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Abstract: 5-Aminolevulinic acid (5-ALA) is a naturally occurring non-proteinogenic amino acid,
which contributes to the diagnosis and therapeutic approaches of various cancers, including glioblas-
toma (GBM). In the present study, we aimed to investigate whether 5-ALA exerted cytotoxic effects
on GBM cells. We assessed cell viability, apoptosis rate, mRNA expressions of various apoptosis-
related genes, generation of reactive oxygen species (ROS), and migration ability of the human
U-87 malignant GBM cell line (U87MG) treated with 5-ALA at different doses. The half-maximal
inhibitory concentration of 5-ALA on U87MG cells was 500 µg/mL after 7 days; 5-ALA was not toxic
for human optic cells and NIH-3T3 cells at this concentration. The application of 5-ALA led to a
significant increase in apoptotic cells, enhancement of Bax and p53 expressions, reduction in Bcl-2
expression, and an increase in ROS generation. Furthermore, the application of 5-ALA increased the
accumulation of U87MG cells in the SUB-G1 population, decreased the expression of cyclin D1, and
reduced the migration ability of U87MG cells. Our data indicate the potential cytotoxic effects of
5-ALA on U87MG cells. Further studies are required to determine the spectrum of the antitumor
activity of 5-ALA on GBM.

Keywords: brain tumor; protoporphyrin; cell death; apoptosis; tumor cell line

1. Introduction

Glioblastoma (GBM), the most aggressive and common cancerous primary brain
tumor of astrocytic lineage, is an incurable and devastating disease with a median survival
of 12 to 15 months [1,2]. The treatment plan usually includes initial surgical resection
followed by concurrent radiation and chemotherapy [3]. Fluorescence-guided surgery
with 5-aminolevulinic acid (5-ALA) relatively improves the poor outcomes of patients
with GBM, presumably due to more complete resection of tumors and improvement in
progression-free survival [4–6]. Fluorescence-guided surgery with 5-ALA is a valuable tool
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to enhance the extent of resection in GBM surgery, which significantly impacts prognosis
in patients with GBM [7].

5-Aminolevulinic acid leads to selective intracellular biosynthesis and accumulation of
protoporphyrin IX (PP-IX) in malignant glioma cells [8]. When irradiated with visible light,
the tumor-specific accumulation of PP-IX results in cancer cell death and apoptosis via the
production of reactive oxygen species (ROS) [9]. The co-application of 5-ALA and light at
the appropriate wavelength enhances apoptosis in GBM cells by the inhibition of survival
signal transduction pathways and amplification of the proteolytic activities [10,11]. Further-
more, 5-ALA effectively enhances the cytotoxic effect of multi-dose ionizing radiation on
various neoplastic cells, including glioma cells [12,13]. In addition, 5-ALA-induced PP-IX
accumulation may increase the cytotoxicity of ionizing radiation through the enhancement
of ROS generation [14] and the modulation of cytokine and chemokine production [15].
Additionally, causal relationships between oncogene-mediated transformations such as
human epidermal growth receptor 2 and Ras/mitogen-activated protein kinase and en-
hanced 5-ALA-induced PP-IX production have been reported [16,17]. Emerging evidence
suggests that 5-ALA-induced PP-IX accumulation may affect the proliferation, migration,
and invasiveness of GBM via the modulation of dynamin 2-mediated exocytosis [18,19].
Despite extensive investigations on the cytotoxic effect of 5-ALA in combination with pho-
totherapy or ionizing radiation, it remains to be elucidated whether 5-ALA exerts a direct
cytotoxic effect on GBM. In the present investigation, we examined the effect of 5-ALA
at different doses on the viability, survival, and migration/invasiveness properties of the
human U-87 MG malignant GBM cells (U87MG) and studied the underlying mechanism of
cytotoxic action.

2. Results
2.1. 5-Aminolevulinic Acid (5-ALA) Inhibits Cell Viability of U87MG Cells

Using MTT assay, the effects of different doses of 5-ALA on cell viability were inves-
tigated. To investigate the inhibitory effects of 5-ALA, U87MG cells were treated with
different concentrations of 5-ALA at different time intervals (1, 2, and 7 days). As shown in
Figure 1, 5-ALA exerted a significant inhibitory effect on the viability of U87MG cells in a
time- as well as dose-dependent manner. The half-maximal inhibitory concentration (IC50)
of 5-ALA was 2500 µg/mL after 2 days, which was reduced to 500 µg/mL after 7 days
(Figure 1).

To establish whether 5-ALA was toxic to normal cells, the human optic cells and
NIH-3T3 cells were also treated with 5-ALA for 7 days (Figure 2); 5-ALA, at concentrations
that were toxic for U87MG cells, was not harmful to the human optic and NIH-3T3 cells.
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Figure 1. Cytotoxic effects of 5-aminolevulinic acid (5-ALA) on the human U-87 MG malignant GBM cell line (U87MG). Rep-
resentative phase-contrast micrographs of U87MG cells following 1, 2, and 7 days of treatment with 5-ALA (0–3750 µg/mL)
are presented. Cytotoxicity of 5-ALA on the viability of U87MG cells was evaluated using the MTT method. To ascertain
the half-maximal inhibitory concentration of 5-ALA, the percentage of live U87MG cells was assessed following 1, 2, and
7 days of treatment with various doses of 5-ALA. The results are presented as means ± standard deviation. *, **, and ***
indicate p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure 2. The effect of 5-aminolevulinic acid (5-ALA) on the viability of the human primary optic cells and NIH/3T3 cells.
Representative phase-contrast micrographs of primary optic cells obtained from the human optic nerves and NIH/3T3 cells
following 7 days of treatment with 5-ALA (500 µg/mL) are shown. Cytotoxicity of 5-ALA (0–3750 µg/mL) on the viability
of these non-tumoral cells was evaluated using the MTT assay. To evaluate the half-maximal inhibitory concentration of
5-ALA, the percentage of live cells was assessed following 7 days of treatment with various doses of 5-ALA. The results are
presented as means ± standard deviation. *, **, *** Indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

2.2. 5-ALA Induces Apoptosis in U87MG Cells

To evaluate the mechanisms that 5-ALA inhibited the viability of U87MG cells, both
apoptosis and cell cycle in 5-ALA treated cells were evaluated. The assessment of the
cell cycle has shown that the application of 5-ALA (250 µg/mL) for 7 days increased the
accumulation of U87MG cells in the SUB-G1 population up to 17.3% (Figure 3). Cyclin D1,
a modulator of cellular differentiation, plays a critical role in the integration of extracellular
signals of various cells in early-to-mid G1 transition [20]. To determine the cell cycle
induction, the mRNA expression of cyclin D1 was evaluated. The mRNA expression values
of cyclin D1 significantly decreased in 5-ALA treated cells as compared with the control
group (Figure 3, p < 0.001).
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Figure 3. The effects of 5-aminolevulinic acid (5-ALA, 250 µg/mL) on the expression of cyclin
D1 and cell cycle of the human U-87 MG malignant GBM cells (U87MG). (a) The cell cycle was
assessed in U87MG cells incubated with 5-ALA for 7 days and the control group. Note the increased
accumulation of U87MG cells in the SUB-G1 population as compared with the control group; (b) the
application of 5-ALA significantly reduced the expression of cyclin D in U87MG cells as compared
with the control group. The results are presented as means ± standard deviation. *** Indicates
p < 0.001.

To detect apoptotic cells, we performed Annexin V-FITC/PI double staining. The
analysis of Annexin V/PI double-stained cells has shown that about 40.6% of U87MG cells
treated with 5-ALA were in the late apoptotic stage. In contrast, only 13.5% of U87MG
cells were in the late apoptotic stage in the control group. Furthermore, we investigated
the mRNA expression levels of Bax, Bcl-2, and p53 of cells treated with 5-ALA for 7 days.
Treatment of U87MG cells with 5-ALA significantly decreased the expression of Bcl-2 and
enhanced the levels of Bax and p53 as compared with the control group (Figure 4, p < 0.01).
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Figure 4. The effects of 5-aminolevulinic acid (5-ALA) on apoptosis and the mRNA expression of various apoptotic
biomarkers (p53, Bax, and Bcl-2) of the human U-87 MG malignant GBM cells (U87MG). (a) U87MG cells were stained with
Annexin V/propidium iodide and evaluated using the flow cytometry technique. U87MG cells were treated with 5-ALA
at 250 µg/mL for 7 days. Untreated cells were evaluated as the control group. Diagrams quarter 4 (Q4) to Q1 represent
live cells, early apoptotic, late apoptotic, and necrotic cells, respectively. U87MG cells incubated with 5-ALA showed a
higher amount of early and late apoptotic cells; (b) 5-ALA significantly enhanced the values of Bax and p53, as well as
decreased Bcl-2 expression as compared with the control group. The results are presented as means ± standard deviation.
**, *** Indicate p < 0.01 and p < 0.001, respectively.
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2.3. 5-ALA Increases the Production of ROS

Previous studies have indicated that 5-ALA-induced PP-IX accumulation enhanced
the generation of ROS in different cancerous cells [13]. Our data revealed that 5-ALA in
a dose-dependent manner enhanced the generation of ROS in U87MG cells. The values
of ROS generation were significantly higher in cells incubated with 500 µg/mL of 5-ALA
for 7 days as compared with the cells treated with 5-ALA at 250 µg/mL and the control
groups (Figure 5, p < 0.05).

Figure 5. The effects of 5-aminolevulinic acid (5-ALA) on the induction of reactive oxygen species
(ROS) in the human U-87 MG malignant GBM cells (U87MG) after 7 days. (a) Photomicrographs
of ROS generation of U87MG cells in the control, 5-ALA (250 and 500 µg/mL), and tert-butyl
hydroperoxide (TBHP) groups were obtained using fluorescence microscopy; (b) ROS generation
was evaluated by the measurement of fluorescent intensities. Note a significantly greater ROS
production after the application of 5-ALA at 500 µg/mL as compared with the cells treated with
5-ALA at 250 µg/mL and the control group. The results are presented as means± standard deviation.
*, **, *** Indicate p < 0.05, p < 0.01, and p < 0.001, respectively.
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2.4. 5-ALA Inhibits the Migration of U87MG

The wound healing migration model is a standard in vitro method for the evaluation
of cell migration and invasiveness [21]. To detect the effect of 5-ALA on the migration
of U87MG cells, the wound-healing assay was conducted. As shown in Figure 6, 5-ALA
significantly slowed down the migration of U87MG cells after 24 h as compared with the
control group (p < 0.05). These results suggest that 5-ALA has the potential to inhibit the
migration/invasiveness ability of U87MG cells.

Figure 6. The effects of 5-aminolevulinic acid (5-ALA) on the migration of the human U-87 MG
malignant GBM cells (U87MG). The migration of U87MG cells was evaluated by the wound healing
approach. Using a micropipette tip, a scratch wound was created through the surface of a confluent
monolayer of U87MG cells, and then 5-ALA at 250 µg/mL was applied. The microscopic image were
captured after 2, 24, and 48 h of treatment. (a) The migration rate of U87MG cells was assessed by
the number of cells within the wound area; (b) 5-ALA exerted a significant inhibitory effect on the
migration of U87MG cells after 24 h as compared with the control group. The results are presented as
means ± standard deviation. * Indicates p < 0.05.
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3. Discussion

The results from the present in vitro study indicated that the long-term application of
5-ALA exhibited an antiproliferative effect on U87MG cells in a time- and concentration-
dependent manner. Although administration of 5-ALA after a relatively short period of
time and at lower doses did not exert cytotoxic effects on U87MG cells, it exerted moderate
antitumoral effects over a longer period of time and at higher concentrations; 5-ALA
reduced the viability of U87MG cells through the induction of cell arrest and apoptosis.
Our data indicate that the upregulation of Bax, p53, and ROS, as well as the downregulation
of Bcl-2, are involved in the antitumoral effect of 5-ALA on U87MG cells. Furthermore,
5-ALA at concentrations that inhibited the growth of U87MG cells is likely a safe substance
with little impact on normal cells.

Treatment of U87MG cells with chemotherapeutic drugs, such as temozolomide, or
ionizing radiation has been shown to lead to a significant reduction of cell viability in a
dose-dependent manner [22,23], possibly via increasing the expression of P53, Bax, and
ROS generation as well as decreasing the expression of Bcl-2 [24,25]. Dysregulation of
the p53 tumor suppressor pathway has been observed in approximately 90% of GBM
patients, which was associated with a poor prognosis [26]. Bcl-2 overexpression has also
been reported in about 50% of GBM patients, which was associated with a significant
enhancement of tumor resistance against adjuvant therapies [27]. Among pro-apoptotic
inducers, the activation of Bax protein inhibits the proliferation and self-renewal of GBM
cells [28]. Apoptosis is a key mechanism for the maintenance of cell proliferation and cell
death in GBM [29], and targeting apoptosis represents an optimal therapeutic strategy
for GBM [30]. Studies have shown that 5-ALA increases apoptotic cell death in resistant
prostate cancer cells [31] and enhancement of intracellular PP-IX induces p53-dependent
apoptosis in lymphocytic leukemia cells [32]. A reduction in cell viability following the
application of 5-ALA and photodynamic therapy has been attributed to cell apoptosis
via the increasing p53 protein level as well as Bax/Bcl-2 ratio [33,34]. The cotreatment of
5-ALA and photodynamic therapy leads to an increase in the Bax/Bcl-2 ratio and stimulates
the caspase cascade by the activation of caspase-3 and caspase-9 [10]. In contrast to our
findings, some investigations did not report the cytotoxic effects of 5-ALA on U87MG
cells [35,36]. This discrepancy could be due to the application of lower doses or/and a
shorter incubation period of 5-ALA with cancer cells. Cell cycle arrest can result in either
cell death, usually through the activation of apoptosis, or an effective DNA repair, which
may prevent the transformation of normal cells into neoplastic cells [37]. The interaction of
cell cycle regulators and apoptotic mediators, such as P53, plays an important role in the
modulation of tumor homeostasis [38]. In our study, the application of 5-ALA on U87MG
cells led to a significantly greater accumulation of tumor cells in the sub-G1 phase. The
P53-mediated cell cycle arrest and apoptosis in tumor cells are predicted to be favorable
outcomes of tumor therapy [39]. Furthermore, our data indicated that 5-ALA could induce
apoptosis via the regulation of proapoptotic or pro-survival of Bcl-2 family members,
modulation of p53-mediated transcriptional activity, and alteration of ROS activity; 5-ALA
inhibited cell migration and modulated the production of the apoptotic pathways at lower
concentrations than IC50. Lower doses of 5-ALA were tested in these experiments to
reduce the drug cytotoxicity for a better evaluation of cell behaviors.

Furthermore, 5-ALA in combination with photodynamic therapy has been shown to
induce apoptosis and arrest the cell cycle at the G0/G1 phase in esophageal cancer [40]. Ac-
cumulation of PP-IX in neoplastic cells has been shown to induce mitochondrial membrane
depolarization, activate mitochondria-to-nuclear translocation of the transcription factors,
and consequently lead to DNA damage [41]. Targeting the cell-cycle machinery, particu-
larly mitotic proteins, represents a promising therapeutic strategy to combat GBM [42]. The
expression of cyclin D1 has been shown to be directly correlated with the progression and
dissemination of GBM [43,44]. Inhibition of cyclin D1 has resulted in enhanced sensitivity
of glioma cells to temozolomide, pointing to its key role in the chemoresistance of GBM
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cells [45]. In our study, 5-ALA reduced the expression of cyclin D1 and inhibited the
migration of GBM cells.

As compared with chemotherapeutic agents, 5-ALA leads to the accumulation of
PP-IX preferentially in cancerous cells, and thus damage to the surrounding healthy brain
tissues is limited [46]. Our in vitro study indicates that 5-ALA at cytotoxic concentrations
for U87MG cells is safe for normal cells, including the optic nerve (consists of ganglion
cell axons, astroglial cells, oligodendrocytes, and glial cells) and NIH/3T3 cells. However,
further in vitro and in vivo studies are required to demonstrate the safety of long-term
application of 5-ALA for nontumoral cells. Contrary to our data, it has been shown that
5-ALA promoted the production of ROS and induction of apoptosis through activation of
p53 and caspases in gastric normal cells but not in gastric cancer cells [47].

The present report has some limitations. We examined antitumor effects of 5-ALA on
the cell line U87MG, which may not be representative of various types of highly malignant
glioma. Nevertheless, the present study can be of great help for future in vitro and in vivo
investigations deciphering the antitumoral effects of 5-ALA in GBM. Furthermore, this
study is limited by the lack of information on the correlation of antitumor effects of 5-ALA
with the augmentation of intracellular PP-IX in tumor cells. Further experimentation on the
effect of 5-ALA alone or in combination with other substances or therapies that enhances
intracellular PP-IX on tumor cells is required. It has been shown that several compounds,
such as vitamin D, ciprofloxacin, deferiprone, and febuxostat, as well as different adjuvant
therapies, such as photodynamic therapy and ionizing irradiation, augment the cytotoxicity
of 5-ALA in tumoral cells [48].

Taken together, the present study is the first to indicate that 5-ALA can target the
viability and migration of U87MG cells, presumably via the induction of cell cycle arrest
and apoptosis, enhancement of ROS generation, and inhibition of cyclin D1. However, our
conclusion relies only on in vitro studies, and additional in vivo experiments are needed
to demonstrate the antitumoral efficacy of 5-ALA on GBM cells and to validate its possible
clinical application.

4. Materials and Methods

To evaluate the antitumor effect of 5-ALA, U87MG cells were cultured and cultivated
with different doses of 5-ALA. The effects of 5-ALA on different properties of U87MG cells
were evaluated. This study was approved by the Ethical Committee of Shefa Neuroscience
Research Centre, Tehran, Iran. Informed consent has been obtained from the patients.

4.1. Cell Cultures

U87MG and NIH/3T3 cells were obtained from the National Cell Bank of Iran, Pasteur
Institute, Tehran, Iran. To establish particular requirements for cell lines, we prepared the
flasks, labeled with cell line name, passage number, and date. Using appropriate personal
protective equipment, we collected an ampoule of cells from liquid nitrogen and transferred
them to the laboratory on dry ice. Then, frozen cells were thawed rapidly (1–2 min)
in a water bath (37 ◦C). The thawed cells were slowly diluted with a warmed growth
medium before incubation. The cells were plated at high density in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Karlsruhe, Germany). Then, streptomycin-
penicillin and 10% fetal bovine serum (FBS, 100 µg/mL) were added (Gibco, Karlsruhe,
Germany) to the medium. As controls, optic nerves were obtained from two patients with
traumatic optic neuropathy. The primary optic cells were grown in DMEM/F12 medium
containing 10% FBS, 1% L-glutamate (Gibco, Karlsruhe, Germany), 20 ng/mL epidermal
growth factor (Sigma, Darmstadt, Germany), 100 µg/mL streptomycin (Gibco, Karlsruhe,
Germany), and 100 U/mL penicillin (Gibco, Karlsruhe, Germany). A humidified incubator
(5% CO2) was used to culture cells at 37 ◦C. The optic nerve consists of various cells,
including ganglion cell axons, astroglial cells, oligodendrocytes, glial cells, blood vessels,
and connective tissue [49]. Dissociated cell cultures from the optic nerve contain astrocytes
and oligodendrocytes [50,51].
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4.2. Evaluation of Cell Viability

As described previously [52], a colorimetric MTT assay (Atocel, Graz, Austria) was
used to determine cellular metabolic activity. Briefly, U87MG, NIH/3T3, and primary optic
cells were plated in 96-well plates (5000 cells per well) and cultured overnight. The cells
were incubated with various concentrations of 5-ALA (0–3750 µg/mL, Gliolan, Wedel,
Germany) for 1, 2, and 7 days. Every three days, the medium was changed, and 5-ALA was
added with the same corresponding concentrations. Then, each well was washed twice
with PBS to remove the 5-ALA and the MTT solution was added to the wells. Afterward,
dimethyl sulfoxide (DMSO, 100 µL, Sigma, Darmstadt, Germany) was added to each well
and incubated for 3 h to disintegrate the formazan crystals in DMSO. The absorbance at
545 and 630 nm was measured on a Stat FAX303 plate reader (Awareness Technologies,
Westport, CT, USA). Cells were largely protected from direct exposure to light sources by
keeping cell culture dishes in a light-protected humidified chamber, using aluminum foil
during dish transport, and performing the measurements in dim light.

4.3. Evaluation of Apoptosis

The apoptosis rate of U87MG cells treated with 5-ALA was examined using Annexin
V-DY-634 PI kit (Abcam, Cambridge, UK). Briefly, 105 cells were seeded in 6-well plates
and treated for 7 days with 5-ALA (250 µg/mL). The culture medium was replaced every
3 days. Next, cells were trypsinized and washed two times with PBS. Then, 100 µL of
Annexin V-DY-634 PI was added to each sample. After 10 min of incubation in the dark at
room temperature, 400 µL of 1× buffer was added to the samples. Flow cytometry analysis
was performed using a BD Facscalibur™ flow cytometer (Becton Dickinson, Heidelberg,
Germany).

4.4. RNA Analysis and Quantitative Reverse Transcription (qRT)-PCR

Total RNA was extracted from the treated cells with 5-ALA (250 µg/mL) for 7 days by
the RNeasy Mini Kit (Qiagen, Hilden, Germany). Then, the RNA was reverse-transcribed
using RevertAid First Strand cDNA Synthesis (Thermo Fisher Scientific, Wesel, Germany)
and qRT-PCR with specific primers for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), Bax, Bcl-2, p53, and cyclin D1 (Table 1) was accomplished using RealQ Plus
2X MasterMix Green-without Rox™ (Ampliqon, Odense, Denmark). A LightCycler® 96
Instrument system (Roche life Science, Indianapolis, IN, USA) was used for gene amplifi-
cation, under the following conditions: 95 ◦C for 15 min, 40 cycles of 95 ◦C for 30 s, and
annealing/extension at 60 ◦C for 60 s. The melting curve was generated at 60–95 ◦C for
6 s. GADPH was applied to normalize alterations in gene expressions. Using the 2−∆∆Cq
technique, the fold change in gene expression was assessed [53].

Table 1. Primers used in this study.

Gene Symbol Gene Name Primers (5′ → 3′) Accession Number

Bax Bcl-2-associated X protein Forward: TGACGGCAACTTCAACTGGG
Reverse: CTTCAGTGACTCGGCCAGGG NM_001291428.2

Bcl-2 B-cell lymphoma 2 Forward: GTCATGTGTGTGGAGAGCGTC
Reverse: CCGTACAGTTCCACAAAGGCATC NM_000633.3

P53 Tumor suppressor protein Forward: ACACGCTTCCCTGGATTGG
Reverse: CTAGGATCTGACTGCGGCTC NM_000546.6

CCND1 Cyclin D1 Forward: CAAATGTGTGCAGAAGGAGGTC
Reverse: CTCGCACTTCTGTTCCTCGC NM_053056.3

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

Forward: TCAAGATCATCAGCAATGCCTCC
Reverse: GCCATCACGCCACAGTTTC NM_001357943.2
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4.5. Assessment of ROS Generation

The cellular ROS detection kit (Abcam, Cambridge, UK) was used to evaluate the gen-
eration of ROS. The 25× 103 U87MG cells were seeded and cultivated overnight. After 24 h,
the U87MG cells were washed with PBS and incubated with dichloro-dihydro-fluorescein
diacetate (25 µM, H2DCFDA; Santa Cruz, Heidelberg, Germany) for 45 min in the dark.
Afterward, the cells were rewashed and treated with 5-ALA at 250 and 500 µg/mL. The flu-
orescence was measured (excitation/emission 485/535 nm) using a Victor X5 Multiplable
Plate Reader (Perkin Elmer, Waltham, MA, USA). Tert-butyl hydroperoxide (150 µM),
a selective inhibitor of mitochondrial respiratory chain enzyme, was used as a positive
control. Dissociated U87MG cells were inserted on poly-L-lysine coated 96-well plates.
Then, the cells were washed with PBS, and H2DCFDA fluorescence was added to the
medium and incubated for 30 min. The 5-ALA-induced ROS activity was evaluated by
fluorescent microscopy. Images were obtained using a fluorescent microscope (Axiovert
200, Zeiss, Berlin, Germany).

4.6. Evaluation of Cell Cycle

To evaluate the cell cycle phase of U87MG cells, 105 cells were treated with 5-ALA
(250 µg/mL) for 7 days at 37 ◦C. The medium was changed every 3 days. Then, DNA con-
tent analysis was performed with PI staining (Abcam, Cambridge, UK). Briefly, cells were
trypsinized and centrifuged at 3000 rpm for 5 min at 4 ◦C. Next, the cells were suspended in
ice-cold PBS and fixed with ethanol (70%) for 2 h, at 4 ◦C. After fixation, U87MG cells were
washed and resuspended with ice-cold PBS. Afterward, U87MG cells were incubated with
RNase A (100 µL) for 30 min at room temperature, and then were resuspended in 400 µL
PI-Triton X-100 solution (contained 1 mg/mL sodium citrate, 50 µg/mL PI, and 0.1% Triton
X-100) for another 30 min in the dark. Afterward, cell cycle distribution was investigated
in a BD FACSCALIBUR™ FLOW CYTOMETER (Becton Dickinson, Heidelberg, Germany).
Data analysis was conducted by the FlowJo V10 software (FlowJo, Ashland, OR, USA).

4.7. Evaluation of Migration Property

U87MG cell migration was examined by the wound-healing method [54–56]. After
48 h of incubation, the U87MG cells reached 90% confluence. A straight scratch was created
on the cell monolayer using the tip of a sterile pipette (100 µL). The cell debris was removed
by PBS washing. Then, the cells were treated with 5-ALA (250 µg/mL) and incubated
for 48 h. The border of the scratch was detected by an inverted microscope (Axiovert 200,
Zeiss, Germany). U87MG cell migration distance was assessed after 2, 24, and 48 h.

4.8. Statistical Analysis

Data are expressed as mean ± standard error. The statistical analysis was conducted
by a one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test, and a
two-tailed Student’s paired t-test. The p-value of less than 0.05 was considered significant.
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5-ALA 5-Aminolevulinic acid
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
FBS Fetal bovine serum
GBM Glioblastoma multiforme
IC50 Half-maximal inhibitory concentration
PP-IX Protoporphyrin IX
ROS Reactive oxygen species
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