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of applications including cancer treatment, surgery, and plant

nutrition. However, 5�aminolevulinic acid itself induces oxidative

stress and subsequent lipid peroxidation. Reactive oxygen species

are factors in oxidative stress, not only causing cellular injury but

also inducing several signal transduction pathways. Especially in

cancer cells, a significant amount of signalling activation and sub�

sequent activation of protein is caused by the enhancement of

reactive oxygen species production. Reactive oxygen species

levels in normal cells are low and an oxidative condition is harmful;

hence, administration of 5�aminolevulinic acid to normal cells may

induce oxidative stress, resulting in cell death. In this study, we

investigated the effect of 5�aminolevulinic acid on normal and

cancer cells with regard to oxidative stress. We used the rat

normal gastric cell line RGM and its cancer�like mutant cell line

RGK. 5�Aminolevulinic acid treatment of RGM cells enhanced reac�

tive oxygen species generation and induced apoptosis associated

with p53, whereas RGK cells were unaffected. In addition, RGM

cell viability was recovered by application of N�acetyl�L�cysteine

or p53 inhibitor. These results suggest that 5�aminolevulinic acid

causes oxidative stress in normal gastric cells and induces apoptosis

via the p53�dependent pathway.
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IntroductionHeme is an essential substance for many kinds of animals to
metabolize oxygen and generate energy. 5-Aminolevulinic

acid (5-ALA) is a precursor of heme and has some positive effects
on health, such as promoting hair growth and boosting the immune
system.(1–3) 5-ALA is also utilized in photodynamic therapy
(PDT). ALA-PDT is a combination therapy utilizing appropriate
irradiation and a photosensitizer (protoporphyrin IX: PpIX) that
is produced from 5-ALA.(4) In recent years, this photochemical
property has been used to diagnose brain tumours and determine
the area of resection.(5) 5-ALA is also an important nutrient for
plants. It is a basic ingredient of chlorophyll where is the photo-
synthetic reaction centre and accelerates plant growth.(6) In addi-
tion, 5-ALA improves salt and cold resistance in plants.(7,8) How-
ever, at high concentrations, 5-ALA causes photosensitivity and
could act as an herbicide.(6,9) It has been reported that 5-ALA
induces formation of reactive oxygen species (ROS) that cause
lipid peroxidation, particularly cardiolipin, a major phospholipid
in the mitochondrial inner membrane.(10–12)

ROS have wide influence over organisms, affecting signalling,
transcription factor activation, and the immune system.(13) Over-
production of ROS results in oxidative stress and is associated
with various intractable disease like cancer, Alzheimer’s disease,
and inflammatory bowel disease.(14–16) ROS can be generated in
the endoplasmic reticulum and through the action of NADPH

oxidase in the cell membrane.(17,18) However, mitochondria are
the primary source of ROS because they consume oxygen in the
electron transport chain (ETC), which produces ROS as a by-
product of energy production.(19,20) Mitochondrial DNA (mtDNA)
mutations can decrease the efficiency of ETC and enhance the
production of ROS.(21) In general, larger amounts of ROS are
produced in cancer cells than in normal cells because of mtDNA
mutations.(22,23) Over-production of ROS activates signalling
pathways that induce protein expression. ROS derived from
mitochondria have been implicated in metastasis and cancer
invasiveness.(24,25) Thus, ROS play an important role in mainte-
nance of morphology of cancer cells and are essential factors for
survival of cancer. On the other hand, oxidative stress is harmful
to normal cells.(26) Taken together, ROS produced by administra-
tion of 5-ALA may both elevate cancer activity and damage
normal cells. Especially in ALA-PDT, normal tissue is also
exposed by 5-ALA and to examine the effect is important for
patients because the effect of photosensitizers for normal tissue
which is not irradiated has not been discussed. In this study, we
examined and compared the effect of 5-ALA on ROS production
in normal and cancerous gastric cells. The rat normal gastric
epithelial cell line, RGM and cancer-like cell line, RGK were used
for comparison. RGM is derived from gastric mucosa of Wistar
rats, and RGK is a chemically mutated strain of RGM.(27,28) We
used 1-methyl-3-nitro-1-nitrosoguanidine (MNNG) to transform
RGM to RGK. Since these cell lines have the same genetic back-
ground, they are suitable for comparing the behaviour of normal
and cancer cells.

Materials and Methods

Cell culture. RGM, a normal gastric epithelial cell line
derived from rat, and RGK, a cancer-like mutant cell line of RGM,
were established previously.(27,28) RGM and RGK cells were
cultured in Dulbecco’s modified Eagle medium/Nutrient Mixture
F-12 (DMEM/F12) with (Thermo Fisher Scientific, Waltham,
MA) and without (Sigma-Aldrich Co. LLC., St. Louis, MO) L-
glutamine, respectively. Each medium was supplemented with
10% foetal bovine serum (Equitech-Bio Inc., Kerrville, TX) and
1% penicillin/streptomycin (Thermo Fisher Scientific). Cells were
maintained at 37°C in moist air with 5% CO2. All cell incubation
with 5-ALA was performed in the dark condition.

Cell viability test. Cell viability, which means cellular pro-
liferation ability, after 5-ALA exposure was calculated using the
Cell Counting Kit-8 (CCK-8) colorimetric assay (DOJINDO
LABORATORIES, Kumamoto, Japan), which is an alternative
method of MTT assay, according to the manufacturer’s protocol.
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Briefly, RGM and RGK cells were seeded on a 96-well cell culture
plate at a density of 5,000 cells/well and incubated overnight at
37°C in 5% CO2. The medium of each well was replaced with
fresh media containing 1, 5, 10, 50, 100, 500 and 1,000 mM 5-
ALA (Cosmo Bio Co., Ltd., Tokyo, Japan). 5-ALA is cleared from
tissue and body in 48 h.(29) Thus, cells were incubated for 48 h
before the 5-ALA containing medium was removed and cells were
washed with PBS twice. Cells were transferred to fresh medium
containing 10% (v/v) CCK-8 solution and additionally incubated
to develop colour. The absorbance of each well at 450 nm was
measured with a DTX880 multi-mode micro plate reader (Beckman
Coulter Inc., Brea, CA).

Annexin V assay. Flow cytometric analysis with annexin V
was used to determine the cellular state after 5-ALA exposure. In
apoptotic phase, phosphatidylserine (PS), a constituent of the
inner cell membrane, is exposed to the cell exterior. Annexin V
binds to PS in a calcium dependent manner. This characteristic of
annexin V is often utilized to study cellular apoptosis. We used
Muse Annexin V & Dead Cell Kit (EMD Millipore) according to
the manufacturer’s instructions to determine the ratio of pro-
grammed cell death after 5-ALA treatment. RGM and RGK cells
cultured in 10 cm dishes were exposed to 50 mM 5-ALA and
incubated for 48 h at 37°C. Cells were washed with PBS and
harvested with trypsin. Cell concentration was adjusted to 3 ´ 105

cells/ml, and 100 ml of cell suspension was mixed thoroughly
with an equal volume of Muse Annexin V & Dead Cell. The cells
were incubated for 20 min in the dark at 25°C. After incubation,
the cell suspension was transferred to a 1.5 ml tube and analysed
by the Muse Cell Analyzer in Annexin V & Dead Cell mode.

Caspase assay. Flow cytometric analysis focused on caspase
was used to examine apoptosis by a separate method. Caspases are
cysteine-aspartic proteases that play essential roles in programmed
cell death via complex signal cascades. Their expression is an
indicator of apoptosis.(30) We used the Muse Caspase-3/7 Kit
(EMD Millipore) to distinguish caspase-3 and caspase-7 positive
from negative cells to produce the apoptotic ratio after 5-ALA
treatment. Briefly, RGM and RGK cells cultured in 10 cm dishes
were treated with 50 mM 5-ALA for 48 h in 5% CO2 at 37°C. Cells
were washed with PBS and collected with trypsin. Cell concentra-
tion was adjusted to 3 ´ 105 cells/ml in 50 ml of 1X Assay Buffer
BA from the kit. Next, 5 ml of Muse Caspase-3/7 Reagent working
solution was added to the cells and incubated in 5% CO2 at 37°C
for 30 min. After incubation, 150 ml of Muse Caspase 7-AAD
working solution was added and mixed thoroughly. The suspen-
sion was incubated with light shielding at 25°C for 5 min. Cells were
analysed by the Muse Cell Analyzer in Caspase-3/7 assay mode.

Western blotting. The levels of caspase-9 and p53 after 5-
ALA treatment were investigated by western blotting using a
previously published method.(31) RGM and RGK cells post-5-ALA
treatment were collected and treated with NuPAGE LDS Sample
Buffer (Thermo Fisher Scientific). The cell samples were heated
at 95°C for 5 min and 10 ml was added to the wells of NuPAGE
12% Bis-Tris Protein Gels (Thermo Fisher Scientific). Proteins
were separated by polyacrylamide gel electrophoresis (PAGE) and
transferred to polyvinylidene difluoride (PVDF) membrane (EMD
Millipore). The membrane was washed with PBS containing 0.1%
Tween 20 (PBS-T) for 5 min and treated with PVDF Blocking
Reagent from Can Get Signal (TOYOBO Co., Ltd., Osaka, Japan)
for 60 min at 25°C. After blocking, the membrane was washed
three times with PBS-T for 10 min followed by overnight incuba-
tion with primary antibodies diluted 1:1,000 in Can Get Signal
Immunoreaction Enhancer Solution 1: caspase-9 (Cell Signaling
Technology, Danvers, MA), phospho-p53 (Cell Signaling Tech-
nology) or p53 (Cell Signaling Technology). After primary
antibody incubation, the membrane was washed three times with
PBS-T and incubated with horseradish peroxidase-conjugated
anti-rabbit IgG antibody (Cell Signaling Technology) diluted
1:1,000 in Can Get Signal Immunoreaction Enhancer Solution 2

for 2 h. The secondary antibody solution was removed and the
membrane was washed three times with PBS-T. The membrane
was immersed in Lumina forte western HRP substrate (EMD
Millipore) and luminescence was detected with a LAS4000
instrument (GE Health Care Japan, Tokyo, Japan). As a loading
control, b-actin was detected with b-actin primary antibody (Cell
Signaling Technology).

ROS detection by electron spin resonance. ROS genera-
tion in living cells after 5-ALA treatment was examined by elec-
tron spin resonance (ESR) according to a previously published
method.(25) RGM and RGK cells were cultured on glass cover
slides (49 ´ 5 ´ 0.2 mm) and treated with 50 mM 5-ALA for 48 h.
A cell-bearing slide was set in tissue glass and 100 ml of respiratory
buffer [5 mM succinate, 5 mM malate, 5 mM glutamate, 5 mM
nicotinamide adenine dinucleotide (NADH), and 5% 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO)] was added. The tissue glass was
inserted in an ESR device, a JEOL-TE X-band spectrometer
(JEOL Ltd., Tokyo, Japan). Spectra were obtained under 10 mW
incident microwave power, 9.42 GHz frequency, and 0.1 mT field
modulation amplitude.

N�acetyl�L�cysteine treatment. RGM cells were exposed to
N-acetyl-L-cysteine (NAC), which is an antioxidant, and 5-ALA,
followed by cell viability measurement using CCK-8 according
to the method described in section 2.2, supplementing with 50 mM
5-ALA and increasing concentrations (0, 1, 5, 10, 50, 100 and
500 mM) of NAC (Wako Pure Chemical Industries, Ltd., Osaka,
Japan).

p53 inhibitor treatment. Cells were treated with p53 inhib-
itor and 5-ALA, then cell viability was measured to examine
induction of the apoptotic pathway by 5-ALA. RGM cells were
cultured in 96-well plates at 5,000 cells/well and incubated over-
night. The medium was removed and replaced with fresh medium
containing increasing concentrations (0, 1, 2, 5, 10, 20, 50 and
100 mM) of an inhibitor of p53-dependent apoptosis and transcrip-
tion, Cyclic Pifithrin-a hydrobromide (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan). After 24 h incubation, the p53 inhibitor
was removed and cells were washed with PBS. Cells were addi-
tionally incubated in medium containing 50 mM 5-ALA for 48 h
and the CCK-8 assay was performed as described in section 2.2.

Statistical analysis. Statistical analysis was carried out using
SPSS statistics 21 software (IBM Corporation, NY). Tukey’s test
was used to compare more than two data sets and Student’s t test
was used for two data sets. P<0.05 and p<0.01 were considered as
statistically significant differences. All data are represented as
mean ± SD.

Results

Cytotoxic effect of 5�ALA on gastric normal and cancer
cells. Rat gastric normal cell line RGM and cancer cell line RGK
were treated with 5-ALA for 48 h and cytotoxicity was calculated
by the CCK-8 method. RGM cells showed a gradual decrease in
viability dependent on the 5-ALA dose, up to 50 mM, and the
viability gradually recovered (Fig. 1). On the other hand, RGK
cancer cells proliferated in a 5-ALA-dose dependent manner up to
5 mM, and their numbers decreased from 5 mM to 100 mM. After
1, 5, 10, 50, 500 and 1,000 mM 5-ALA treatment; viability of
RGM cells decreased significantly compared to that of RGK cells.
These results indicate that 5-ALA is toxic to normal gastric cells,
especially at 50 mM, but promotes the growth of cancer cells at
concentrations up to 50 mM (Fig. 1 and Supplemental Fig. 1*).
As described above, 5-ALA also has characteristics to promote
cellular growth such as hair and plants. Cancer cells may have
higher sensitivity to 5-ALA.

Apoptosis measurement by annexin V and caspase�3/7
assay. Cellular apoptosis was studied using Muse Annexin V &
Dead Cell Kit after exposure to 50 mM 5-ALA for 48 h. Fig. 2
shows the clear change of histogram in RGM cells after 5-ALA
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treatment. The late apoptotic or dead cell ratio of RGM cells
increased significantly after 5-ALA treatment. In RGK cells, the
ratio did not change much and the early apoptotic ratio increased
slightly. The cellular apoptotic ratio was also measured and
calculated by a caspase-3/7 assay. Figure 3 shows most RGM cells
without treatment were living and the apoptotic/dead ratio was
3.32%. Exposure to 50 mM 5-ALA increased the ratio to 22.18%.
On the other hand, the apoptotic/dead ratio in RGK cells was
not changed by 5-ALA (from 3.96 to 3.42%) and over 90% of
cells were living. These results indicate that 50 mM 5-ALA easily
influences the viability of gastric normal cells compared to cancer
cells and induces an apoptotic state. In comparison between Fig. 2
and 3, there was a little difference in the value of living and
apoptotic ratio. These results may be from the difference of way to
measure. However, ALA treatment obviously increased apoptotic
indication in RGM cells in both results. Thus, 5-ALA induces
apoptotic signal transduction in RGM normal cells easier than
RGK cancer cells.

Protein expression analysis by western blotting. Caspase 
proteins are involved in many signalling cascades and are deeply
involved with apoptosis. One of the caspase proteins, caspase-9,
especially takes part in the mitochondrial apoptotic pathway via
oxidative stress.(32,33) Normal p53 protein also induces cell death
in response to high oxidative stress.(34) We examined the changes
in expression levels of these proteins after 5-ALA treatment to
clarify the signalling pathway and mechanism of apoptosis
derived from 5-ALA treatment. Figure 4A shows that the level of
cleaved caspase-9 increased after 5-ALA treatment in RGM cells.
In RGK cells, the caspase-9 level did not change after 5-ALA
treatment. However, the expression of caspase-9 in RGK cells was
higher than RGM normal cells when 5-ALA was not treated.
This may be because the production level of ROS is higher and
many signal transductions are activated in cancer cells. Mean-
while, the expression level of cleaved caspase-9 increased slightly
in RGM at 24 h treatment (Supplemental Fig. 2*). Figure 4B shows

that 5-ALA treatment increases the expression of phosphorylated
p53 protein in RGM cells. However, the expression tended to
decrease after 5-ALA treatment in RGK cells. In addition, phos-
phorylated p53 expression increased in RGM treated for 24 h
(Supplemental Fig. 2*). These results indicate that oxidative
stress-dependent apoptosis is induced by 5-ALA in RGM cells.

ROS measurement in living cells. We examined ROS pro-
duction in living gastric normal and cancer cells after 5-ALA
treatment by ESR. ESR is a device which detects ROS easily with
high-sensitivity. Figure 5 shows weak peaks were observed in
RGM control cells. Treatment with 50 mM 5-ALA enhanced signal
intensity. Compared to RGM cells, signal peaks in RGK cells were
a little stronger in the control, and they were almost the same
intensity after 5-ALA treatment. In general, ROS production
level in cancer cells is higher than in normal cells because cancer
cellular mitochondria have mutation and electron leakage occurs
in electron transport chain. These results indicate that gastric
normal cells are more easily damaged and produce ROS in greater
levels than cancer cells when treated with 5-ALA although RGK
cells generated ROS more than RGM cells without treatment. In
addition, generated ROS were likely to hydroxyl radical because
of characteristical four signal peaks.

Cell viability measurement after co�treatment with NAC
and 5�ALA. 5-ALA treatment of gastric normal cells induced
apoptosis and ROS generation. To examine the relationship
between 5-ALA treatment, ROS production, and cell death in
detail, an antioxidant NAC was used to co-treat with 5-ALA,
measuring cell viability. The 50 mM 5-ALA caused cell damage
and viability decreased (Fig. 6). NAC treatment recovered the
viability in a dose-dependent manner up to 50 mM, and over
50 mM of NAC induced cytotoxicity followed by decrease of
viability again in a dose-dependent. These results indicate that
ROS induced by 5-ALA treatment damaged cells but scavenging
the ROS with NAC suppressed cellular apoptosis in a gastric
normal cell line.

p53 inhibitor treatment and cell viability. In order to
investigate the role of p53 in 5-ALA-induced apoptosis, we
examined cell viability of RGM after co-treatment with an
inhibitor of p53-dependent apoptosis and transcription and 5-
ALA. Figure 7 shows that only 50 mM 5-ALA treatment decreased
cell viability and the decrease in cell viability caused by 5-ALA
recovered in a dose-dependent manner with p53 inhibitor up to
5 mM. Greater than 5 mM inhibitor caused dose-dependent cellular
injury by the toxicity of the reagent itself. Although 5-ALA itself
showed cytotoxicity in this study, cell viability was increased by a
p53-dependent apoptosis inhibitor. These results indicate that
apoptotic cell death of RGM caused by 5-ALA was dependent on
the p53 signalling process. Therefore, inhibition of p53 was likely
to induce the recovery of viability.

Discussion

In this study, we investigated the effect of 5-aminolevulinic
acid on oxidative stress in normal and cancerous gastric cells and
elucidated the involved cellular apoptotic pathway. 5-ALA is a
precursor of heme and is thought to be an important nutrient for
living organisms including plants. However, a certain concentra-
tion of 5-ALA reduced normal cellular viability whereas cancer
cells proliferated in the same condition (Fig. 1 and Supplemental
Fig. 1*). 5-ALA was also shown to be an oxidative stress inducer
in normal cells (Fig. 5). On the other hand, 5-ALA has a role to
promote cell growth, as described above. Therefore, low concen-
tration of 5-ALA may gradually increase the cell viability, espe-
cially in cancer cell line.

ROS have a bifunctional property dependent on their concentra-
tion; they function as a signalling mediator at low concentrations
and cause protein dysfunction or cell death at higher concentra-
tions.(35) In general, ROS production is enhanced in cancer cells,

Fig. 1. Cell viability of RGM normal gastric epithelial cells and RGK
cancer�like gastric cells after treatment with 5�ALA for 48 h, measured
by the CCK�8 colorimetric method. Viability of RGK cells increased with
treatment of 5�ALA whereas viability of RGM cells decreased in a dose�
dependent manner up to 50 mM. Statistical significance was tested by
Student’s t test. n = 4, Error bar; SD. *p<0.05, **p<0.01.

*See online. https://doi.org/10.3164/jcbn.18�46
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and excess amounts of ROS mediate various signal transductions
and the activation of various proteins.(36) In addition, cancer cells
develop protective systems against ROS such as superoxide dis-
mutase and glutathione. These antioxidative systems enable
cancer cells to survive with high levels of ROS. Such high concen-
trations of ROS cause harmful effects to normal cells, and can
result in apoptosis. Namely, it is inferred that resistance for ROS
in cancer cell is greater than in normal cell. Therefore, RGK cells
would be dead in higher concentration of 5-ALA than in RGM
cells. In fact, RGK cells were dead at 100 mM and higher ROS
generation was confirmed (Supplemental Fig. 3*). However, the
cellular damage was not so serious and the viability was recovered

with 1 mM of NAC, and caspase-9 expression level was not
changed (Supplemental Fig. 4* and 5*). In addition, we confirmed
elevated production of ROS, positive annexin V detection and
enhanced expression of caspase-3/7 in gastric normal cells, but not
in cancer cells, after treatment with 50 mM of 5-ALA (Fig. 2, 3
and 5). These results show that an increase in ROS generation
caused by 5-ALA induces apoptotic cell death in normal cells.

Apoptosis is induced by various complicated signalling path-
ways associated with Fas ligand (FasL), p53 protein, and endo-
plasmic reticulum stress.(37–39) Lu et al.(40) reported that FasL, a
member of tumour necrosis factor super family, induced apoptosis
of macrophage RAW 264.7 cells, and that inhibition of transcrip-

Fig. 2. Annexin V apoptosis assay to estimate the ratio of cellular apoptosis in RGM and RGK cells using a Muse Annexin V & Dead Cell Kit after
treatment with 50 mM 5�ALA for 48 h. Figure 2A shows the histogram of cellular state and Fig. 2B is the bar graph data of late apoptosis and dead
cell ratio. Cellular apoptosis and dead cell ratio of RGM cells increased remarkably with 5�ALA treatment, whereas only a small increase of early
apoptotic RGK cells was observed.

*See online. https://doi.org/10.3164/jcbn.18�46
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tion factor NF-kB enhanced FasL-induced apoptosis. NF-kB is
activated by oxidative stress and is constitutively activated in
many types of cancer.(41,42) In addition, NF-kB promotes the
proliferation of cancer cells and helps them escape cell death.(43)

Thus, severe cancer cell death would not be induced in our study.
Oxidative stress induced by 5-ALA in normal cells may also
activate NF-kB, meaning induction of apoptosis would not occur
through FasL signalling.

p53 protein, often called a guardian of the genome, plays an
important role in the maintenance of cellular quality and responds
to DNA damage, abnormal oncogenic events, hypoxia etc., in-
ducing apoptosis when appropriate.(44) p53 is also activated by
oxidative stress, promoting release of cytochrome c from mito-

chondria, followed by induction of apoptosis via activation of
caspase-9.(34,45) We showed that administration of 5-ALA induced
activation of p53 and caspase-9 in normal cells (Fig. 4). Further-
more, addition of an antioxidant NAC suppressed the decrease
in cell viability and an inhibitor of p53-dependent apoptosis
produced resistance to 5-ALA-induced cell death in normal cells
(Fig. 6 and 7). Therefore, we hypothesize that ROS generated by
5-ALA activate caspase-9 via p53 activation, subsequently
inducing apoptosis in normal cells. Meanwhile, 5-ALA is reported
to oxidize a constituent of the mitochondrial inner membrane,
cardiolipin, which damages mitochondria.(12) Macip et al.(46)

reported that induction of p53 is associated with accumulation of
ROS in mitochondria and influences the decision for apoptosis.

Fig. 3. Cellular apoptotic ratio of RGM and RGK cells treated with 50 mM 5�ALA for 48 h or untreated, estimated by detection of caspase�3/7
positive cells. Figure 3A shows the histogram of cellular state and Fig. 3B is the bar graph data of apoptosis and dead cell ratio. 5�ALA enhanced the
ratio of apoptotic and dead cells in the RGM cell line. The ratio in RGK was unchanged by 5�ALA treatment.
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Accordingly, 5-ALA may enhance mitochondrial ROS generation
and induce apoptosis. On the other hand, Schuler et al.(47) reported
that a caspase inhibitor suppressed cell death in p53 cDNA-
transduced cells, whereas NAC did not. In this study, we suggest
that neutralization of 5-ALA-induced intracellular ROS by NAC
prevented activation of p53, resulting in suppression of cell death.
p53 gene mutations have been reported in many types of cancers,
and expression of mutant p53 grants cells the ability to evade
apoptosis.(48) Consequently, apoptosis in RGK cancer cells was not
observed because p53 may have mutated.

In conclusion, 5-aminolevulinic acid promotes generation of

ROS and induction of apoptosis via activation of p53 and caspases
in gastric normal cells but increases viability in gastric cancer
cells. However, 5-ALA has already been utilized as a prodrug for
PDT to treat cancer in clinical site. Due to its cytotoxic effect on
normal cells, long-term dosing may be harmful to patients. As
mentioned above, 5-ALA is reported to be excreted from tissue
and body in 48 h. However, we showed the role of 5-ALA as an
oxidative stressor in this study and we also have reported that
5-ALA has a tendency to accumulate in cancer cells.(31) Therefore,
5-ALA may have a risk to damage normal cells and reinforce
cancer cells whereas PDT is a superior cancer treatment.

Fig. 4. Protein expression transitions after treatment with 50 mM 5�ALA for 48 h analysed by western blotting. (A) The expression level of cleaved
caspase�9. 5�ALA enhanced expression in RGM cells. While the basal level was higher in RGK cells, 5�ALA did not markedly alter the level. (B) The
level of phosphorylated p53 protein. Elevated level of phosphorylated p53 was observed in RGM cells after 5�ALA exposure. Expression was prone to
decrease in RGK cells after 5�ALA treatment.

Fig. 5. Detection of ROS in living cells by electron spin resonance (ESR). ROS generation levels are represented as ESR signal intensities. Cellular
ROS production in RGM cells increased but did not increase in RGK cells after incubation with 50 mM 5�ALA for 48 h.
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