in vitro

The ultrasound device used in this study, which is composed
of ultrasonic electronic generator, amplifier and transducer,
was manufactured by Ito CO., LTD (Tokyo, Japan), as is
shown in Fig. 1. The ultrasound transducer (diameter:
3.5 cm, resonance frequency: 1.0 MHz, duty factor: 20 %,
ultrasonic intensity: 1.0 W/cm2) was fixed at the bottom of
thermostatic water bath. The cell culture plate was suspended
3 cm above the ultrasound transducer. Four groups were in-
volved in this study. They are respectively the control group
(HT(−)SDT(−)), the HT group (HT(+)SDT(−)), the SDT
group (HT (−)SDT(+)), and the HT plus SDT group (HT(+
)SDT(+)). HT treatment and SDT treatment were imposed
simultaneously. The temperature of the water bath was
42 °C with HT treatment lasting for 15 min and 37 °C without
HT treatment. The whole experiment was conducted in the
dark to avoid PDT effect.

Animal tumor model and treatments in vivo

Five-week-old female BALB/c nude mice (Cavens
Laboratory Animal Company, Changzhou, China) were fed
in a specific pathogen-free device. U251 cell suspension
(5×106 cells) was subcutaneously injected near the hip of
the mice to induce solid tumors. When the tumor reached a
volume of 100 mm3 (about 12–14 days later), the mice were
randomly divided into four groups (n=5 per group): the con-
trol group, the HT group, the SDT group, and the HT plus
SDT group. The device of SDT plus HT used in vivo is the
same as in vitro experiment (Fig. 1). The control group re-
ceived no treatment, and the HT group received
hyperthermotherapy through bathing at 42 °C for 15 min.
The mice of SDT group were treated intraperitoneally with
250 mg/kg 5-ALA and ultrasound of 2.0 W/cm2 for 10 min
while the mice of SDT plus HT group were treated with SDT
and HT. The treatments were performed every 3 days consec-
utively for 21 days, and the mice were kept away from light
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until the end of in vivo experiment. The tumor volumes were
measured and calculated according to the formula:
volume= length×width ×width/2. All animal experimental
protocols were approved of by Medical Ethics Committee of
the Harbin Medical University.

Gaging of accumulation of protoporphyrin IX in glioma

5×105 cells were seeded in six-well plate and incubated for
24 h. 5-ALA was added at a final concentration of 0.5 mM
after the mediumwas replacedwith serum-free DMEM. Then,
the cells were incubated and collected separately at 0, 2, 4, 6,
8, and 10 h after adding 5-ALA. Having been washed with
PBS for twice, the collected cells were then centrifuged into
pellets. Then, the fluorescence spectral of PpIX was immedi-
ately detected using the spectrometer which works with
405 nm excitation and 390–800 nm emission. A sharp peak
representing the strength of fluorescence was detected at
636 nm emission (VLD-EX, SBI Pharmaceuticals Co., Ltd.,
Tokyo, Japan). And its intensity data were analyzed with
Spectrometer Data Acquisition Software (BWSpec 3.26_14,
Newark, DE, USA).

Preparation for characterization of the cell morphology

SNB19 and U87MG cells were under the same treatment re-
spectively as what was described previously in the cell viabil-
ity assay. After 24-h incubation in the dark, the morphology
and adherent growth of cells were observed with an inverted
microscope (Olympus IX71, Olympus, Tokyo, Japan).

Cell viability assay

In line with earlier description, Alamar blue assay was utilized
to assess cell viability [25]. 5×105 cells seeded into six-well
microplates were incubated for 12 h and then treated with
DMEM containing 0.5 mM 5-ALA for 6 h in the dark. The
medium was replaced with DMEM supplemented with 10 %

FBS. Afterwards, the cells were exposed to ultrasound at
1 MHz, 1.0 W/cm2 for 2 min, and HT by bathing at 42 °C
for 15 min as described above. After incubation for 24 h at
37 °C, 1000 cells of each population were seeded in 96-well
microplates in 200 μl of culture medium containing 0.1 %
FBS. The plates underwent incubation for 4 h at 37 °C, and
a 20 μl volume of alamar blue (which is 10 % of the total) was
added to the cells and incubated. The plate was read using a
microplate reader (double filters: 570 nm, 595 nm) at 24, 48,
72, and 96 h. Average absorbance values were calculated.

Cell apoptosis analysis in vitro

Annexin V-FITC apoptosis detection kit was used to analyze
cell apoptosis in this study. Twelve hours after HT and SDT
treatments, the glioma cells of various groups were separately
harvested, washed, and pelleted by centrifugation. Then, the
cells were suspended in 1 ml 1× Binding Buffer, which was
removed from the cell pellet after 600×g centrifugation for
10 min. One hundred microliters of cells (about 1×105 cells
per test) was added to each labeled tube. Five microliters of
Annexin V-FITC and 5 μl of propidium iodide (PI) were
added to appropriate tubes, which were rocked gently and
incubated for 10 min at room temperature, protected from
light. Four hundred microliters of PBSwas added into the tube
and rocked gently. At least 1×104 stained cells were analyzed
by BD FACSVerse system (Becton Dickinson, Bedford, MA,
USA) in 1 hour. The data were analyzed with BDCellQuest™
Pro Software.

TUNEL assay of apoptotic cells in vivo

The terminal deoxyribonucleotide transferase-mediated nick-
end labeling (TUNEL) assay kit (Roche, Switzerland) was
used to assess the cell apoptosis in the tumor tissues. The
apoptotic index was calculated by dividing the number of
TUNEL-positive cells (tan or brown stained) by the total

Fig. 1 Schematic diagram of the device of SDT plus HT
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number of cells from 10 high-power fields (magnifica-
tion×400) which were randomly selected.

Mitochondrial membrane potential detection

Cationic cyanine dyes have been shown to accumulate in cells
in response to MMP, and their change has been studied in
association with apoptosis. MitoProbe™ DiIC1(5) assay kit
was used to analyze MMP. The glioma cells underwent the
same treatment as performed previously in the cell apoptosis
assay. After incubation with DMEM supplemented with 10 %
FBS for 6 h at 37 °C, all the cells were collected, pelleted by
centrifugation, and suspended in 1 ml warm (37 °C) DMEM
at approximately 1×106 cells/ml. Fivemicroliters of DiIC1(5)
was added to the cells, which was incubated at 37 °C, 5 %
CO2 for 20 min in the dark. The cells were washed once with
warm PBS, pelleted, and resuspended in 500 μl PBS. The
stained cells were visualized on BD FACSVerse system with
red excitation and far red emission.

Intracellular ROS detection

Intracellular ROS was assessed using CellROX® Green Flow
Cytometry Assay Kit. Though essentially non-fluorescent in a
reduced state, the cell-permeable CellROX® reagent exhibits
a strong fluorogenic signal upon oxidation, providing a reli-
able measure of ROS in live cells. Two hours after 5-ALA-
SDT and HT treatment, the glioma cells were labeled with
CellROX® Green Flow Cytometry Assay Kit according to
the manufacturer’s instructions. And then ROS was analyzed
on BD FACSVerse flow cytometer in 1 hour. The data were
analyzed with Cell Quest software.

Immunoblot analysis

To characterize the apoptotic signals and potential mechanism
much further, expressions of apoptosis-related proteins, in-
cluding cleaved caspase-3, cleaved caspase-8, cleaved cas-
pase-9, Bax, and Bcl-2, were detected with Western blot.
Twenty hours after HT and SDT treatments, SNB19 and
U87MG cells of various groups were separately washed, col-
lected, and lysed with lysis buffer according to the manufac-
turer’s procedures. The target proteins were analyzed by SDS–
PAGE followed byWestern blotting utilizing specific primary
antibody (Wanleibio, Shenyang, China) and secondary anti-
bodies, respectively. In order to warrant equal loading, mouse
antibody specific to human β-actin was used. Finally, chemi-
luminescence yielded from substrates of photographs was
captured, and images were quantified using Image J software
(NIH, Maryland, USA).

Immunohistochemistry

The tumor tissues fixed in 4 % paraformaldehyde were
dehydrated with graded ethanol and paraffin embedded.
After being deparaffined, rehydrated, the tumor tissue sections
(4 μm) were heated in citrate buffer for 15 min for antigen
retrieval. Endogenous peroxidase of the tumor tissue was
blocked with 3 % H2O2 at room temperature. The sections
were blocked and stained with rabbit polyclonal anti-Bax
(1:200), anti-Bcl-2 (1:400), anti-cleaved caspase-3, 8, and 9
(1:400) (ProteinTech Group, Chicago, IL, USA) at 4 °C over-
night. The primary antibodies were identified with goat anti-
rabbit secondary antibodies and washed with PBS, followed
by visualizing with DAB. Afterwards, the sections were coun-
terstained with hematoxylin. Finally, the sections were
scanned under a light microscopy at high-power fields (mag-
nification × 400). Image Pro Plus software 6.0 (Media
Cybernetics, Bethesda, MD, USA) was utilized to quantified
the extent of immunopositive expression of tumor cells with
integrated optical density (IOD) values.

Statistical analysis

All data were expressed as mean± standard deviation (SD).
One-way ANOVA, Dunnett t and LSD tests were used to
determine statistical significance in the case of multiple com-
parisons. P value < 0.05 was considered significant.

Results

Intracellular accumulation of 5-ALA-PpIX

We confirmed intracellular accumulation of 5-ALA-PpIX in
glioma cell lines with a spectrometer. The fluorescence spec-
trum data showed that there was a time-dependent intracellu-
lar accumulation of PpIX in glioma cell lines which were
exposed to exogenous 5-ALA. A sharp peak at 636 nm, indi-
cating the PpIX characteristic fluorescence spectra, was de-
tected in SNB19 and U87MG cells in the study (Fig. 2a). The
fluorescence intensity of PpIX increased in a time-dependent
manner in both cell lines after being incubated with a final
concentration of 0.5 mM 5-ALA, peaked at 8 h, and then
weakened with the passage of time (Fig. 2b). The accumula-
tion of PpIX in U87MG cells was much higher than that in
SNB19 cells under the same conditions, implying that
U87MG cells are more sensitive to exogenous 5-ALA than
SNB19 cells.

Effect of SDTand HTon the morphology in glioma cells

The morphology and adherent growth of SNB19 (Fig. 3a) and
U87MG (Fig. 3b) cells were observed 24 h after the four
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different treatments using an inverted optical microscope. As
shown in Fig. 3, control and HT groups showed adherently
grown cells, which had good vitality and clear contour of
fusiform and triquetrous shapes, while SDT and SDT plus
HT groups showed poorly grown cells, which were not firmly
attached or even suspended. And also, the part cells became
circular.

Effect of SDTand HTon cell viability in glioma cells

To confirm the effect of combination of SDT and HT, we
performed Alamar blue assay. According to the cell viability
curve diagram, the cells treated with SDT and SDT plus HT
both showed an obvious inhibitory action on cell viability in
both SNB19 and U87MG cells. Moreover, cell viability was
much more suppressed with SDT plus HT than with SDT in
both cell lines (Fig. 4a, b). Alamar blue assay also showed that
cell viability was affected by temperature, 5-ALA concentra-
tion, and ultrasound exposure time. As shown in Fig. 4c, d, e,
U87MG cell viability decreased significantly with the increase
of 5-ALA concentration (0.1–1.0 mM) in cells treated with
SDT plus HT, by ultrasonic irradiation for 2 min and 42 °C
lasting for 15 min; with the increase of ultrasound exposure

time (1–4 min) in cells treated with SDT plus HT, by 0.5 mM
of 5-ALA concentration and 42 °C lasting for 15min; with the
increase of temperature (37–45 °C) in cells treated with SDT
plus HT, by ultrasonic irradiation for 2 min and 0.5 mM of 5-
ALA concentration. Similar results were also obtained in the
case of SNB19.

Fig. 2 Accumulation of PpIX in glioma cells after 5-ALA exposure. a
PpIX fluorescence spectra tracing at various time points. The peak at
636 nm (arrow) indicates the PpIX characteristic fluorescence spectra. x
axis: wavelength, y axis: relative intensity. b The time-dependent PpIX

accumulation curve was drawn according to the results of (a). PpIX
fluorescence spectral intensity peaked at 8 h in both SNB19 and
U87MG. Data represent the means ± SD of individual groups (n= 6 per
group)

Fig. 3 Effect of SDT and HT on the morphology of glioma cells. The
morphology and adherent growth of SNB19 (a) and U87MG (b) cells
were observed 24 h after the four different treatments by an inverted
optical microscope (Olympus IX71). Control and HT groups showed
adherently grown cells, which had good vitality and clear contour of
fusiform and triquetrous shapes, while SDT and SDT plus HT groups
showed poorly grown cells, which were not firmly attached or even
suspended. Also, the part cells became circular. Scale bars = 50 μm
(×200)
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Antitumor effect of SDTand HT in vivo

To explore whether HT affects the antitumor efficacy of SDT
against human glioma cells in vivo, we observed the effect of
SDT in combination with HTon the growth of human glioma
transplanted subcutaneously in nude mice. Figure 5a shows
the difference of tumor volumes at 21 days after each treat-
ment. As shown in Fig. 5b, the growth curve of xenografts
showed that the HT groups experienced no significant differ-
ence in tumor growth compared with the control group, while
the SDT group and the SDT plus HT group exhibited signif-
icantly lower tumor growth compared with the other groups
(P<0.01). Furthermore, the tumor volume in HT plus SDT
group is much smaller compared with SDT group (P<0.05).
The increase in tumor volume was greater than 15-fold in the
control group and the HT group, greater than fivefold in the
SDT groups, but less than threefold in the SDT group. These
data indicate that HT enhances SDT-modulated tumor growth
delay in glioma in vivo.

Cell apoptosis after SDT+HT in glioma

We then investigated whether hyperthermotherapy influences
cell apoptosis induced by SDT. For in vitro case, cell apoptosis
was quantified by flow cytometry using double staining of
Annexin V and PI. The results showed that apoptotic rate in
control group and HT group (42 °C lasting for 15 min) was
almost parallel (SNB19 P=0.924, U87MG P=0.475), while
more apoptotic cells were observed in both SDT group and
HT plus SDT group in both U87MG and SNB19 cells.
Furthermore, apoptotic rate of both early and late apoptotic

cell in HT plus SDT group was much higher than in SDT
group, since cells that are in late apoptosis are both Annexin
V- and PI-positive, while cells that are in early apoptosis are
Annexin V-positive and PI-negative (Fig. 6). Additionally, the
rate of U87MG (42.8±12.6 %) was higher than SNB19 (21.0
±1.6 %) in HT plus SDT group under the same conditions,
reflecting that U87MG cells are more sensitive to combination
of 5-ALA-SDT and HT than SNB19 cells. For in vivo case,
cell apoptosis was detected by TUNEL assay. As shown in
Fig. 5c, a few of stained cells were observed in control group
and HT group, whereas more apoptotic cells unevenly distrib-
uted in the transplant tumor were observed perceptibly in SDT
group and SDT plus HT group. More importantly, the score of
TUNEL in SDT plus HT group was much higher than that in
SDT group (Fig. 5d, P<0.05). Taken together, these data in-
dicate that HT enhances SDT-modulated cell apoptosis in gli-
oma both in vitro and in vivo.

Loss of MMP after SDT+HT in glioma cells

In order to test cell apoptosis, loss of mitochondrial membrane
potential was assessed using MitoProbe™ DiIC1(5) assay. As
illustrated in Fig. 7, the level of MMP of HT group was not
different from that of the control group in both U87MG and
SNB19 cells (SNB19 P = 0.547, U87MG P = 0.220).
However, the level of MMP of SDT group and HT plus
SDT group was decreased remarkably (SNB19 P=0.000,
U87MG P=0.000; Fig. 7). The results also showed that there
was a distinct loss of MMP in HT plus SDT group in both
glioma cell lines, compared with SDT group.

Fig. 4 Effect of SDT and HT on the cell viability in glioma cells. a
SNB19 and b U87MG cells were exposed to ultrasound for 2 min at 5-
ALA concentrations of 0.5 mmol/L and HT by bathing at 42 °C for
15 min. c Glioma cells were exposed to ultrasound for 2 min at 5-ALA
concentrations of 0, 0.1, 0.2, 0.5, and 1.0 mmol/L and HT by bathing at
42 °C for 15min. dGlioma cells were exposed to ultrasound for 0, 1, 2, 3,

and 4 min at 5-ALA concentrations of 0.5 mmol/L and HT by bathing at
42 °C for 15 min. e Glioma cells were exposed to ultrasound for 2 min at
5-ALA concentrations of 0.5 mmol/L and HT by bathing at 37, 39, 42,
and 45 °C for 15 min. Data represent the means ± SD of individual groups
(*P< 0.05, **P< 0.01 vs. the control group or the HT group. #P< 0.05
vs. the SDT group)
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Production of ROS after SDT+HT in glioma cells

In subsequent experiments, production of ROS induced
by SDT was measured by flow cytometric analysis
using CellROX® Green Flow Cytometry Assay Kit.
The cells in the lower-right quadrant represent the cells
which generated ROS. The results showed that percent-
age of the cells which had generated ROS in control
group and HT group (42 °C lasting for 15 min) was

almost identical (SNB19 P= 0.988, U87MG P= 0.995),
while much more ROS production was detected in both
SDT group and HT plus SDT group in both U87MG
and SNB19 cells (Fig. 8). Furthermore, compared with
SDT group, there were more cells which had generated
ROS in HT plus SDT group in both cell lines (SNB19
P= 0.005, U87MG P= 0.007; Fig. 8). These data sug-
gest that HT promoted the generation of ROS induced
by 5-ALA-SDT in both cell lines.

Fig. 5 Inhibitory effect of SDT and HT on tumor growth and TUNEL
assay in U251 xenograft tumors. a Photograph showing excised tumors in
representative nude mice in each group implanted with U251 cells (n = 5
mice per treatment group) on day 21 after treatment. b Growth curve of
the xenograft tumors. c The TUNEL analysis of apoptotic cells in the

tumors. d The Quantitative analysis of apoptotic tumor cells. Data
represent the means ± SD of individual groups (**P < 0.01,
***P< 0.005 vs. the Control group or the HT group. #P< 0.05 vs. the
SDT group). Scale bars= 50 μm (×400)

Fig. 6 Effect of SDT plus HT on the cell apoptosis in glioma cells.
Apoptotic rate of both early and late apoptotic cell in HT plus SDT
group at 12 h after 5-ALA-SDT plus HT was much higher than in SDT
only group in SNB19 (a) and U87MG (b) cells. Data represent the means

± SD (n = 4 per group, *P< 0.05, **P< 0.01, ***P< 0.005 vs. the control
group or the HT group. #P< 0.05 vs. the SDT group). Note: Cells that are
in early apoptosis are Annexin V-positive and PI-negative, and cells that
are in late apoptosis are both Annexin V- and PI-positive
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Modulation of the expression of apoptosis-related proteins
by SDT and HT in glioma

At the same time, we performed Western blot and immuno-
histochemistry to examine apoptosis-related proteins in order
to explore the contribution of HT to 5-ALA-SDT. For in vitro
case, Western blot analysis revealed that the expressions of
cleaved caspase-3, 8, 9, and Bax were upregulated but Bcl-2
was downregulated in SNB19 and U87MG cells treated with
SDTand SDT plus HT, as compared with those in non-treated
cells (Fig. 9). Moreover, HT upregulated the expression of
cleaved caspase-3, 8, 9, and Bax and downregulated the ex-
pression of Bcl-2 in SDT plus HT group in both cell lines, as
compared with those in SDT group (Fig. 9). For in vivo case,
similar results were also obtained in the case of immunohis-
tochemistry (Fig. 10). Taken together, these data suggest that
HT enhanced the expression of pro-apoptotic proteins and
inhibits anti-apoptotic proteins, thus promoting apoptosis in-
duced by SDT of glioma both in vitro and in vivo.

Discussion

In our study we proposed to use SDT in combination with HT
for human malignant glioma treatment, and found that HT
improved antitumor effects induced by 5-ALA-SDT in glioma
both in vitro and in vivo. However, this degree of heat stress
did not affect the tumor growth of human glioma. We found
that SDT in combination with HT significantly decreased the
cell viability, compared with SDT, and the viability was de-
creased depending on the raise of 5-ALA concentration, ultra-
sound exposure time, and temperature. Meanwhile, the results
indicate that HT increased a conspicuous apoptosis, ROS pro-
duction, and a remarkable loss in MMP induced by 5-ALA-
SDT. Furthermore, the mechanism involved partly the apopto-
sis induced by SDT in combination with HT through upregu-
lation of the expression of Bax, downregulation of Bcl-2, and
activation of caspase-3, 8, and 9.

Here, we confirmed that intracellular PpIX preferentially
accumulated with a time-dependent in glioma cell lines

Fig. 7 Effect of SDT plus HTon theMMP loss in glioma cells. The level
of MMP of SDT group and HT plus SDT group was decreased
remarkably. And there was a distinct loss of MMP in HT plus SDT
group in both SNB19 (a) and U87MG (b) cell lines, compared with

SDT group. Data represent the means ± SD individual groups (n= 6 per
group, ***P< 0.005 vs. the control group or the HT group. #P< 0.05 vs.
the SDT group)
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through the administration of 5-ALA. The accumulation of
PpIX in U87MG cells was much higher than that in SNB19
cells under the same conditions, implying that U87MG cells
are more sensitive to exogenous 5-ALA than SNB19 cells.
The results are consistent with the previous report [25].
Furthermore, cell viability was measured by Alamar blue as-
say after 5-ALA-SDT. We found that HT significantly de-
creased viability of cells treated with 5-ALA-SDT, and the
effect increased with 5-ALA concentration, ultrasound expo-
sure time, and temperature. Meanwhile, our data also indicate
that HT enhances SDT-modulated tumor growth delay in gli-
oma in vivo. The difference of the accumulation amount of
PpIX between SNB19 and U87MGmay result in the response
of cell viability, tumor growth, apoptosis, and pro-apoptotic

protein since PpIX level influences cell toxicity by the SDT in
a dose-dependent manner [26].

In order to gain an insight into the mechanism of syner-
gism, the mode of cell death was determined as a function of
treatment modality. Since SDTcame into existence, a plethora
of research has proved its antitumor function for a variety of
cancer cells. As is shown in recent studies, the ways SDT
works include inducing necrosis, apoptosis, autophagy, and
so forth, and apoptosis is the salient form of cell death
resulting from SDT for many cancer cells [21, 27, 28].
Compared with necrosis, apoptosis is clinically preferred as
it will cause less inflammation reactions [29]. In this study, we
further performed flow cytometry analysis and TUNEL assay
to quantify cell apoptosis in glioma. As illustrated in Figs. 5

Fig. 8 Effect of SDT plus HTon the ROS generation in glioma cells. The
percentage of ROS-producing cells in SDT group and HT plus SDT
group increased remarkably. And there was an obvious rise of ROS gen-
eration in HT plus SDT group in both SNB19 (a) and U87MG (b) cell

lines, compared with SDT group. Data represent the means ± SD individ-
ual groups (n = 6 per group, *P< 0.05, **P< 0.01 vs. the control group or
the HT group. #P< 0.05 vs. the SDT group)
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and 6, the cell apoptosis was obviously observed in SDT-treated
cells, which was in accordance with previous studies on the SDT
treatment of other cancer cells [17, 21–23]. Specifically, we clear-
ly observed the cell apoptosis rate of the SDT plus HT groupwas
much higher than that of the SDT group, while HT is a feeble
inducer of apoptosis in glioma both in vitro and in vivo.
Furthermore, late apoptosis was dominant over early apoptosis
in SDT group and SDT plus HT group in vitro. As a conse-
quence, these results indicated that the apoptosis induced by 5-
ALA-SDT was obviously promoted by HT in glioma. To our

knowledge, although the results are in good agreement with the
other findings that concurrent hyperthermia could enhance effi-
ciency of PDT for the treatment of cancer [30, 31], the combined
effects of SDT and HT have not been investigated.

Research in recent decades has revealed that the formation
of normal MMP is requisite for maintaining the function of
mitochondria [31, 32]. The loss in MMP could inhibit the
function of mitochondrial adenosine triphosphate synthesis
[33]. In the process of cell apoptosis induced by loss in
MMP, which occurs earlier than DNA fragmentation and cell
membrane phosphatidylserine extroversion, is a symbolic and
early signal on mitochondrial pathway [22, 34]. Similar to cell
apoptosis, with flow cytometric analysis, loss in MMP was
obviously observed in the experiment. We found that the cells
treated by ALA-SDT displayed a decrease in MMP, and this
decrease was remarkably enhanced in the presence of HT,
which had little effect working alone. As such, these results
suggested that HT played a role in accelerating mitochondrial
dysfunction induced by SDT in the apoptotic pathway.

ROS refers to the oxygen-containing atom or atomic group
that has active chemical property. It is well known that
encompassing multiple types such as oxygen-free radical, hy-
droxyl radical, hydrogen peroxide, and H2O2, ROS participate
in various physiological and pathologic processes including cell
proliferation, differentiation, senility, and apoptosis [35, 36].
When cells undergo various exogenous stimulants such as ion-
izing radiation, heat stress, and chemotherapy drugs, excessive

Fig. 10 SDTand HTmodulates the expression of apoptosis-related proteins
in glioma in vivo. Apoptosis-related proteins were detected with immunohis-
tochemistry using specific antibodies, respectively. Hyperthermotherapy up-
regulated the expression of cleaved caspase-3, 8, 9, and Bax and downregu-
lated the expression of Bcl-2 in the SDT plus HT group in vivo. a

Immunohistochemistry analysis. b Quantitative analysis of the IOD values.
Data represent themeans±SD individual groups (n=5 per group, **P<0.01
vs. the control group or the HT group. #P<0.05 vs. the SDT group). Scale
bars=50 μm (×400)

Fig. 9 SDT and HT modulates the expression of apoptosis-related pro-
teins in glioma in vitro. Apoptosis-related proteins were detected with
Western blotting utilizing specific antibodies, respectively. β-actin was
used as loading control. Hyperthermotherapy upregulated the expression
of cleaved caspase-3, 8, 9, and Bax and downregulated the expression of
Bcl-2 in SDT plus HT group in SNB19 and U87MG cell lines
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amount of ROS will be produced to cause oxidative stress inside
the cells, which consequently will lead to cell trauma or death
[36, 37]. A growing body of evidence suggests that SDT can
induce cancer cells to produce a surplus of ROS, which selec-
tively kills cancer cells through inducing cell apoptosis, death, or
autophagy [20, 22, 37]. A group of researches in recent years
have proved heat stress can cause an explosion of ROS inside the
cells and can directly cause cell apoptosis [38–40]. We found an
interesting phenomenon in the experiment: though 42 °C lasting
for 15 min did not trigger ROS, it obviously promoted SDT to
produce excessive amount of ROS. Combine this result with
previous data, we propose that it is ROS induced by synergistic
effect between 5-ALA-SDT and HT that has induced cell apo-
ptosis and restrained cell proliferation.

Bcl-2 family is a group of key proteins that can control the
mitochondria-mediated apoptosis [41]. They include Bax
which promotes apoptosis and bcl-2 which restrains apopto-
sis. Located on the outer membrane of mitochondria, Bcl-2
can form Bax/Bcl-2 heterodimers with Bax, changing the per-
meability of the membrane of mitochondria [42]. Several
studies have revealed that SDT modulates the expression of
apoptosis-related proteins in tumor cells [22, 28]. In this study,
we observed HT significantly increased the expression of
cleaved caspase-3, 9, and Bax while decreased the expression
of Bcl-2 in SDT plus HT group in glioma, as compared with
those in SDT group. The data of in vitro and in vivo experi-
ments suggest that the intrinsic apoptosis pathway might be an
important mechanism responsible for apoptosis induced by
SDT plus HT. Furthermore, we also found that cleaved cas-
pase-8, which is closely related to extrinsic apoptosis pathway,
was increased in SDT plus HT group. Although triggers of
extrinsic apoptosis pathway, such as tumor necrosis factor
(TNF), Fas ligand, TNF-related apoptosis-inducing ligand
(TRAIL) were not investigated in this study, extrinsic apopto-
sis pathway may be accelerated by the combination of SDT
and HT. Further experiments should be performed to clarify
the involvement of extrinsic apoptosis pathway in SDT plus
HT. As such, our study showed that HT may promote apopto-
sis induced by 5-ALA-SDT partly by activating caspases and
modulating Bcl-2 family members.

Conclusion

In summary, we found that the enhancement of 5-ALA-SDT-
induced cell apoptosis and tumor growth delay in human gli-
oma both in vitro and in vivo experiments can be successfully
achieved with HT, which does not influence the cell viability,
apoptosis, and tumor growth of human glioma. Our data also
indicate that HT increased conspicuous ROS production and a
remarkable loss in MMP induced by 5-ALA-SDT in human
glioma cell lines. In addition, this study also demonstrated that
the mechanism involves, at least partially, modulating the

expression of apoptosis-related proteins and activating
caspases may be closely related to the improved efficacy
caused by SDT and HT in human glioma. The available find-
ings may provide an important insight into SDT in combina-
tion with HT and further propose that SDT in combination
with HT is a new potential application for the treatment of
human glioma.
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