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S-Aminolevulinic acid enhances mitochondrial stress upon
ionizing irradiation exposure and increases delayed production
of reactive oxygen species and cell death in glioma cells
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Abstract. 5-Aminolevulinic acid (5-ALA) can accumulate
protoporphyrin IX (PpIX) in tumour cell mitochondria and
is well known for its utility in fluorescence-guided resection
of malignant gliomas as a live molecular marker. Previously,
we and other authors demonstrated that 5-ALA has a radio-
sensitizing effect for tumours. In the present study, we aimed
to investigate the mechanism underlying the radiosensitizing
effect of 5-ALA by focusing on glioma cell mitochondria. Using
an enhancer (ciprofloxacin) of 5-ALA-induced PpIX accumula-
tion, we evaluated the influence of ionizing irradiation (IR) and
delayed reactive oxygen species (ROS) production 12 h after
IR by colony-forming assay and flow cytometry (FCM) with
different amounts of PpIX accumulation. The mitochondrial
mass and mitochondrial electron transport chain (mtETC)
activity were evaluated by FCM and western blot analysis.
Cell death and delayed ROS production after IR in glioma
cells were increased in proportion to 5-ALA-induced PpIX
accumulation. Delayed ROS production enhanced by 5-ALA
localized to the glioma cell mitochondria. Mitochondrial mass
and mitochondrial complex III activity, among mtETC factors,
were also increased 12 h after IR in glioma cells in proportion
to 5-ALA-induced PpIX accumulation with some variation.
These results suggest that 5S-ALA enhances IR-induced mito-
chondrial oxidative stress and leads to increased cell death
with mitochondrial changes, thereby acting as a targeting mito-
chondrial drug, and so-called radiosensitizer in glioma cells.

Introduction

Glioblastoma (GBM) is the most common primary brain
tumour in adults and is usually lethal. Standard treatment for
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GBM includes tumour resection [from 78% to nearly 100% of
the contrast-enhanced tumour volume in magnetic resonance
imaging (MRI)] followed by concomitant chemotherapy,
particularly with temozolomide, and radiation therapy (1,2).
However, despite these multimodal treatments, the mean
survival time for patients with GBM is 12-14 months (2,3).
Because of its aggressive infiltrative behaviour, most GBMs
rapidly invade neighbouring brain structures and have a high
recurrence rate (4). Up to 85% of recurrences are within the
previous radiation treatment field (5).

5-Aminolevulinic acid (5-ALA) is a natural biochemical
precursor of heme that is converted by the heme synthesis
pathway into protoporphyrin IX (PpIX), a photosensitizing
porphyrin. Following systemic administration, 5-ALA metabo-
lism leads to the relative accumulation of PpIX in tumour
cell mitochondria (6,7). In particular, 5-ALA induces a high
accumulation of PpIX in glioma cells; thus, florescence-guided
resection using 5-ALA in high-grade glioma treatment has been
useful in determining tumour borders, facilitating tumour resec-
tion compared to conventional microsurgery (8-10). Although
several porphyrin compounds, including hematoporphyrin
derivatives (HpD) and Photofrin, can act as radiosensitizers, the
radiosensitizing activity of 5-ALA remains controversial (11-13).
We previously demonstrated the radiosensitizing effects of
5-ALA in experimental gliomas in vitro and in vivo (14-16).
Other studies similarly reported that radiotherapy combined
with 5-ALA strongly inhibits tumour growth in mouse mela-
noma, colon cancer, and prostate cancer models (17-19). A
recent DNA microarray study further demonstrated that 5-ALA
enhanced gene expression induced by ionizing irradiation (IR)
in cancer cells, such as those involved in cell cycle arrest (20).

The mechanism underlying the radiosensitizing effect
of 5-ALA remains unclear. In general, IR causes the ioniza-
tion and excitation of water, leading to reactive oxygen
species (ROS) production (particularly hydroxyl radical).
Primary ROS induce double-strand breaks (DSB) in nuclear
DNA and reproductive cell death (21,22). A previous study
reported that production of ROS, such as superoxide, singlet
oxygen, and hydroxyl radical, was increased in PpIX solu-
tions under IR exposure (23). Consistently, we confirmed
that the production of primary ROS was increased, and the
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subcellular localization of primary ROS coincided with
5-ALA-induced PpIX in glioma cells after 5-ALA treatment
under IR exposure (14). Thus, 5-ALA-induced PpIX may be
a key mediator and enhance the production of primary ROS
under IR exposure, thereby increasing reproductive cell death
in tumours. Otherwise, this initial reaction during exposure
to IR occurs only for a short period of time (21). Furthermore,
we observed strong inhibition of in vivo tumour growth under
IR exposure with 5-ALA administration (15). Tumour speci-
mens at 16 days after IR with 5-ALA administration exhibited
strong aggregation of cytotoxic Iba-1-positive macrophages
with phagocytosis (15). Even after considering the immuno-
logical effects, whether tumour growth in glioma is strongly
inhibited by short-term ROS-induced DSB in nuclear DNA
and subsequent reproductive cell death alone remains to be
determined.

Recent findings demonstrated that IR increases mitochon-
drial membrane potential, respiration, and ATP production
and causes ROS production in the mitochondria of tumour
cells (24-26). These ROS (particularly superoxide and hydrogen
peroxide) are secondary species produced by primary ROS
(particularly hydroxyl radical) via water radiolysis (25,27).
Importantly, this secondary process occurs in mitochondria of
tumour cells and induces long-lasting ROS production >24 h
after IR exposure (24,28). During these processes, impaired
mitochondria that were damaged by oxidative stress from
primary ROS cause several changes, such as synthesis of new
mitochondria (increased mitochondrial mass), synthesis of
new mitochondrial DNA (mitochondrial polyploidization), and
instability of the mitochondrial electron transport chain (ETC)
complex, to cope with their own oxidative damage. However,
these impaired mitochondria also produce large amounts
of secondary ROS and propagate oxidative damage to the
surrounding normal mitochondria and nucleus. This inter-
mitochondrial communication amplifies the damage signal
and production of secondary ROS, permanently damages the
remaining normal mitochondria and nuclear DNA, and even-
tually leads to cell death (25). Previously, we demonstrated
that the delayed intracellular production of ROS 12 h after
IR exposure was enhanced in glioma cells after 5-ALA treat-
ment, particularly in the cytoplasm (16). In addition, 5-ALA
treatment can cause marked accumulation of PpIX in glioma
cell mitochondria and improve mitochondrial dysfunction by
improving cytochrome c oxidase activity to restore oxida-
tive phosphorylation, thereby disrupting the Warburg effect
in tumour cells (29). Thus, we hypothesized that 5-ALA, by
inducing PpIX accumulation within tumour cell mitochon-
dria, may cause mitochondrial changes following IR exposure,
such as increased mitochondrial mass and altered activity of
the ETC complex in gliomas, leading to cell death.

In the present study, we assessed the radiosensitizing effect
of 5-ALA using ciprofloxacin (CPFX), which is a known
enhancer of 5-ALA-induced PpIX accumulation (31), in glioma
cells. We evaluated the subcellular localization of secondary
ROS and mitochondria by confocal laser scanning microscopy
and the delayed changes in mitochondrial mass and ETC
complex activity after IR exposure with different amounts of
5-ALA-induced PpIX in glioma cells. Finally, we considered
the possible mechanisms underlying the radiosensitizing effect
of 5-ALA based on the effects observed for mitochondria.
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Materials and methods

Chemicals. 5-ALA was provided by SBI Pharmaceuticals
Co., Ltd. (Tokyo, Japan) and dissolved in fresh culture
medium at a final concentration of 1 mM for intracellular
ROS imaging and 0.3 mM for other in vitro experiments.
CPFX was purchased from WAKO Pure Chemical Co.
(Osaka, Japan). CM-H2DCFDA (DCFD), MitoTracker Green
FM, and Mito Tracker Deep Red FM were purchased from
Sigma-Aldrich K.K. (Tokyo, Japan) and Invitrogen (Carlsbad,
CA, USA). DCFD was dissolved in Hank's Balanced Salt
Solution (HBSS) with calcium and magnesium and without
red phenol 1X (Invitrogen) at a final concentration of 10 M.
MitoTracker Green FM and MitoTracker Deep Red FM were
dissolved in fresh culture medium at a final concentration of
50 nM. Other materials were of the highest grade available.

Culture and treatment of cells. A rat glioma cell line (9L) and a
human glioma cell line (U251) were used (16). The 9L cells were
cultured for several days in RPMI-1640, and U251 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
with 10% fetal bovine serum (FBS) at 37°C before use. These
cell lines were maintained in a humidified incubator with 5%
CO, at 37°C. Cells were passaged in the exponential growth
phase using a 0.05% trypsin solution containing 0.5 mM
ethylenediaminetetraacetic acid. Cells at 70% confluency were
used in the subsequent experiments. 5-ALA was dissolved in
RPMI-1640 (9L) or DMEM (U251) with 10% FBS to achieve
a final concentration of 0.3 or 1 mM and incubated with 9L or
U251 cells for 4 h. These 5-ALA concentrations and incuba-
tion time were used in the subsequent experiments. CPFX was
dissolved in water and then diluted to the appropriate concen-
tration in RPMI-1640 (9L) or DMEM (U251) with 10% FBS
and incubated with 9L or U251 cells for 24 h. For cotreatment
with CPFX and 5-ALA, the cells were initially incubated with
CPFX medium for 24 h, washed with phosphate-buffered
saline (PBS), and immediately incubated in complete medium
containing 0.3 mM 5-ALA for 4 h (30,31).

MTT assay. Cells were seeded in 96-well plates at a density
of 5x10° cells/well and incubated in medium containing
various concentration of CPFX for 24 h (30,31). The MTT
assay was conducted using a Cell Titer 96R Non-Radioactive
Cell Proliferation assay (Promega K.K., Tokyo, Japan). After
exposure to CPFX, the cells were washed with PBS, and MTT
solution was added. The cells were incubated with MTT solu-
tion for 4 h, the reaction was terminated with Stop solution, and
the cells were incubated another 4 h. The absorbance of the
coloured solutions was measured at 550/655 nm on Microplate
Manager software (version 5.2.1; Bio-Rad Laboratories,
Hercules, CA, USA). The results for cell viability are presented
relative to control cells.

Flow cytometric analyses. After each period of incubation,
the cells were detached from the substratum by trypsinization
and collected by centrifugation (400 x g for 3 min at 4°C).
Immediately afterwards, the cells were resuspended in cold
PBS/FBS and analysed using a flow cytometer (EC800; Sony
Biotechnology, Tokyo, Japan). Overall, 3x10° cells in each
sample were evaluated. Analyses of flow cytometric data were
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carried out using FlowJo (Tree Star Inc., Ashland, OR, USA).
The median fluorescence intensity (MFI) of various parameters
in treated glioma cells relative to that of the control cells was
calculated for each cell line as we described previously (16).

Evaluation of PpIX fluorescence intensity in glioma cells.
Cells were seeded in 100-mm culture dishes and cultured in
complete medium containing 0.3 mM 5-ALA for 4 h (5-ALA
group) or CPFX for 24 h (CPFX group) and then washed
with PBS. The cells in the 5-ALA with CPFX group were
incubated with 5 uM CPFX for 24 h, washed with PBS,
and immediately incubated in complete medium containing
0.3 mM 5-ALA for 4 h (30,31). After culture, we immediately
assessed PpIX fluorescence using a flow cytometer (excita-
tion, 488 nm; emission, 640/30 nm band-pass filter). Control
cells were not exposed to 5-ALA or CPFX. Analyses of flow
cytometric data were carried out using FlowJo. The MFI of
PpIX for treated cells relative to that of the control cells was
calculated for each cell line.

Evaluation of cell responses to IR. Cells were seeded at
a density of 100 cells (0 Gy) or 400 cells (8 Gy) for 9L and
400 cells (0 Gy) or 4,000 cells (8 Gy) for U251 per 60-mm
culture dish based on preliminary measurements to determine
the optimal cell concentration for each irradiation dose. The
cells in each group were treated as described above and then
washed with PBS (30,31). Cells exposed only to IR without
5-ALA or CPFX were prepared for comparison. The culture
dishes were stored in a light-protected humidified chamber
to avoid activation of 5-ALA-induced PpIX. After the
medium was replaced with 3 ml fresh culture medium, the
cells were irradiated using a Gamma-irradiator (Gammacell
40 Extractor; Nordion International, Inc., Kanata, ON, Canada)
at 8 Gy (0.71 Gy/min). During IR, the culture dishes were kept
in a dark container at room temperature. The response of the
cells to IR was evaluated using a standard colony-forming
assay (14). Briefly, after 12 days of irradiation treatment, the
cells were fixed and stained using a Diff Quick Staining kit
(Sysmex Co., Kobe, Japan). Two culture dishes were prepared
for each dose point, and three independent experiments were
performed. Only colonies containing =50 cells were scored.
Plating efficiency was determined for unirradiated controls
treated in the same manner and maintained under the same
conditions. The surviving fraction was then calculated and
presented relative to control cells without 5-ALA or CPFX
treatment and IR exposure.

Detection of subcellular localization of ROS and mitochondria
12 h after IR in 9L cells. Intracellular production of ROS was
detected using the oxidant-sensitive fluorescent probe DCFD,
and mitochondria were detected using Mito Tracker Deep
Red FM with a confocal laser-scanning microscope (LMS5
Pascal; Carl Zeiss, Jena, Germany) (16). Cells were seeded
in 35-mm glass-bottom dishes (Asahi Techno Glass, Tokyo,
Japan). After each period of incubation with 1 mM 5-ALA,
cells were washed with PBS and exposed to 10 Gy IR. At 12 h
after IR, the cells were washed twice with PBS, incubated with
50 nM Mito Tracker Deep Red FM for 30 min, washed again
with PBS, and immediately incubated with 10 M DCFD for
15 min. After washing twice with PBS, the cells were observed
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immediately. Mito Tracker Deep Red fluorescence (excitation,
488/633 nm; emission, 650 nm band-pass filter) and DCFD
fluorescence (excitation, 488/633 nm; emission, 505-530-nm
band-pass filter) were imaged on a confocal laser-scanning
microscope. In addition, control cells without 5-ALA treat-
ment and with or without IR were prepared for comparison.
All procedures were carried out in the dark.

Evaluation of intracellular ROS levels after IR in glioma cells.
Intracellular production of ROS 12 h after IR was assessed
using DCFD, an oxidant-sensitive fluorescent probe, using a
flow cytometer (16). Cells in the 5-ALA group, the CPFX group,
and the 5-ALA with CPFX group were seeded in 100-mm
culture dishes and prepared as described above. Immediately
thereafter, the cells were irradiated with 8 Gy y-irradiation at
room temperature in the dark using a y-irradiator. At 12 h after
exposure to IR, the cells were incubated with 10 uM DCFD
for 15 min at 37°C and washed twice with PBS. DCFD fluo-
rescence was then analysed using a flow cytometer (excitation,
488 nm; emission, 525/50 nm band-pass filter) as described
above. Control cells did not receive 5-ALA and CPFX treat-
ment or IR exposure. Cells exposed to IR without 5-ALA or
CPFX treatment were also prepared for comparison. Analyses
of flow cytometric data were carried out using FlowJo. The
MEFTI of DCFD for treated cells relative to that of control cells
was calculated for each cell line.

Evaluation of mitochondrial mass after IR in glioma cells.
Mitochondrial mass was measured by staining cells with
MitoTracker Green FM (24). The cells were seeded in 100-mm
culture dishes as described above and then irradiated with 8 Gy
y-irradiation at room temperature in the dark. Immediately
and at 12 h after IR, the cells were incubated with 50 nM
Mito Tracker Green FM for 30 min at 37°C and then washed
twice with PBS. Mito Tracker Green FM fluorescence was
analysed using a flow cytometer (excitation, 488 nm; emission,
525/50 nm band-pass filter). Control cells were not exposed
to IR or 5-ALA and CPFX. Analyses of flow cytometric data
were carried out using FlowJo. The MFI of Mito Tracker
Green FM for treated cells relative to that of the control cells
was calculated for each cell line.

Evaluation of mitochondrial ETC activity after IR by western
blot analysis. Mitochondrial ETC activity was evaluated by
western blotting using Total OXPHOS Rodent WB Antibody
Cocktail (32,33). Cells were seeded in 100-mm culture dishes
and treated as described above. Thereafter, the cells were
irradiated with 8 Gy in the dark using a y-irradiator. Before,
immediately after, and 12 h after IR, the cells were washed
with PBS and lysed in 0.4 ml lysis buffer [RIPA buffer:Halt
protease inhibitor cocktail (1:100; Thermo Fisher Scientific,
Rockford, IL, USA)]. Protein (20 pg) was separated by poly-
acrylamide gel electrophoresis (4-15%) and transferred to
PVDF membranes (Bio-Rad Laboratories). The membranes
were blocked for 1 h with 1% bovine serum albumin
(Sigma-Aldrich) in Tris-buffered saline, pH 7.6, containing
0.1% Tween-20 (T-TBS) and washed once with T-TBS. The
membranes were incubated for 1 h with 1:800 Total OXPHOS
Rodent WB Antibody Cocktail (ab110413) or 1:1,000 rabbit
anti-B-actin polyclonal antibody (ab8227) (both from Abcam)
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at room temperature, washed three times for 10 min in T-TBS,
and incubated for 1 h with 1:50,000 HRP-linked sheep
anti-mouse IG (NA931) or 1:50,000 HRP-linked donkey anti-
rabbit IG (NA934) (both from GE Healthcare, Logan, UT,
USA) at room temperature. The blots were visualized using
ImmunoStar® LD (Wako, Tokyo, Japan) with a C-DiGit™ Blot
Scanner (LI-COR, Lincoln, NE, USA), quantitatively analysed
using the public domain software ImageJ 1.46r (National
Institutes of Health, Bethesda, MD, USA), and normalized to
actin for each experiment. The ratio of blots was compared to
that of control bands. Control blots were not exposed to IR,
5-ALA or CPFX.

Statistical analyses. Data are presented as means + SE and
were analysed with Fisher's protected least significant differ-
ence test. P<0.05 was considered statistically significant.

Results

Cytotoxic influence of CPFX on viability of glioma cell lines.
First, we evaluated an appropriate concentration of CPFX for
9L and U251 cells using an MTT assay at 5, 15, 25, 50, 100,
200 and 500 xuM CPFX. Cytotoxicity was not observed at 5 uM
CPFX for 9L and U251 cells (p=0.2881 and 0.6386, respec-
tively). However, at 15 yM CPFX, the survival rate of cells
significantly decreased compared to controls in the two cell
lines (p=0.0255 in 9L, and p=0.0162 in U251) (Fig. 1A and B).
To avoid CPFX cytotoxicity for glioma cells, we therefore used
5 uM CPFX for all subsequent experiments.

Low-dose CPFX enhances 5-ALA-induced PpIX accumu-
lation and leads to increased cell death after IR in glioma
cells. We examined the influence of low-dose CPFX on the
intracellular accumulation of 5-ALA-induced PpIX in glioma
cells using flow cytometric analyses. The MFI of PpIX in
5-ALA-treated cells was obviously increased compared with
the control cells in the two cell lines, consistent with our
previous results (Fig. 1C and D) (16). In addition, the MFI of
PpIX in cells treated with 5-ALA and low-dose CPFX was
significantly increased compared with that for cells treated
only with 5-ALA for the two cell lines (Fig. 1C and D). The
relative MFI of PpIX (mean + SE) in 9L cells was 7.28+0.05
and 7.89+0.06 in the 5-ALA group and the 5-ALA with
CPFX group, respectively (p<0.0001). Similarly, the relative
MFI of PpIX (mean + SE) in U251 cells was 16.0+0.13 and
17.6+0.20 in the 5-ALA group and the 5-ALA with CPFX
group, respectively (p<0.0001). By contrast, the relative MFI
of PpIX (mean + SE) in 9L and U251 cells was 1.03+0.01 and
1.03+0.01, respectively, in the CPFX group, and there were no
significant differences compared to controls for either cell line
(p=0.4852 and 0.8427, respectively).

Next, we tested the influence of IR under the production of
5-ALA-induced PpIX enhanced by low-dose CPFX treatment
in 9L and U251 cells. In 9L cells, the surviving fraction (%) in
the RT group, RT with 5-ALA treatment group, and RT with
5-ALA and CPFX treatment group was 8.38+0.70, 6.38+0.33,
and 4.57+0.37, respectively (Fig. 2A). The surviving fraction
in the RT with 5-ALA treatment group was significantly
lower than that in the RT group (p=0.0118). Moreover, RT
with 5-ALA and CPFX treatment significantly decreased
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the surviving fraction compared to that for RT with 5-ALA
treatment (p=0.0188) (Fig. 2A). In U251 cells, the surviving
fraction (%) in the RT group, the RT with 5-ALA treatment
group, and the RT with 5-ALA and CPFX treatment group was
18.50+1.05, 14.7+1.16 and 11.7+0.62, respectively (Fig. 2B).
The surviving fraction in the RT with 5-ALA treatment group
was significantly lower than that in the RT group (p=0.0162).
Similar to the results with 9L cells, RT with 5-ALA and
CPFX treatment significantly decreased the surviving fraction
compared to that for RT with 5-ALA treatment (p=0.0480)
in U251 cells (Fig. 2B). The surviving fraction in the RT with
CPFX treatment group (6.65+0.15) was significantly decreased
compared to that in the RT group in 9L cells (p=0.0234), but
there was no significant difference between RT with CPFX
(16.95+0.58) and only RT in U251 cells (p=0.2567).

Differences in the amount of 5-ALA-induced PpIX accu-
mulation influence delayed production of intracellular ROS
after IR in glioma cells. To evaluate the influence of different
amounts of 5-ALA-induced PpIX accumulation on the delayed
production of intracellular ROS after IR, we evaluated ROS
production 12 h after IR in glioma cells treated with low-dose
CPFX using flow cytometric analysis. In 9L cells, the relative
MFI of DCFD in the RT, RT with CPFX treatment, RT with
5-ALA treatment, and RT with 5-ALA and CPFX treatment
groups was 1.40+0.04, 1.72+0.02, 1.522+0.39 and 1.62+0.04,
respectively (Fig. 3A). Although delayed ROS production
with RT only significantly increased compared to the control
(p<0.0001), that in the RT with 5-ALA treatment group also
significantly increased compared to that in the RT group
(p=0.0110), consistent with our previous results (16). Moreover,
delayed ROS production in the RT with 5-ALA and CPFX
treatment group significantly increased compared to that in the
RT with 5-ALA treatment group (p=0.0382). In the U251 cells,
the relative MFI of DCFD in the RT, RT with CPFX treatment,
RT with 5-ALA treatment, and RT with 5-ALA and CPFX
treatment groups was 1.23+0.02, 1.56+0.06, 1.45+0.09 and
1.72+0.13, respectively (Fig. 3B). Similar to the effects in 9L
cells, although delayed ROS production with RT only signifi-
cantly increased compared to control (p=0.0477), that in the
RT with 5-ALA treatment group also significantly increased
compared to that in the RT group (p=0.0495) in the U251 cells,
consistent with our previous results (16). Additionally, delayed
ROS production in the RT with 5-ALA and CPFX treatment
group also significantly increased compared to that in the RT
with 5-ALA treatment group (p=0.0199). By contrast, delayed
ROS production for RT with CPFX treatment significantly
increased compared to that for RT alone in the two cell lines
(p<0.001 in 9L, p=0.0048 in U251).

Subcellular localization of delayed intracellular ROS produc-
tion and mitochondria after IR in glioma cells. In a previous
study, we detected delayed intracellular ROS production
enhanced by IR with 5-ALA treatment mainly in the cytoplasm
of glioma cells (16). To determine the more precise localiza-
tion of delayed ROS production, we observed delayed ROS
production in 9L cells 12 h after IR using the oxidant-sensitive
probe DCFD and mitochondrial staining (MitoTracker Deep
Red FM) by confocal laser-scanning microscopy (Fig. 4). In
preliminary experiments, we confirmed no PpIX fluorescence
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Figure 1. Cell viability in glioma cells after treatment with ciprofloxacin (CPFX) (A and B). Glioma cells were treated with various concentrations of CPFX and
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0.3 mM 5-ALA and 5 yuM CPFX. Control cells were treated without 5-ALA or CPFX. Relative median fluorescence intensity (MFI) of PpIX compared with
the control in the glioma cells. (A and C) 9L cells. (B and D) U251 cells. Values indicate mean = SE (n=4).
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in 9L cells 12 h after 5-ALA treatment under our imaging
conditions. Mitochondrial fluorescence was clearly observed
in 9L cells without 5-ALA treatment and IR exposure as a
control (Fig. 4A, D and J). In addition, no interaction between
mitochondria and DCFD fluorescence was observed following
our imaging study (Fig. 4D and G). Mitochondrial fluores-
cence in 9L cells 12 h after RT was increased compared to
that in the control (Fig. 4D and E). Moreover, mitochondrial
fluorescence in 9L cells 12 h after RT with 5-ALA treatment

obviously increased compared to other groups (Fig. 4F). In
addition, slight DCFD fluorescence in 9L cells 12 h after RT
was observed in the nucleus and cytoplasm (Fig. 4H). DCFD
fluorescence in 9L cells 12 h after RT with 5-ALA treatment
obviously increased compared to other groups and was local-
ized mainly in the cytoplasm, consistent with our previous
results (16) (Fig. 4I). Furthermore, the enhanced DCFD
fluorescence in RT with 5-ALA treatment coincided with
mitochondrial fluorescence (Fig. 4L).
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ROS were detected with an oxidant-sensitive fluorescent probe (DCFD). Control cells did not receive 5-aminolevulinic acid (5-ALA) or ciprofloxacin (CPFX)
treatment and were not exposed to ionizing irradiation. Relative median fluorescence intensity (MFI) of intracellular ROS levels 12 h after ionizing irradiation
with 5-ALA and/or CPFX pretreatment compared with the control in 9L cells (A) and U251 cells (B). Values indicate mean + SE (n=6).

Figure 4. Visualization of intracellular reactive oxygen species (ROS) and mitochondria after ionizing irradiation exposure in 9L cells. Control cells did not
received S-aminolevulinic acid (5-ALA) treatment or ionizing irradiation (A, D, G and J). Cells were exposed to ionizing irradiation (10 Gy) without 5-ALA
treatment for comparison (B, E, H and K). Cells were treated with 1 mM 5-ALA and then exposed to ionizing irradiation (10 Gy) (C, F, I and L). Twelve hours
after ionizing irradiation, the cells were treated with 50 nM Mito Tracker Deep Red FM to identify mitochondria and 10 uM DCEFD to identify intracellular
ROS. (A-C) Bright-field image. (D-F) Mito Tracker Deep Red FM fluorescence image. (G-I) DCFD fluorescence image. (J-L) Merged image of Mito Tracker

Deep Red FM fluorescence, DCFD fluorescence, and bright-field images. No interaction in fluorescence between Mito Tracker and DCFD was observed in
our imaging conditions (D and G).
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Figure 5. Mitochondrial mass in glioma cells after ionizing irradiation exposure. Mitochondrial mass was measured by Mito Tracker Green FM staining using
flow cytometric analyses just after (A, C and D) and 12 h after ionizing irradiation exposure (B, E and F). Control cells were not treated with 5-aminolevulinic
acid (5-ALA) or ciprofloxacin (CPFX) and not exposed to ionizing irradiation. Representative flow cytometric profiles of mitochondrial mass levels in 9L
cells just after (A), and 12 h after ionizing irradiation exposure (B). Relative median fluorescence intensity (MFI) of Mito Tracker Green FM without ionizing
irradiation compared with the control in 9L (C and D) and U251 cells (D and F). RT, cells exposed to only ionizing irradiation without CPFX and 5-ALA;
CPFX+RT, cells pretreated with CPFX and exposed to ionizing irradiation; 5-ALA+RT, cells pretreated with 5-ALA and exposed to ionizing irradiation;
5-ALA+CPFX+RT, cells pretreated with 5-ALA and exposed to ionizing irradiation. Values indicate mean + SE (n=6).

Differences in amount of 5-ALA-induced PpIX accumulation
influence mitochondrial mass after IR in glioma cells. To
evaluate the influence of different amounts of 5-ALA-induced
PpIX accumulation on mitochondrial mass after IR, we evalu-
ated mitochondrial mass after IR in glioma cells treated with
low-dose CPFX using flow cytometric analysis. The mitochon-
drial mass of glioma cells was obviously changed between just
after and 12 h after IR exposure (Fig. 5A and B). In both glioma
cell lines just after IR, the differences among treatment groups
were not marked (Fig. 5C and D). In the 9L and U251 cells
12 h after IR, the relative MFI of mitochondria in cells with
RT was 1.36+0.02 and 1.20+0.04, respectively (Fig. SE and F),
significant increases compared to the control (p<0.0001 and
p=0.0011, respectively). The cells receiving RT with 5-ALA
treatment also exhibited significantly increased mitochondrial
mass compared to the cells receiving RT in the two cell lines
(1.42+0.02, p=0.0453 in 9L; 1.36+0.05, p=0.0068 in U251).
Although the cells receiving RT with 5-ALA and CPFX treat-
ment exhibited increased mitochondrial mass compared to the
cells receiving RT with 5-ALA treatment in the two cell lines
(1.44+0.03 in 9L, 1.38+0.04 in U251), the differences were not
significant (p=0.3240 and 0.7093, respectively).

IR with 5-ALA treatment increases mitochondrial complex I11
activity in glioma cells. Since delayed ROS production in

tumour cells after IR was associated with mitochondrial ETC
activity (24-27) we evaluated mitochondrial ETC activity
using Total OXPHOS Rodent WB Antibody Cocktail (32,33).
In glioma cells before IR, the relative complex III value in
CPFX, 5-ALA, and 5-ALA with CPFX treatment groups
was 1.02+0.09, 1.61+0.13 and 1.75+0.26, respectively, in 9L
cells and 1.14+0.02, 1.23+0.13 and 1.44+0.28, respectively,
in U251 cells (Fig. 6A and B). 5-ALA treatment increased
complex III activity in glioma cells with some variations
(p=0.0463 in 9L, p=0.4203 in U251). Complex III activity in
glioma cells 12 h after RT in each group increased compared
to that just after RT (Fig. 6C-G). In glioma cells just after
IR, the relative complex III value in the RT, CPFX, 5-ALA,
and 5-ALA with CPFX treatment groups was 1.18+0.16,
1.24+0.15, 2.13+0.13 and 2.33+0.40, respectively, in 9L cells
and 1.22+0.13, 1.37+0.23, 1.44+0.30 and 1.74+0.39, respec-
tively, in U251 cells (Fig. 6C and D). Complex III activity in
9L cells receiving 5-ALA treatment just after RT obviously
increased compared to those receiving only RT (p=0.0286). In
glioma cells 12 h after IR, the relative complex III value in RT,
CPFX, 5-ALA, and 5-ALA with CPFX treatment groups was
2.07+0.07, 2.38+0.31, 3.06+0.04 and 4.02+0.42, respectively,
in 9L cells and 1.40+0.14,2.08+0.31, 3.05+0.18 and 3.28+0.34,
respectively, in U251 cells (Fig. 6E and F). At 12 h after RT,
complex III activity in the RT group increased compared to
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Figure 6. Expression of mitochondrial complex III after ionizing irradiation exposure in glioma cells. Cell lysates were collected (A and B) before, (C and D) just
after, and (E and F) 12 h after ionizing irradiation exposure and then analysed by western blotting using Total OXPHOS Rodent WB Antibody Cocktail.
Control cells were not treated with 5-aminolevulinic acid (5-ALA) or ciprofloxacin (CPFX) and not exposed to ionizing irradiation. The level of complex III
was normalized to actin and then compared to that of the control in (A, C and E) 9L cells and (B, D and F) U251 cells. (G) Representative gels of complex III
expression 12 h after ionizing irradiation exposure in 9L cells. Values indicate mean + SE (n=3).

control in 9L and U251 cells with some variations (p=0.0267
in 9L, p=0.3390 in U251). However, complex III activity in
the RT with 5-ALA treatment group significantly increased
compared to that in the RT group in the two cell lines (p=0.0365
in 9L, p=0.0019 in U251). Complex III activity for RT with
5-ALA and CPFX treatment increased compared to that for
RT with 5-ALA treatment in 9L cells (p=0.0415) and U251
cells (p=0.5598) (Fig. 6E-G). Although we similarly evaluated
other mitochondrial complexes (I, II, IV and V), there were no
apparent differences (data not shown).

Discussion

5-ALA enhances mitochondrial stress by IR and leads to
increased cell death with mitochondrial changes in glioma
cells. We previously demonstrated that 5-ALA enhances the
delayed production of ROS after IR mainly in the cytoplasm,
supposed as the mitochondria, of glioma cells (14,15,24).In the
present study, to elucidate the radiosensitizing effect of 5-ALA
in glioma cells, we investigated the cell response after IR with
different amounts of 5-ALA-induced PpIX accumulation in
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glioma cells, focusing on mitochondria. We confirmed that the
enhancement of delayed ROS production and cell death via IR
was proportionate to 5-ALA-induced PpIX accumulation in
glioma cells and that delayed ROS production occurred within
the increased mitochondria of glioma cells. Moreover, IR with
5-ALA treatment increased the mitochondrial mass and mito-
chondrial complex III activity at 12 h after irradiation, leading
to cell death proportionate to 5-ALA-induced PpIX accumula-
tion in glioma cells. To the best of our knowledge, this is the
first study to investigate the radiosensitizing effect of 5-ALA
with a focus on the response of mitochondria in glioma cells.

Most anticancer drugs induce targeted cell death, at least
in part, through the generation of elevated amounts of intra-
cellular ROS (34). Thus, non-toxic materials that selectively
upregulate intracellular ROS to induce lethal effects for
tumour cells are desirable. In general, the biological conse-
quences of IR leading to cell death are highly influenced
by the activation of the DNA damage response mechanism,
particularly for nuclear DSBs (35,36). However, the number of
studies investigating the effects of IR on the mitochondria is
far less than that on the cell nucleus (25). Mitochondria occupy
a fairly substantial fraction of cell volume (4-25% depending
on the cell), which renders them a likely target of radiation
traversal through the cell (37). Mitochondrial DNA only
accounts for approximately 0.25% of the total cellular DNA,
but all of the mitochondrial DNA (except the D-loop) consists
of genes for protein synthesis (38,39). In addition, mitochon-
drial DNA is considered more prone to oxidative damage
because it lacks histone protection and an efficient DNA repair
system (40,41). Thus, recent studies suggest that mitochondria
are specific targets in the tumouricidal efficacy of radiation
therapy (25-27).

The increase in delayed ROS production and mitochondrial
mass was hypothesized to arise from the propagation of oxida-
tive stress from impaired mitochondria initially damaged by
IR, so-called ‘amplification of intermitochondrial communi-
cation’ (25). In the present study, we confirmed that IR without
5-ALA treatment increased delayed ROS production and
mitochondrial mass at the late period in glioma cells, consis-
tent with previous studies (24,28). However, 5-ALA-induced
PpIX accumulation obviously enhanced delayed ROS produc-
tion and mitochondrial mass in glioma cells. Additionally,
the enhancement of these delayed ROS production obviously
occurred in the ‘mitochondria’ and not in the ‘nucleus’.
Considering the characteristics of ROS (very short lifetime and
limited diffusion distance) and the distance between impaired
mitochondria, surrounding normal mitochondria, and the
nucleus, renders this distribution of delayed ROS production
reasonable (21). Thus, the direct biological effects of delayed
ROS on the nucleus may be limited, at least in the late period
after IR with 5-ALA treatment.

The precise mechanism by which 5-ALA-induced
PpIX enhances delayed ROS production remains unclear.
Mitochondria play important roles in ROS production
during IR exposure (27). In addition, mitochondria consume
approximately 90% of physiological oxygen and are the richest
source of ROS (42,43). In the present study, we observed that
5-ALA-induced PpIX enhanced complex III activity 12 h after
IR in glioma cells. Thus, during amplification of intermitochon-
drial communication at the late period after IR with 5-ALA
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treatment, electron leakage may occur in the ETC complex
of mitochondria damaged by oxidative stress, consequently
elevating delayed ROS production (25,27). PpIX enhances
ROS production in solution via water radiolysis induced by
IR (23). We also observed that 5-ALA-induced PpIX increased
primary ROS production by IR and localized with these ROS
in glioma cells (14). By contrast, although glioma cells were
treated with 5-ALA after IR, delayed ROS production was
not so elevated in our previous study (16). Taken together,
for cells that accumulate large amounts of 5-ALA-induced
PpIX in mitochondria, IR can initially induce strong oxidative
stress to mitochondria and subsequently enhance delayed ROS
production by amplifying intermitochondrial communication,
consequently inducing strong cell death in glioma cells. Thus,
we suggest that 5-ALA enhances the mitochondrial stress
induced by IR, thereby acting as a radiosensitizer in gliomas.

Low-dose CPFX enhances 5-ALA radiosensitization effects
by increasing PpIX accumulation in glioma cells. CPFX is
known to enhance 5-ALA-induced PpIX in tumour cells, and
a previous study demonstrated that 100 uM CPFX enhanced
5-ALA-induced PpIX accumulation in human epithelial
cervical cancer (HeLa) and epidermoid carcinoma (A431)
cells (31). CPFX also has anticancer effects in several tumour
celllines with some variations (44). Therefore, we first evaluated
the cytotoxicity of CPFX for glioma cells and chose 5 yM as the
appropriate concentration of CPFX for glioma cells (Fig. 1).
Despite the low dose, CPFX increased 5-ALA-induced PpIX
accumulation without its own cytotoxicity and enhanced cell
death by IR in glioma cells. Recent studies demonstrated that
the accumulation of 5-ALA-induced PpIX in tumour cells
varies depending on the tumour cell types and local cellular
environment via four possible processes: i) enzyme activity
of heme synthesis (45), ii) membrane transporters (influx of
5-ALA, efflux of PpIX) (46-48), iii) iron metabolism (49,50)
and iv) turnover rate of heme synthesis (51). In the final step
of heme synthesis in mitochondria, iron (Fe**) is inserted into
PpIX by ferrochelatase to form heme (7). CPFX acts as an
iron-chelator, decreasing iron utilization for heme biosynthesis
in the mitochondria of tumour cells, consequently leading to
elevated 5-ALA-induced PpIX accumulation (31). In addition,
CPFX itself acts as a radiosensitizer in tumour cells (30).
CPFX promotes p53 phosphorylation (cell-cycle arrest),
reduces Bcl-2 production (anti-apoptotic effect), and leads
to increased cell death in tumour cells (30). Our results also
confirm the radiosensitizing effect of CPFX in glioma cells,
although it was weak compared to that of 5-ALA. Although the
biological effect of CPFX on mitochondria, such as increasing
mitochondrial mass and mitochondrial complex activity, was
decreased, CPFX treatment delayed ROS production after IR
in glioma cells with some variations. Thus, CPFX itself may
affect the nucleus and enhance delayed ROS production in
cellular organelles except for the mitochondria.

5-ALA as a candidate drug for direct mitochondrial targeting
in cancer therapy using IR. In the past, cancer drugs mainly
targeted specific molecular signals associated with cell
proliferation, cell death, cellular differentiation, and tumour
angiogenesis (52-55). However, these molecular pathways are
multifaceted, and an alternative anticancer strategy targeting
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tumour metabolism is required (56). Mitochondria are the
centre arena of cell metabolism, such as ATP production,
lethal signal transduction, and intracellular ROS production.
Thus, emerging studies have begun to investigate mitochon-
drial metabolism as a specific target for cancer therapy (57,58).
5-ALA can certainly accumulate PpIX in the mitochondria
of tumour cells (6,7). In addition, 5-ALA is already used in
clinical applications, such as fluorescence-guided resection
for malignant gliomas, without adverse effects (8-10). In
the present study, we demonstrated that 5-ALA obviously
enhanced delayed ROS production within mitochondria,
leading to enhanced mitochondrial changes induced by IR.
Importantly, these processes occur in the specific mitochon-
drial arena. Thus, we suggest that 5-ALA has potential as a
drug for the direct targeting of mitochondria in cancer therapy
under IR exposure.

The radiosensitizing effects of porphyrin compounds
such as Photofrin and HpD have been reported (59-61). A
recent study demonstrated the use of radiotherapy with
tumour-specific folic acid-conjugated carboxymethyl lauryl
chitosan/superparamagnetic iron oxide micelles to effectively
deliver porphyrin compounds (chlorin e6) to cancer cells (62).
Although 5-ALA is well-known as a specific reagent for
photodynamic therapy and fluorescence-guided resection
in neurosurgery (8,63), 5-ALA is not itself a porphyrin
compound but a prodrug that is converted into PpIX within
tumour cell mitochondria (7). For radiotherapy combined with
5-ALA, we consider that it is important to increase the PpIX
concentration within tumour cells, specifically in mitochon-
dria, just before IR exposure. We previously confirmed that
cell death by single-dose IR with 5-ALA treatment was weak,
but multi-dose IR with repeated 5-ALA treatment enhanced
cell death in experimental glioma (14,15). Previous findings
demonstrated that IR decreases the activity of mitochondrial
aconitase and iron regulatory protein-1, which are essential
for the function of iron-sulphur clusters in mitochondria (26).
Thus, IR may insult utilization of iron on heme synthesis at
mitochondria and consequently enhance 5-ALA-induced
PpIX accumulation within mitochondria. Tumour cells after
IR exposure exhibit increased 5-ALA-induced PpIX accu-
mulation (12,16). For multi-dose (fractionated) IR, the PpIX
concentration within tumour cells may be altered with each
fraction. In addition, we previously confirmed 5-ALA-induced
PpIX as a potential biomarker for malignant gliomas via MRI
in a prospective clinical case study (64). Therefore, we suggest
that modulation of the intensity and field of the radiation beam
based on 5-ALA-induced PpIX tumour concentrations evalu-
ated by MRI for each patient and for each fraction can increase
the therapeutic effect in tumours and decrease the side effects
of IR, such as radiation necrosis, brain oedema, and leuko-
encephalopathy, on normal surrounding tissue by avoiding
excessive IR exposure. Further investigation into the biological
effects of IR on glioma cells based on the 5-ALA-induced
PpIX concentration is required.

Interactions between 5-ALA and ultrasound, so-called
sonodynamic therapy, and hyperthermia have been previously
reported as cancer therapy (65,66). These external energy expo-
sures may affect mitochondrial accumulation of 5-ALA-induced
PpIX and revealed that the antitumour effect is the same as that
of IR. Since their introduction in the late 1990s, cancer stem
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cells (CSCs) have been shown to be more radioresistant/chemo-
resistant than non-stem cells via enhanced DNA-repair capacity,
ROS defences, and self-renewal potential (67-69). Although
mitochondria are the most prominent source of intracellular
ROS, low levels of ROS have been involved in cancer cell
stemness (70). However, a recent study demonstrated that photo-
dynamic therapy (PDT) using 5-ALA reduced the self-renewal
property and stemness signature expression in CSCs (71). In
addition, PDT with 5-ALA enhanced the sensitivity of CSCs
to chemotherapy (cisplatin) by suppressing ABCG2 (the efflux
transporter of PpIX) and led to reduced tumourigenicity of
CSCs. Thus, CSCs may accumulate 5-ALA-induced PpIX
within mitochondria such as non-progenitor tumour cells. If this
occurs, radiotherapy with 5-ALA constitutes an effective cancer
treatment for CSCs. Therefore, it is crucial to investigate how to
combine existing therapy with 5-ALA and to extend the applica-
tion of 5-ALA, so called 'drug repositioning', in future studies.
In conclusion, 5-ALA is a useful tool for fluorescence-
guided resection in malignant gliomas as a live molecular
marker. Furthermore, 5-ALA selectively accumulates PpIX
in mitochondria and induces strong oxidative stress in glioma
cell mitochondria under IR. Thus, 5-ALA shows potential as a
mitochondria-targeting drug in cancer therapy.
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