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Abstract. Primary central nervous system lymphoma (PCNSL) 
is a rare and aggressive type of intracranial tumor. However, 
PCNSL is radiosensitive; thus, whole‑brain radiotherapy 
(WBRT) is often selected as an alternative consolidation 
therapy. WBRT‑related delayed neurotoxicity can affect the 
quality of life of the elderly. 5‑aminolevulinic acid (ALA) is 
a natural precursor of heme and has been widely used as a 
live molecular fluorescence marker in brain tumor surgery. 
Experimental studies have demonstrated that combination 
therapy with 5‑ALA and ionizing irradiation (IR), denoted 
radiodynamic therapy (RDT), resulted in tumor suppression in 
cancer, including glioma, melanoma, colorectal cancer, pros‑
tate cancer, breast cancer and lung cancer; however, to the best 
of our knowledge, this method has not been investigated in 
lymphoma. The present study aimed to investigate the radio‑
dynamic effect of 5‑ALA on lymphoma cells in vitro. The 
synthesis of 5‑ALA‑induced protoporphyrin IX (PpIX) was 
assessed under normal and hypoxic conditions in lymphoma 
cells (Raji, HKBML and TK). Subsequently, the radiodynamic 
effect of 5‑ALA was evaluated using a colony formation assay 
and reactive oxygen species (ROS) production after RDT was 
examined using flow cytometry. Finally, the mitochondrial 
density in the lymphoma cells was evaluated. Lymphoma cells 
exhibited a high accumulation of 5‑ALA‑induced PpIX in 
the flow cytometric analysis, and a decrease in the surviving 

fraction under IR in cells with 5‑ALA treatment compared 
with cells not treated with 5‑ALA in the colony formation 
assay under normal and hypoxic conditions. Although ROS 
production 12 h after IR was increased compared with that 
immediately after IR (0 h), pretreatment with 5‑ALA enhanced 
the delayed ROS production in each lymphoma cell line under 
normoxic conditions. Raji and TK cells exhibited an increase 
in ROS production 12 h after IR compared with that at 0 h 
in the 5‑ALA‑untreated cells under hypoxic conditions. Raji, 
HKBML and TK cells exhibited an increase in ROS production 
12 h after IR compared with that at 0 h in the 5‑ALA‑treated 
cells, while TK cells exhibited enhancement of ROS produc‑
tion 12 h after IR in 5‑ALA‑treated cells compared with 
5‑ALA‑untreated cells under hypoxic conditions. Other studies 
have demonstrated that impaired mitochondria damaged by 
IR produce ROS via the metabolic process, then damage the 
rest of the surrounding normal mitochondria, consequently 
propagating oxidative stress within tumor cells and leading to 
cell death. Thus, we hypothesized that the propagating oxida‑
tive stress after IR was associated with mitochondrial density 
in tumor cells. Namely, high accumulation of 5‑ALA‑indcued 
PpIX may promote ROS production in mitochondria of tumor 
cells after IR, and suppress the cell surviving fraction via 
the propagation of oxidative stress. In the colony formation 
assay, Raji cell colony formation was suppressed by RDT with 
5‑ALA. Simultaneously, the mitochondrial density in the Raji 
cells was higher than that in other cell lines. Pretreatment 
with 5‑ALA enhanced delayed ROS production after IR in 
lymphoma cells under normoxic conditions. Under hypoxic 
conditions, only TK cells exhibited enhancement of ROS 
production 12 h after IR in the 5‑ALA‑treated group compared 
with the 5‑ALA‑untreated group. Although further studies 
evaluating the effect of hypoxic conditions in lymphoma cells 
are needed, the results suggested that RDT with 5‑ALA could 
suppress colony formation under normal and hypoxic condi‑
tions in lymphoma cells. Therefore, RDT with 5‑ALA is a 
potential treatment option for PCNSL.

Introduction

Primary central nervous system lymphoma (PCNSL) is a rare 
and aggressive intracranial tumor that accounts for approxi‑
mately 2% of all primary central nervous system tumors. 
PCNSL has an overall incidence rate of 0.43 per 100,000 
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people and a slight predilection for men (1). In particular, the 
incidence of PCNSL has increased in patients over 70 years (2). 
PCNSL is composed of diffuse large B‑cell lymphoma 
(DLBCL), which is the most common histopathological 
subtype (90‑95%), followed by Burkitt (5%), lymphoblastic 
(5%), marginal zone (3%), and T‑cell lymphoma (2‑3%) (3).

In general, PCNSL tumors are sensitive to radiotherapy 
and chemotherapy. High‑dose methotrexate (MTX)‑based 
multiple chemotherapy, including rituximab and cytarabine, 
has been used as a standard induction therapy in young 
patients, and elderly patients who have multiple comorbidities 
with renal and bone marrow dysfunction require a reduction 
in doses of methotrexate (2,4). Considering the high radio‑
sensitivity of PCNSL, whole‑brain radiotherapy (WBRT) 
is often selected as an alternative consolidation therapy to 
high‑dose chemotherapies. However, delayed WBRT‑related 
neurotoxicity effects, such as severe cognitive dysfunction, 
affect the quality of life of survivors and are observed 
more frequently in the elderly (2). Thus, WBRT tends to 
be deferred until tumor recurrence or administered with a 
reduced irradiation dose to avoid WBRT‑related delayed 
neurotoxicity in the elderly. The median survival of patients 
with PCNSL over 70 years of age has not changed in the 
last few decades and remains in the range of 6‑7 months (2). 
Although PCNSL is radiosensitive, radiosensitizers have the 
potential to reduce the irradiation dose, avoid delayed neuro‑
toxicity, and maintain the therapeutic effect of radiotherapy 
for PCNSL. Therefore, new drug development for radiosensi‑
tizers is essential in PCNSL.

5‑aminolevulinic acid (ALA) is a natural precursor of 
heme (5). In the final step of heme synthesis in the mitochon‑
dria, Fe2+ is inserted into protoporphyrin IX (PpIX) to form 
heme. 5‑ALA is rapidly converted to heme in normal cells, 
whereas in various tumor cells, PpIX is not converted to heme; 
consequently, PpIX selectively and highly accumulates in the 
mitochondria of tumor cells (5). 5‑ALA‑induced PpIX is also 
a photosensitizer and exhibits high tumor selectivity. Thus, 
5‑ALA has been widely used as a live molecular fluorescence 
marker for brain tumor surgery, denoted photodynamic 
diagnosis, for malignant gliomas (6), meningiomas (7) and 
PCNSL (8). In a clinical study of stereotaxic biopsy for 
intracranial lymphomas, histopathological analysis showed 
that all samples with 5‑ALA fluorescence (strong and vague) 
contained diagnostic lymphoma tissue, resulting in a positive 
predictive value of 100% (8).

A previous study demonstrated that PpIX could enhance 
the production of reactive oxygen species (ROS) such as super‑
oxide, singlet oxygen, and hydroxyl radicals via water radiolysis 
induced by ionizing irradiation (IR) (9). We confirmed that 
radiotherapy with 5‑ALA administration enhanced mitochon‑
drial ROS production and host antitumor response in glioma 
in vitro and in vivo (10‑13). This combination therapy is known 
as radiodynamic therapy (RDT), and recent experimental 
studies have demonstrated the efficacy of RDT using 5‑ALA 
in various cancer cells, including melanoma (14), colorectal 
cancer (15), prostate cancer (16), breast cancer (17) and lung 
cancer (18) cells in vitro and in vivo. Therefore, we hypoth‑
esized that tumors that accumulate 5‑ALA‑induced PpIX are 
candidates for RDT. Although previous studies on 5‑ALA/
RDT focused on radioresistant malignant neoplasms, no study 

focused on radiosensitive malignant neoplasms such as hema‑
tological malignancies.

In the present study, we assessed the synthesis of 
5‑ALA‑induced PpIX and its radiodynamic effect under 
normal and hypoxic conditions in lymphoma cells. We then 
evaluated lymphoma cells' intracellular ROS production after 
exposure to IR. We also discuss the possible mechanism of 
the radiodynamic effect of 5‑ALA in lymphoma cells and the 
potential of 5‑ALA as a radiosensitizer for PCNLS.

Materials and methods

Data collection. The present study was conducted at the 
Department of Neurosurgery, University of Occupational 
and Environmental Health, from January 2021 to July 
2022.

Chemicals. 5‑ALA was purchased from Cosmo Bio Co. Ltd 
(Tokyo, Japan). It was then dissolved in fresh culture medium 
at a final concentration of 1 µM for intracellular PpIX imaging 
and 0.3 µM for other in vitro studies. Among other materials, 
2CM‑H2DCFDA (DCFD) and Thiazolyl Blue tetrazolium 
bromide were purchased from Sigma‑Aldrich (Tokyo, Japan) 
and Invitrogen (CA, USA), and MitoTracker Deep Red FM 
and NucBlue™ Live Cell Stain were purchased from Thermo 
Fisher Scientific, Inc. (Waltham, MA, USA). The DCFD was 
dissolved in Hank's Balanced Salt Solution with calcium and 
magnesium and without red phenol 1X (Invitrogen) at a final 
concentration of 10 µM. In addition, the MitoTracker Deep 
Red FM was dissolved in fresh culture medium at a final 
concentration of 50 nM, while the Thiazolyl Blue tetrazolium 
bromide was dissolved in PBS (‑) at a final concentration of 
5 mg/ml.

Culture and treatment of cells. A human Burkitt lymphoma 
cell line (Raji) and two human brain lymphoma cell lines 
(HKBML and TK) were used. The Raji and HKBML lines 
were obtained from the ATCC and RIKEN BRC Cell Bank, 
respectively, while the TK cell line was obtained from the 
JCRB cell bank. Raji and TK cells were cultured for several 
days in RPMI‑1640 supplemented with 10% fetal bovine 
serum (FBS), while the HKBML line was cultured in Ham's 
F12 supplemented with 15% FBS at 37˚C before use. The cell 
lines were maintained in a humidified incubator with 5% CO2 
at 37˚C. Hypoxic conditions were induced by placing the cells 
in a multi‑gas incubator with 5% O2/balanced N2 for 24 h just 
before each experiment at 37˚C. Finally, 5‑ALA was dissolved 
in each medium and incubated with the cell lines for 4 h under 
normoxic and hypoxic conditions.

Flow cytometric analysis. After each incubation period, cells 
were collected by centrifugation (800 x g for 5 min at 4˚C). 
Immediately afterwards, the cells were re‑suspended in cold 
PBS/FBS and analyzed using a flow cytometer (EC800; Sony 
Biotechnology, Tokyo, Japan). Overall, 3x106 cells from each 
sample were evaluated. Analyses of flow cytometric data were 
performed using FlowJo software (Tree Star Inc., Ashland, 
OR, USA). The median fluorescence intensity (MFI) of 
5‑ALA‑induced PpIX was relative to that of untreated cells 
in each cell line, and then, the relative MFI of 5‑ALA‑induced 
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PpIX was compared in normoxic and hypoxic conditions, as 
described previously (13).

Evaluation of PpIX fluorescence intensity in lymphoma 
cells. Lymphoma cells were seeded in 35‑mm culture flasks 
and cultured in complete medium containing 0.3 µM 5‑ALA 
for 4 h. After 5‑ALA treatment, the cells were immediately 
assessed using a flow cytometer (excitation, 488 nm; emis‑
sion, 640/30 nm band‑pass filter). The control cells were 
not exposed to 5‑ALA under normoxic conditions. The 
MFI of PpIX for the treated cells relative to that of the 
5‑ALA‑untreated cells was calculated for each cell line using 
FlowJo software.

Simple Western experiments. We used the Simple Western 
system (ProteinSimple, Inc., CA, USA), a non‑gel‑based and 
western blot‑like substitute, to efficiently and quantitatively 
analyze the protein expression levels of the cells (19,20). 
Whole protein lysates were obtained by re‑suspending cell 
pellets in RIPA buffer (WAKO Pure Chemical Co., Osaka, 
Japan, 182‑02451) with a Halt protease inhibitor cocktail kit 
(Thermo Fisher Scientific, 78410), and the final concentration 
was standardized to 0.75 µg/ml. Simple western blot analyses 
were performed with HIF1α antibody (1:50, Proteintech, IL, 
USA, 20960‑1‑AP) and anti‑beta actin antibody (1:50, Abcam, 
Cambridge, UK, ab8227).

Detection of subcellular localization of PpIX. Intracellular 
accumulation of PpIX was detected using a confocal laser 
scanning microscope (LSM880; Carl Zeiss, Jena, Germany), 
according to a modified method (10,13). Briefly, lymphoma 
cells were seeded into a 35‑mm flask culture in fresh medium 
containing 1 µM 5‑ALA and incubated in the dark at 37˚C 
for 4 h. The cells were re‑suspended in PBS/FBS, seeded in 
glass‑bottom dishes (Asahi Techno Glass, Tokyo, Japan), and 
observed immediately. PpIX fluorescence (excitation, 488 nm; 
emission, 630‑nm long‑pass filter) was imaged using a confocal 
laser‑scanning microscope. All procedures were performed in 
the dark.

Evaluation of cell responses to ionizing irradiation. 
Lymphoma cell lines were seeded at a density of 1x106 cells/
well in 6‑well plates. Cells in hypoxic groups were exposed 
to hypoxic conditions by placing the appropriate plates in a 
multi‑gas incubator with 5% O2 for 24 h before the IR treat‑
ment. Cells in the 5‑ALA treatment group were cultured in 
a complete medium containing 0.3 µM 5‑ALA for 4 h. The 
plates were stored in a light‑protected humid field chamber 
to avoid photoactivation of 5‑ALA‑induced PpIX. Cells were 
exposed to 2 Gy of IR using a gamma irradiator (Gammacell 
40 Extractor; Nordion International, Inc., Ontario, Canada) 
at a dose‑rate of 0.6 Gy/min. Cells under hypoxic conditions 
were maintained at 5% O2 during IR exposure. The response 
of cells to IR was evaluated using a colony‑forming assay. 
After 8‑10 days of IR exposure, the cells were stained with 
a Thiazolyl Blue tetrazolium bromide solution. Three culture 
dishes were prepared for each group, and each experiment 
was performed independently three times. Only the colonies 
containing ≥50 cells were counted. The plating efficiency was 
determined for the unirradiated controls that were treated 

in the same way and maintained under the same conditions. 
Finally, the relative survival rates were calculated for each 
group.

Evaluation of intracellular levels of ROS after ionizing 
irradiation in lymphoma cells. Intracellular production of 
ROS immediately (0 h) and 12 h after IR was assessed using 
DCFD, an oxidant‑sensitive fluorescent probe, using a flow 
cytometer. Cells were seeded in 35‑mm culture flasks and irra‑
diated with 8 Gy in the dark using a gamma irradiator. During 
the irradiation treatment, the culture flasks were kept in the 
dark at room temperature. Control cells were treated using the 
same procedure, but without exposure to 5‑ALA and IR. Cells 
in the hypoxia groups were kept under 5% hypoxic conditions 
during IR exposure, treated in the same way, and maintained 
under the same conditions as the normoxic groups after IR. 
Cells in the 5‑ALA group were treated with 0.3 µM 5‑ALA for 
4 h and then immediately exposed to IR. To evaluate intracel‑
lular level of ROS immediately after IR and after 12 h, each 
cell was re‑suspended in 10 µM of DCFD solution after IR 
and incubated at 37˚C for 15 min before analysis. Then, DCFD 
fluorescence was analyzed using a flow cytometer (excitation, 
488 nm; emission, 525/50 nm band‑pass filter), as described 
above. All procedures were conducted in the dark. Analyses of 
flow cytometric data were performed using FlowJo software. 
In addition, the MFI of DCFD for treated cells relative to that 
of control cells was calculated for each cell line using FlowJo 
software.

Evaluation of mitochondrial density in lymphoma cells. 
Lymphoma cells were seeded into 35‑mm glass‑base dish 
in fresh medium containing 50 nM MitoTracker working 
solution and incubated in the dark at 37˚C for 30 min. To 
stain the nuclei, NucBlue was added to the dish and incu‑
bated under the same conditions for 15 min. MitoTracker 
(excitation, 488 nm; emission, 630‑nm long‑pass filter) 
and NucBlue (excitation, 405 nm; emission, 405/488 nm 
band‑pass filter) f luorescence were imaged using a 
confocal laser scanning microscope. All procedures were 
performed in the dark. Mitochondrial density in lymphoma 
cells was calculated using microdensitometry. Based on 
previous studies (11,21), microdensitometry for quantitative 
evaluation of mitochondrial density in lymphoma cells was 
performed on these images using the public domain soft‑
ware ImageJ 1.53e (National Institute of Health, Bethesda, 
MD, USA), with modifications to the original methods. 
Briefly, the image data of all samples, including mitochon‑
dria and nuclear fluorescence images, were transferred to 
ImageJ. The ‘freehand’ tool was used to delineate the whole 
cell and nucleus and then measure the areas of the whole 
cell and nucleus, respectively. The cytosol areas were calcu‑
lated by subtracting the areas of the nuclei from those of 
the whole cells. Next, the mitochondrial fluorescence image 
was converted to an 8‑bit grayscale image using ImageJ. 
The freehand tool was then used to delineate the whole cell 
as the region of interest (ROI), and the mean gray value 
(MGV) of the mitochondrial fluorescence within the ROI 
was plotted on a graph. Finally, mitochondrial density was 
calculated by dividing the MGV of mitochondrial fluores‑
cence by the area of the cytosol.
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Statistical analysis. Data are presented as the means ± stan‑
dard error (SE) of the mean. Statistical analyses were performed 
using EZR version 1.54 (https://www.jichi.ac.jp/saitama‑sct/
SaitamaHP.files/statmed.html), which is a graphical user 
interface for R version 4.0.3 (https://cran.r‑project.org/) and 
R commander 2.7‑1 (https://socialsciences.mcmaster.ca/jfox/
Misc/Rcmdr/). The relative MFI of the PpIX fluorescence, 
and the survival rate of cells in the colony forming assay were 
analyzed using unpaired Student's t‑tests. The relative MFI of 
the DCFD fluorescence (ROS) and the mitochondrial density 
were analyzed with a one‑way analysis of variance followed 
by Bonferroni's test. A P‑value of <0.05 was considered to 
indicate statistical significance (*P<0.05, **P<0.01)

Results

Evaluation of accumulation of 5‑ALA‑induced PpIX in 
lymphoma cells. We first examined the intracellular accumu‑
lation of 5‑ALA‑induced PpIX under normoxic and hypoxic 
conditions using flow cytometric analyses of the lymphoma 
cells (Figs. 1A and S1). The relative MFI of PpIX fluorescence 
in the 5‑ALA‑treated cells was obviously increased compared 
to that in the 5‑ALA‑untreated group in each cell line, with 

some variations. The relative MFI of PpIX fluorescence 
(mean ± SE) was 26.9±2.69 in the Raji line, 8.04±0.97 in the 
HKBML line, and 5.35±1.2 in the TK line under the normoxic 
conditions, respectively. Under the hypoxic conditions, the 
relative MFI of PpIX fluorescence (mean ± SE) was 35.9±2.97 
in the Raji line, 7.04±1.42 in the HKBML line, and 14.28±2.66 
in the TK line, respectively. In the Raji and TK lines, the rela‑
tive MFI of PpIX fluorescence under the hypoxic conditions 
was significantly higher than that under the normoxic condi‑
tions (P<0.05 in Raji, and P<0.01 in TK). However, there was 
no significant difference in PpIX fluorescence between the 
conditions for HKBML (P=0.57). In the imaging examination 
of 5‑ALA‑induced PpIX, we confirmed PpIX accumulation 
in the 5‑ALA‑treated lymphoma cells using a confocal laser 
scanning microscope (LSM880, Zeiss). PpIX fluorescence 
accumulated densely in the cytoplasm but not in the nucleus 
of each cell line (Fig. 1B). Further, to evaluate the effect of 
the hypoxic conditions on each cell line, we confirmed the 
expression of HIF‑1a using a Simple Western system. All cells 
showed induction of HIF‑1a under 5% O2 conditions (Fig. 1C).

Evaluation of efficacy of radiodynamic therapy with 5‑ALA 
in lymphoma cells in vitro. We evaluated the efficacy of RDT 

Figure 1. Intracellular accumulation and visualization of 5‑ALA‑induced PpIX in lymphoma cells. The intracellular PpIX fluorescence in lymphoma cells was 
determined using flow cytometry. Lymphoma cells were treated with 0.3 mM 5‑ALA and incubated for 4 h. Hypoxic conditions were induced by placing cells 
in a multi‑gas incubator (5% O2) for 24 h before the treatment with 5‑ALA, and expression analysis of HIF1α. (A) The relative MFI of 5‑ALA‑induced PpIX 
fluorescence was relative to that of 5‑ALA‑untreated cells in each cell line, and the relative MFI of 5‑ALA‑induced PpIX was compared under normoxic and 
hypoxic conditions. The control group was treated without 5‑ALA under normoxic conditions. Columns, mean (n=8); error bars, SE. (B) Visualization of intra‑
cellular PpIX in the lymphoma cells treated with 1.0 mM 5‑ALA for 4 h using a confocal laser scanning microscope (excitation, 488 nm; emission, 630‑nm 
long‑pass filter). Scale bar, 50 µm (top row) or 10 µm (bottom row). (C) Expression analysis of HIF1α in lymphoma cells. HIF1α and β‑actin were detected using 
capillary western blotting, and the results are shown as capillary western lane view images which were obtained using the Simple Western system. *P<0.05; 
**P<0.01. 5‑ALA, 5‑aminolevulinic acid; HIF1α, hypoxia‑induced factor 1α; MFI, median fluorescence intensity; NS, not significant; PpIX, protoporphyrin IX.
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with 5‑ALA in lymphoma cells using a colony‑forming assay 
(Fig. 2). The relative survival rate of cells in 5‑ALA treated 
group (mean ± SE) were significantly decreased compared 
with that in the 5‑ALA‑untreated group (0.61±0.08 vs. 
0.04±0.01, P<0.01 for the Raji line; 0.51±0.08 vs. 0.26±0.03, 
P<0.05 for the HKBML line; 0.47±0.07 vs. 0.25±0.02, P<0.05 
for the TK line, 5‑ALA‑untreated group vs. 5‑ALA treatment 
group, respectively) under the normoxic conditions. Similarly, 
under the hypoxic conditions, the relative survival rate of the 
cells in 5‑ALA treatment group was significantly decreased 
compared with that in the 5‑ALA‑untreated group (0.41±0.03 
vs. 0.03±0.01, P<0.01 for the Raji line; 0.45±0.07 vs. 0.2±0.01, 
P<0.01 for the HKBML line; 0.31±0.03 vs. 0.2±0.01, P<0.01 
for the TK line, 5‑ALA‑untreated group vs. 5‑ALA treat‑
ment group, respectively). Thus, 5‑ALA had a radiodynamic 
effect on the lymphoma cells under both normal and hypoxic 
conditions.

Temporal changes of ROS production following RDT with 
5‑ALA in vitro. We evaluated temporal changes in intracel‑
lular ROS production after IR in lymphoma cells under the 
normoxic and hypoxic conditions (Fig. 3A). In the cells without 
5‑ALA treatment, under the normoxic condition, the relative 
MFI of DCFD fluorescence (mean ± SE) 12 h after IR was 
significantly increased compared to that immediately after IR 
(0 h) in each cell line (1.04±0.04 vs. 1.71±0.09, P<0.01 in the 
Raji line; 0.93±0.03 vs. 1.13±0.04, P<0.01 in the HKBML line; 
1.02±0.02 vs. 1.37±0.06, P<0.01 in the TK line; IR (0) vs. IR (12), 
respectively) (Figs. 3B, and S2 and S3). Thus, we confirmed 
that intracellular ROS production increased over time after 

IR without 5‑ALA treatment in lymphoma cells, which is in 
agreement with previous reports (10,13,22,23). Meanwhile, the 
relative MFI of DCFD fluorescence (mean ± SE) in the 5‑ALA 
treatment group was significantly higher than that in the 
5‑ALA‑untreated group 12 h after IR in each cell (1.71±0.09 
vs. 1.96±0.03, P<0.05 in the Raji line; 1.13±0.04 vs. 1.38±0.04, 
P<0.01 in the HKBML line; 1.37±0.06 vs. 1.57±0.04, P<0.05 
in the TK line; 5‑ALA‑untreated group vs. 5‑ALA treatment 
group, respectively). Thus, under normoxic conditions, the 
ROS production in the 5‑ALA treatment group was signifi‑
cantly increased compared to that in the 5‑ALA‑untreated 
group 12 h after IR (Figs. 3B, S2 and S3).

In the 5‑ALA‑untreated cells under the hypoxic condition, 
the relative MFI of DCFD fluorescence (mean ± SE) 12 h after 
IR was significantly increased compared to that immediately 
after IR (0 h) in the Raji and TK cell lines (1.22±0.07 vs. 
2.22±0.13, P<0.01 in the Raji cell line; 1.26±0.05 vs. 1.63±0.07, 
P<0.01 in the cell TK line; IR (0) vs. IR (12), respectively) 
(Figs. 3C, S2A and C, and S3). There was no significant differ‑
ence in the relative MFI of DCFD fluorescence (mean ± SE) 
of the 5‑ALA‑untreated group between immediately after IR 
(0 h) and 12 h after IR in the HKBML cell line (1.07±0.03 
vs. 1.28±0.05, P>0.05) (Figs. 3C, and S2B and S3). The rela‑
tive MFI of DCFD fluorescence (mean ± SE) in the 5‑ALA 
treatment group was significantly higher than that in the 
5‑ALA‑untreated group 12 h after IR in the TK cell line 
(1.63±0.07 vs. 1.91±0.09, P<0.05) (Figs. 3C and S2C and S3). 
There was no significant difference in the relative MFI of 
DCFD fluorescence (mean ± SE) 12 h after IR between the 
5‑ALA‑untreated group and the 5‑ALA treatment group in the 

Figure 2. Evaluation of the radiodynamic effect of 5‑ALA under normoxic and hypoxic conditions using standard colony formation assays in lymphoma cells 
in vitro. (A) Surviving fraction of lymphoma cells after radiodynamic therapy with 5‑ALA under normoxic and hypoxic conditions. Columns, mean (n=9); 
error bars, SE. Cells were pre‑treated with 5‑ALA and exposed to IR. The total dose of IR was 2 Gy in each group. (B) Representative culture plate images 
from a standard colony formation assay in lymphoma cells. Cells without 5‑ALA before IR (top) and cells pre‑treated with 0.3 mM 5‑ALA before IR (bottom). 
Colonies were stained using a blue tetrazolium bromide solution. *P<0.05; **P<0.01. 5‑ALA, 5‑aminolevulinic acid; IR, ionizing irradiation.
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Raji and HKBML cell lines (2.22±0.13 vs. 2.72±0.24, P>0.05 
in the Raji cell line; 1.28±0.05 vs. 1.51±0.08, P>0.05 in the 
HKBML cell line; 5‑ALA‑untreated vs. 5‑ALA treatment 
group, respectively) (Figs. 3C, S2A and B, and S3). Thus, 
under hypoxic conditions, only TK cells exhibited significantly 
increased ROS production in the 5‑ALA treatment group 
compared with the 5‑ALA‑untreated group 12 h after IR.

Evaluation of mitochondrial density in lymphoma cells. We 
evaluated the mitochondrial density in lymphoma cells using 
microdensitometry with mitochondrial and nuclear staining 
through confocal laser scanning microscopy (Fig. 4A). The 
mitochondrial density (mean ± SE) was 0.78±0.05 in the Raji 
line, 0.55±0.04 in the HKBML line, and 0.5±0.06 in the TK 
line, respectively (Fig. 4B). The mitochondrial density in the 
Raji cells was significantly higher than that in the HKBML 
and TK cells (P<0.01) (Fig. 4B).

Discussion

We previously demonstrated that 5‑ALA enhances oxidative 
stress and delayed ROS production in mitochondria after IR, 
and enhances cell death in proportion to 5‑ALA‑induced PpIX 
accumulation in glioma cells in vitro (10,13). In addition, we 
confirmed that 5‑ALA enhanced the host antitumor immune 
response and caused high inhibition of tumor growth in a rat 
subcutaneous glioma model (11). Similarly, the present study 
demonstrated that 5‑ALA resulted in high PpIX accumulation 
and enhanced cell death, with an increase in delayed ROS 
production after IR in lymphoma cells. To the best of our 
knowledge, this is the first study to investigate the radiody‑
namic effect of 5‑ALA on lymphoma cells.

Although many recent studies have demonstrated the 
radiodynamic effect of 5‑ALA in tumor cells (14‑16,18), the 
appropriate conditions for RDT with 5‑ALA remain unclear. 

Figure 3. Temporal changes of ROS production in radiodynamic therapy with 5‑ALA in vitro. (A) Schedules of the 5‑ALA treatment, exposure to IR and 
detection of ROS procedures. Cells were incubated with 0.3 mM 5‑ALA for 4 h. Hypoxic conditions were induced by placing cells in a multi‑gas incubator 
(5% O2) for 24 h before the treatment, and then, cells were kept in hypoxic conditions during IR. Detection of ROS was conducted using an oxidant‑sensitive 
fluorescent probe (DCFD). The control values were the intracellular ROS levels in the cells without 5‑ALA treatment or exposure to IR. The MFI of DCFD 
fluorescence in the cells after IR exposure in relation to that of the control was calculated in each cell line and then, the relative MFI of DCFD fluorescence 
was compared in the cells immediately and 12 h after IR. Relative MFI of DCFD fluorescence (intracellular ROS levels) after IR in lymphoma cells under 
(B) normoxic and (C) hypoxic conditions. Columns, mean (n=5); error bars, SE. *P<0.05; **P<0.01. 5‑ALA, 5‑aminolevulinic acid; CONT, control; DCFD, 
2CM‑H2DCFDA; FCM, flow cytometry; IR, ionizing irradiation; MFI, median fluorescence intensity; NS, not significant; ROS, reactive oxygen species; IR 
(0), cells immediately after IR but without 5‑ALA treatment; IR (12), cells 12 h after IR but without 5‑ALA treatment; IR(0) + ALA, cells immediately after 
IR with 5‑ALA pretreatment; IR(12) + ALA, cells 12 h after IR with 5‑ALA pretreatment.
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In a prior study, we performed 5‑ALA/RDT with 2 Gy/day for 
five consecutive days (total 10 Gy) in a rat glioma subcutaneous 
model, then confirmed the inhibition of tumor growth with 
strong aggregation of Iba‑1 positive macrophages within the 
tumor specimen (11). Another recent study performed 5‑ALA/
RDT with 2 Gy/day for five consecutive days x2 courses (total 
20 Gy) in a mouse melanoma subcutaneous tumor model 
and demonstrated the radiodynamic effect of 5‑ALA via 
tumor growth curve creation and microarray analysis of the 
gene expression profiles in tumor specimens (14). Another 
study also demonstrated the radiodynamic effect of 5‑ALA 
at 4 Gy/day for three consecutive days (total 12 Gy) in a mouse 
subcutaneous tumor model inoculated with prostate cancer 
cells (16). That study reported reductions in tumor volumes 
and mitotic activities by comparing the pathological findings 
in a 5‑ALA/RDT group and a control group. In addition, they 
demonstrated that radiosensitization by 5‑ALA was not due to 
the photodynamic effect of light contamination by examining 
subcutaneous tumors covered with high‑performance black 
masking tape (16). In contrast, a recent study investigated the 
radiodynamic effect of 5‑ALA using a mouse brain tumor 
model inoculated with patient‑derived glioblastoma stem 
cells (24). They performed 5‑ALA/RDT at 2 Gy/day five times 
(3 times a week, Monday/Wednesday/Friday; total 10 Gy) 
and evaluated tumor volume using luciferin‑based biolumi‑
nescence imaging (24). However, the bioluminescence of the 
brain tumors in the 5‑ALA/RDT group varied widely, and 
consequently, they could not demonstrate the radiodynamic 
effect of 5‑ALA in their mouse brain tumor model (24).

In terms of the oxidative stress in the mitochondria of tumor 
cells, it may be important to increase ROS production over the 

lethal level through different treatments (25). We confirmed 
that ROS production after 5‑ALA/RDT increased over time 
(within 12 h) in glioma and lymphoma cell lines under the 
normoxic condition, including in the present study (10,13). 
Meanwhile, a study utilizing prostate cancer cells revealed that 
ROS production increased just after 5‑ALA/RDT and then 
gradually decreased over time (within 12 h) (26). Thus, the 
pattern of ROS production after 5‑ALA/RDT treatment varied 
in each cell line. Once oxidative stress damages the mitochon‑
dria within tumor cells, impaired mitochondria produce ROS 
via metabolic processes (22,23). However, if these ROS do not 
reach a lethal level, the impaired mitochondria may recover 
with time (more than 24 h), and then the ROS production will 
gradually decrease (23). Consequently, the mitochondria may 
regain normal function. Because the radiodynamic effect of 
5‑ALA through single‑dose IR is weak (12), the duration of 
each fraction of IR may be important in RDT with 5‑ALA. 
Taken together, we hypothesize that IR exposure is needed 
before impaired mitochondria completely regain their ability 
to produce ROS above lethal levels during 5‑ALA/RDT. 
Namely, the duration of each fraction of IR is recommended 
to be within 24 h following 5‑ALA/RDT. Recently, clinicians 
have considered the application of RDT with 5‑ALA as an 
adjuvant therapy for patients (27‑29). Thus, further studies 
are required to determine the appropriate conditions of IR in 
5‑ALA/RDT.

Tumor hypoxia is associated with poor clinical outcomes 
in many cancers, and hypoxic tumor cells are up to three 
times more resistant to radiotherapy than normoxic tumor 
cells owing to the absence of the oxygen enhancement 
effect (30,31). Even very low levels of oxygen (approximately 

Figure 4. Evaluation of the mitochondrial density in lymphoma cells. (A) Visualization of nuclei and mitochondria in lymphoma cells using a confocal laser 
scanning microscope. Cells were treated with NucBlue to identify the nuclei and with MitoTracker to identify mitochondria. The merged image included the 
NucBlue fluorescence and MitoTracker fluorescence staining, and the DIC image. Scale bar, 10 µm. (B) Mitochondrial density in lymphoma cells as determined 
using microdensitometric analysis using ImageJ. Columns, mean (n=4); error bars, SE. **P<0.01. DIC, differential interference contrast.
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2%) are sufficient to yield an oxygen enhancement effect in 
radiotherapy (32), and many studies have defined oxygen 
levels of 1‑5% as hypoxic conditions in vitro (26,33,34). First, 
we confirmed that the cell culture was unstable under hypoxic 
conditions of 1% O2 in our experimental setting. Thus, in the 
present study, we cultured cells in 5% O2 and confirmed the 
induction of HIF‑1a in each cell line. 5‑ALA accumulated 
PpIX, and radiotherapy with 5‑ALA clearly inhibited cell 
proliferation compared to radiotherapy alone in colony forma‑
tion assay under hypoxic conditions in lymphoma cells. In the 
present study, lymphoma cells revealed different survival rates 
in 5‑ALA/RDT in each cell line, with some variation. 5‑ALA 
is metabolized and converted to heme in the mitochondria 
via the heme synthesis in normal cells (5). In tumor cells, the 
heme synthesis is stopped at the final step, and PpIX is not 
converted to heme, which leads to accumulation of PpIX in the 
mitochondria of tumor cells (5). Therefore, the accumulation 
of 5‑ALA‑induced PpIX is dependent on the cell metabolism 
in tumor cells (5). In the present study, lymphoma cells exhib‑
ited differences in 5‑ALA‑induced PpIX accumulation under 
different oxygen culture conditions. In addition, only TK cells 
exhibited enhancement of ROS production 12 h after IR in 
the 5‑ALA‑treated group under hypoxic conditions. Although 
further studies evaluating the effect of 5‑ALA on ROS produc‑
tion after IR under hypoxic conditions are required, these 
differences may depend on the amount of 5‑ALA‑induced 
PpIX accumulation and mitochondrial density. A recent 
study demonstrated that 5‑ALA/RDT induced an increase in 
mitochondrial ROS production and conversion of mitochon‑
dria‑mediated tumor metabolism into quiescent status via the 
inhibition of HIF‑1, the mitochondrial oxygen consumption 
rate (OCR), and the extracellular acidification rate, and then it 
inhibited cancer stemness under hypoxic conditions. Finally, 
5‑ALA helped prostate cancer cells overcome the effects of 
hypoxia‑induced radiation resistance (26). Although reoxy‑
genation of the cell culture cannot be completely excluded, 
we believe that 5‑ALA can induce a radiodynamic effect in 
lymphoma cells under hypoxic conditions.

DLBCLs exhibit highly heterogeneous metabolic 
features, such as BCR‑dependent and OxPhos‑DLBCLs (35). 
BCR‑dependent subtype has greater glycolytic flux, typical 
of the Warburg phenotype. Meanwhile, OxPhos‑subtype 
shows elevated electron transport chain activity, ATP 
production, and fatty acid oxygenation. In addition, these 
metabolic phenotypes are associated with a subtype selective 
survival mechanism (35). Considering the mechanism of the 
radiodynamic effect of 5‑ALA, 5‑ALA‑induced PpIX is a 
key mediator, not 5‑ALA itself. The cell metabolism affects 
the conversion of 5‑ALA into PpIX. In tumor cells, 5‑ALA 
treatment is associated with accumulation of PpIX in the 
mitochondria due to the mitochondrial dysfunction, including 
inactivation of heme converted enzyme (5). As previous studies 
demonstrated, 5‑ALA‑induced PpIX enhanced the antitumor 
effect induced by radiotherapy in tumor cells (5,10‑18). In the 
present study, lymphoma cells showed differences in ROS 
production after IR and 5‑ALA‑induced PpIX accumulation 
under hypoxic conditions in each cell line. Accumulation of 
5‑ALA‑induced PpIX in Raji and TK cells but not HKBML 
cells under hypoxic conditions was significantly increased 
compared with that under normoxic conditions according to 

flow cytometric analysis. In addition, only in TK cells, ROS 
production was increased 12 h after IR in 5‑ALA treated cells 
under hypoxic conditions. Taken together, the differences in 
5‑ALA metabolism under different oxygen conditions may 
affect the 5‑ALA‑induced PpIX accumulation and ROS 
production after IR in lymphoma cells. A further study of the 
metabolic changes within lymphoma cells in the surrounding 
environment is needed. According to a recent clinical study 
using physiologic magnetic resonance imaging, tumor micro‑
environment mapping of patients demonstrated intertumoral 
heterogeneity factors such as 65% glycolysis, 19% OxPhos, 
9% hypoxia, and 7% necrosis in PCNSL (36). Thus, recent 
therapeutic strategies have been developed for each metabolic 
target in DLBCL (37,38). Although further investigations are 
required, 5‑ALA/RDT may become a treatment option for 
PCNSL.

5‑ALA has been widely used in clinical settings as a live 
molecular marker for glioma and PCNSL (8,39), and many 
experimental studies have demonstrated the radiodynamic 
effect of 5‑ALA in cancer cells. Nevertheless, the precise 
mechanism of action of 5‑ALA/RDT remains unclear. 
Recently, IR has been shown to affect both the nucleus and 
mitochondria, which includes activation of the DNA damage 
response and mitochondrial signaling toward apoptosis (40). 
Importantly, impaired mitochondria damaged by IR produce 
ROS (mainly superoxide) via the metabolic process, then 
damage the rest of the surrounding normal mitochondria, 
consequently propagating oxidative stress within the cell, 
which is denoted as ‘intermitochondrial communication’ (41). 
This effect amplifies the oxidative damage signal and further 
metabolic ROS production over time after IR. In addition, a 
recent study demonstrated that mitochondria damaged by IR 
activated an immune response in the nucleus (42).

PpIX enhances the production of ROS such as superoxide, 
hydroxyl radicals, and singlet oxygen via water radiolysis 
induced by IR (9), and 5‑ALA accumulates PpIX in the mito‑
chondria of cancer cells. In a previous study, we confirmed 
that 5‑ALA treatment after IR did not enhance ROS produc‑
tion in glioma cells (13). In the present study, the Raji line 
revealed a high accumulation of 5‑ALA‑induced PpIX and 
a high 5‑ALA/RDT effect compared to the other cell lines. 
Therefore, we propose that focal oxidative stress in the mito‑
chondria is the first step, and high accumulation of PpIX in the 
mitochondria is important just before IR exposure in 5‑ALA/
RDT. In future studies, oxidative stress in cancer cells after IR 
in 5‑ALA/RDT should be examined in detail.

Although the pattern of ROS production after IR varies, 
we hypothesized that continuous oxidative stress above the 
lethal level after IR in 5‑ALA/RDT is important, which is 
in agreement with another study (26). Namely, delayed ROS 
production via effective ‘intermitochondrial communication’ 
may enhance the therapeutic effects during 5‑ALA/RDT. 
Thus, we speculated that ‘intermitochondrial communication’ 
was dependent on the distance between each mitochondrion 
and examined the mitochondrial density in lymphoma cells. 
In the present study, the Raji cells showed significantly higher 
mitochondrial density values than the other cells. As we 
described previously, we recently noticed the importance of 
the application of 5‑ALA/RDT for radiosensitive malignant 
neoplasms. We, therefore, began this experimental in vitro 
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study using lymphoma cell lines. Although the mechanism of 
5‑ALA/RDT is complicated, we believe that the mitochondria 
play a main role in this process, and further investigation of 
the mitochondrial response is required, including their roles in 
the apoptotic signaling, metabolism, and dynamics of 5‑ALA/
RDT, and the experimental tumor model in lymphoma.

This study has certain limitations. We confirmed the 
radiodynamic effect of 5‑ALA in lymphoma cells in vitro, but 
not in an in vivo study. We have ever investigated the radio‑
dynamic effect of 5‑ALA using a rat allogeneic subcutaneous 
tumor model inoculated with 9L gliosarcoma, and confirmed 
enhancement of the host antitumor immune response. It is 
possible that, in an in vivo study of lymphoma, host immunity 
may affect the results of 5‑ALA/RDT.

In conclusion, 5‑ALA has been widely used as a fluores‑
cent live marker for glioma and PCNSL in clinical settings. 
Although PCNSL is radiosensitive, reduction of the radiation 
dose is needed to avoid delayed radiation injury while main‑
taining therapeutic effects, particularly in the elderly. 5‑ALA 
accumulates PpIX and induces a radiodynamic effect in 
lymphoma cells under both normoxic and hypoxic conditions. 
Thus, 5‑ALA/RDT is a potential therapeutic option for PCNSL.
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