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Abstract: Prognosis for diffuse intrinsic pontine glioma (DIPG) and generally for diffuse midline
gliomas (DMG) has only marginally improved over the last ~40 years despite dozens of chemotherapy
and other therapeutic trials. The prognosis remains invariably fatal. We present here the rationale for
a planned study of adding 5-aminolevulinic acid (5-ALA) to the current irradiation of DIPG or DMG:
the 5aai regimen. In a series of recent papers, oral 5-ALA was shown to enhance standard therapeutic
ionizing irradiation. 5-ALA is currently used in glioblastoma surgery to enable demarcation of overt
tumor margins by virtue of selective uptake of 5-ALA by neoplastic cells and selective conversion to
protoporphyrin IX (PpIX), which fluoresces after excitation by 410 nm (blue) light. 5-ALA is also
useful in treating glioblastomas by virtue of PpIX’s transfer of energy to O2 molecules, producing
a singlet oxygen that in turn oxidizes intracellular DNA, lipids, and proteins, resulting in selective
malignant cell cytotoxicity. This is called photodynamic treatment (PDT). Shallow penetration of
light required for PpIX excitation and resultant energy transfer to O2 and cytotoxicity results in
the inaccessibility of central structures like the pons or thalamus to sufficient light. The recent
demonstration that keV and MeV photons can also excite PpIX and generate singlet O2 allows for
reconsideration of 5-ALA PDT for treating DMG and DIPG. 5-ALA has an eminently benign side
effect profile in adults and children. A pilot study in DIPG/DMG of slow uptitration of 5-ALA prior
to each standard irradiation session—the 5aai regimen—is warranted.

Keywords: 5-aminolevulinic acid; diffuse intrinsic pontine glioma; diffuse midline gliomas;
fluorescence; glioblastoma; irradiation; photodynamic; prognosis; protoporphyrin IX; reactive
oxygen species

1. Introduction

Here, we present the rationale and background for the planning of a clinical trial in the treatment
of diffuse intrinsic pontine glioma (DIPG) or diffuse midline gliomas (DMG), called the 5aai regimen.
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There has been only marginal improvement in the treatment of DIPG over the last 40 years, despite
dozens of chemotherapy and radiotherapy clinical trials [1,2]. The lack of progress is accompanied
by increased side effect burden and decreased quality of life for these patients. The 5aai regimen
utilizes 5-aminolevulinic acid (5-ALA), a tumor fluorescing drug currently used in the resection of
glioblastoma (GB), to augment standard therapeutic irradiation.

The extreme difficulties of treating DIPG are well-known:

• Tumor location behind a blood–brain barrier limits drug delivery;
• The tumor mass resides within vital structures that cannot be severed;
• Wide spatial and temporal cellular heterogeneity limits what any one drug can do;
• Wide brain dissemination of malignant cells and extrapontine extension has already occurred at

the time of first diagnosis;
• Difficulty of biopsy results in paucity of pathophysiological knowledge; and
• Extreme heterogeneity of cell populations within the tumor limit the information value of any

one biopsy.

These difficulties also largely apply to DMGs. In the past, DIPG has been used to identify all
gliomas arising from or the pons. In the 2016 World Health Organization (WHO) classification of
central nervous system tumors, the more common malignant version of DIPG was reclassified as
DMG, H3K27M due to the consistent discovery of K27 mutations in the histone H3 gene H3F3A,
or less commonly in the related HIST1H3B gene. Although there are significant physiological and
epidemiological differences, GB, DMG, and DIPG are all WHO Grade IV tumors of astrocytic origin
with a highly malignant nature and a diffuse infiltrative growth pattern [3]. Pathological grade by
the WHO 2007 criteria do not predict survival in H3K27M mutated gliomas [4]. Additionally, H&E
histology does not predict survival in DIPPGs [5].

Histological analysis has revealed that DIPG is really a whole brain disease. Leptomeningeal
spread and diffuse invasion of isolated DIPG cells or cell clusters throughout corticospinal tracts, the
brainstem generally, and thalamus are common. Remarkably, spread even into the frontal lobes can be
seen at autopsy [6].

Extraordinary data, heretofore pathophysiologically unexplained, indicate that it has also been
found that human DIPGs xenotransplanted into mouse pons directly from fresh post mortem biopsies
result in tumors of identical or very similar H&E histology to the human donating tissue, but bearing
murine immunohistochemistry markers [6]. For effective treatment, malignant DIPG cells separated
from the main MRI-enhancing mass must also be addressed as both are currently intractable.

Irradiation at ~1.25 MeV is the mainstay of current DIPG treatment [1,7]. After initial
intensity-modulated conformal radiation of 54–60 Gy delivered in ~2.0 Gy fractions, DIPG median
survival remained 12 to 16 months. A second, lower dose of irradiation is possible, but does
not substantially change outcome [7,8]. MRI fiber tractography of corticospinal tracts show that
re-irradiation can diminish DIPG infiltration, displacement, and tract disruption with corresponding
improved temporary functioning, even when overall survival is not prolonged.

In DIPG—and probably in most cancers generally—strong functional cooperativity exists
(juxtacrine, paracrine, and endocrine) between different subclones within the same tumor [9].
This implies a requirement for a broad spectrum approach, irradiation, and/or polypharmacy.

2. Selective Uptake of 5-ALA by Glioma Cells

5-ALA is a 131 Da naturally occurring, and pharmaceutically synthesized amino acid that readily
crosses the blood–brain barrier. It is an FDA and EMA approved drug (generically available or
proprietary as GliolanTM or GleolanTM) that is marketed for use during GB and other cancer surgeries
to aid gross total resection [10,11]. Glioma cells selectively take up 5-ALA in direct proportion to their
malignancy grade [12,13], and it is this selectivity that is the core of what will make 5aai so useful in
treating DIPG or DMG.
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After intracellular uptake, 5-ALA is then used to synthesize intracellular protoporphyrin IX (PpIX).
Tumor cells have a lower ferrochelatase activity. As ferrochelatase is a link in synthesizing heme from
PpIX, it is one of the rate limiting steps. Therefore, the combined effect of preferential 5-ALA uptake by
glioma cells and reduced diverting of PpIX to heme results in strong preferential accumulation of PpIX
in high grade glioma cells compared to non-malignant cells [10–12].

Since PpIX fluoresces at ~635 nm (red) during illumination with ~410 nm (blue) light, visual
intraoperative demarcation of dense glioma cell areas can be made, although there are always scattered
PpIX fluorescing cells within the resection cavity wall that cannot be seen or surgically addressed in
their entirety [13,14]. Maximum strong PpIX fluorescence occurs 7 to 8 hours post 5-ALA ingestion.
Weak GB fluorescence occurs at 8 to 9 hours post-ingestion.

5-ALA also functions in photodynamic therapy (PDT) in that light activation at ~410 or 635 nm of
the selectively accreted PpIX generates reactive oxygen (singlet oxygen molecules, 1O2 and others) that
in turn causes cytotoxicity to glioma cells or any other cell that has preferentially taken up 5-ALA [15,16].
In PDT, photon energy is low, non-tissue self-destructs. PpIX acts as a transducer of photon energy,
efficiently taking low energy photons at 410 or 635 nm and transferring that energy to O2. The so
generated 1O2 is then tissue destructive.

The precise energy pathways that transform light and higher energy irradiation energy into
reactive oxygen species (ROS) and other cytotoxic products are not precisely understood. There appear
to be at least several mechanisms. The common element is an optical excitation of the photosensitizer,
in our case PpIX, to a fluorescing state, but this excited state need not be reached directly by photon
absorption. There are other potential pathways of energy transfer involving Compton scattering and
radiationless de-excitation in PpIX that also lead to enhanced ROS generation. It seems that diverse
modes of energy transfer to PpIX can be effective to generate ROS, and irradiation is among them.

Multiple pediatric central nervous system tumor cell lines (medulloblastoma, pediatric
neuroendocrine tumors, atypical teratoid rhabdoid tumor, and ependymoma) exhibit preferential
uptake of 5-ALA and consequent PpIX fluorescence [17–20]. In a clinical study of 78 pediatric CNS
tumors, 85% of GBs and 60% of anaplastic astrocytomas fluoresced after preoperative 5-ALA, enough
to be judged helpful to the surgeon [18]. Mouriuchi et al. demonstrated that areas of a DIPG also
fluoresced intraoperatively after preoperative 5-ALA [19] as do anaplastic foci of diffuse gliomas
generally [21].

3. 5-ALA Enhances keV and MeV Cytotoxicity

Interestingly, 5-ALA with subsequent intracellular PpIX accumulation also increases keV or MeV
irradiation cytotoxicity in a variety of contexts [22–33]. A robust, detailed physics-based explanation
for this is currently lacking, but ample preclinical data attest to the basic mechanism of PpIX interacting
with keV photons to generate cytotoxicity greater than the same irradiation given without 5-ALA
where 5-ALA serves as a radiosensitizer. These twelve recent studies drive the imperative to study
5-ALA during the irradiation of DIPG [22–33].

Examples:
Kaneko showed similar 5-ALA sensitizing effects to carbon ion (~1.4 GeV) irradiation [23].

This was in a similar energy range as the carbon ion irradiation used in glioblastoma treatment [34].
Ueta et al. [25] used a Cs 137 source (peak irradiation at ~700 kev) and confirmed past data showing
that 5-ALA enhanced glioma cell cytotoxicity of standard irradiation. Ueta et al. further showed that
5-ALA accretion alone damaged glioma cell mitochondria, setting up the release of ROS.

Park et al. showed that intraperitoneal administration of 5-ALA six hours prior to 3 Gy irradiation
given daily for 10 days (30 Gy total) to a patient-derived orthotopic GB xenograft resulted in 22%
longer survival than the same irradiation without 5-ALA and 50% longer than the control xenografted
mice [35].

Malignant cell radiosensitization by selective 5-ALA uptake was also seen in preclinical
models of cancers other than glioma, for example, colon, melanoma, and prostate [22,24,26].
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This radiosensitization is thought to occur through mitochondrial damage mediated by PpIX, a
metabolic product of 5-ALA that captures light or keV or MeV photons and transfers the energy to O2

to then generate singlet oxygen.
In a 2016 study of 5-ALA-guided surgery to remove cerebral metastases, Kamp et al. showed

a lower local recurrence rate in patients with 5-ALA fluorescent metastases as compared to 5-ALA
non-fluorescent metastases, but only in those patients who received post-surgical adjuvant local
irradiation. The lower local recurrence rate might be explained by residual intracellular PpIX in the
malignant cells that augmented post-resection irradiation treatment [36]. The effect was most evident
for non-small cell lung cancer metastases.

The current standard 5-ALA dose, 20 mg/kg three hours prior to surgery or PDT, might be lower
than optimal. Doses of 50 mg/kg can be given prior to glioma surgery that are well-tolerated and result
in stronger intraoperative fluorescence [37,38]. CTCAE grade 1 skin redness and peeling were seen at
higher doses. We have indications from the studies above that irradiation cytotoxicity augmentation is
proportional to quantitative intracellular PpIX accretion.

Clinically, in human squamous cell carcinoma in situ, combining 3 Gy radiation with 5-ALA cured
lesions that failed to respond to 5-ALA light photon PDT alone. This demonstrated a synergistic effect
of the two treatment modalities: light 5-ALA PDT plus 3 Gy and 4 MeV electron irradiation [33].

The CAALA regimen, recently devised for improving the effectiveness of 5-ALA PDT in GB, can
be adapted and applied to 5aai treatment of DIPG [39]. The CAALA regimen uses three repurposed,
FDA and EMA approved non-oncology drugs to increase 5-ALA uptake and conversion to PpIX in
glioma cells. CAALA uses the antibiotic ciprofloxacin, the iron chelator deferiprone, and xanthine
oxidase inhibitor febuxostat, along with thymidylate synthase inhibitor 5-fluorouracil (5-FU), where
each have individually documented the effect of increasing the selective uptake of 5-ALA and/or
selective conversion to PpIX. Several of the CAALA drugs have preclinically demonstrated anti-glioma
effects independent of 5-ALA or PDT related effects [40]. CAALA simply advocates using all four
drugs during open, post-resection 5-ALA PDT. CAALA has not had a formal clinical trial in GB, so the
risks, potential benefits, and applicability of CAALA to DIPG or DMG are unknown.

Given the recent return of interest in I-125 brachytherapy of GB [41–45], adding 5aai and associated
CAALA elements to brachytherapy has the potential to increase brachytherapy’s therapeutic index.
I-125 decay results in 35 keV photons. A typical I-125 dose (T 1

2 59 days) to gliomas has been delivered
at a rate of 0.05 Gy/h, resulting in 100 Gy at 1 year and 104 Gy at infinity. Since radiation necrosis and
radiation-related brain malfunction are related to dose, using lower doses resulting from increased
selectivity from 5-ALA would be highly desirable. Published data on I-125 brachytherapy of pontine
gliomas is sparse, with a median survival of 10 months in the few treated patients [42]. Likewise, few
data are available for I-125 treatment of brainstem gliomas in adults [43,45].

Photofrin is a hydrated derivative of PpIX also used in the clinical PDT of malignancies. Photofrin,
like 5-ALA and PpIX, is relatively nontoxic by itself, but becomes highly cytotoxic after illumination with
630 nm light. Photofrin also has an extensive database on enhancing x-ray cytotoxicity to cancer [46,47]

4. Safety

5-ALA use in pediatric gliomas including GB is remarkably well-tolerated with transient minor
liver enzyme elevations and occasional evanescent skin effects as the only side effects, the same side
effect profile as seen in use in adults [48,49]. In adults, CTCAE grade 1 transient skin redness and
peeling is progressively more common as the 5-ALA dose approaches the maximum clinically tested
of 50 mg/kg [37]. Only asymptomatic and transient CTCAE grade 1 liver function enzyme elevations
have been seen at this highest tested dose. Circulating PpIX has a half-life of 8 hours after 60 mg/kg
oral 5-ALA in humans [50], thus, accumulation is unlikely with daily administration.

Nevertheless, the proposed pilot study of 5aai in DIPG must include close monitoring of hepatic
and renal function prior to each 5-ALA administration.
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5. Conclusions

That 5-ALA augments keV irradiation cytotoxicity to glioma cells in direct proportion to their
malignancy grade works in our favor. We may expect better malignant cell cytotoxicity from standard
irradiation in PpIX-loaded DIPG cells that lie outside the main field of standard irradiation as well as
in the main tumor mass. If we can demonstrate clinically effective 5-ALA augmentation of irradiation
effects on the primary DIPG mass, enlarging the radiation field may be required to kill those DIPG
cells lying outside current standard irradiation fields, but at lower doses that would have less effect on
non-affected brain tissues.

DIPG has been one of the most treatment-resistant, intractable, and quickly lethal cancers known.
Dramatic indicators such as “long term survivors” after relapse is currently defined as children who
survive more than three months after relapse and where a second irradiation results in a median time
to death of seven months favor a 5aai regimen trial.

5-ALA augmentation of standard postoperative irradiation treatment of GB has not been clinically
tried as yet. The same considerations as outlined in this paper for DIPG or adult DMG apply to GB,
where a trial of 5aai would also be warranted but also with CAALA regimen augmentation.

Additionally, given that 5-ALA PDT can activate an otherwise quiescent local immune response
under certain circumstances [51–54], 5aai has the potential to further our efforts to “harness synergistic
biology between radiation and immunotherapy” [55].
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5-ALA 5-aminolevulinic acid
DIPG diffuse pontine intrinsic glioma
DMG diffuse intrinsic pontine glioma
GB glioblastoma
PpIX protoporphyrin IX
ROS reactive oxygen species

References

1. El-Khouly, F.E.; Veldhuijzen van Zanten, S.E.M.; Santa-Maria Lopez, V.; Hendrikse, N.H.; Kaspers, G.J.L.;
Loizos, G.; Sumerauer, D.; Nysom, K.; Pruunsild, K.; Pentikainen, V.; et al. Diagnostics and treatment of
diffuse intrinsic pontine glioma: Where do we stand? J. Neurooncol. 2019, 145, 177–184. [CrossRef] [PubMed]

2. Vitanza, N.A.; Monje, M. Diffuse Intrinsic Pontine Glioma: From Diagnosis to Next-Generation Clinical
Trials. Curr. Treat. Opt. Neurol. 2019, 21, 37. [CrossRef] [PubMed]

3. Loveson, K.F.; Fillmore, H.L. Intersection of Brain Development and Paediatric Diffuse Midline Gliomas:
Potential Role of Microenvironment in Tumour Growth. Brain Sci. 2018, 8, 200. [CrossRef] [PubMed]

4. Varlet, P.; Le Teuff, G.; Le Deley, M.C.; Giangaspero, F.; Haberler, C.; Jacques, T.S.; Figarella-Branger, D.;
Pietsch, T.; Andreiuolo, F.; Deroulers, C.; et al. WHO grade has no prognostic value in the pediatric
high-grade glioma included in the HERBY trial. Neuro Oncol. 2019, 22, 116–127. [CrossRef] [PubMed]

5. Puget, S.; Beccaria, K.; Blauwblomme, T.; Roujeau, T.; James, S.; Grill, J.; Zerah, M.; Varlet, P.; Sainte-Rose, C.
Biopsy in a series of 130 pediatric diffuse intrinsic Pontine gliomas. Childs Nerv. Syst. 2015, 31, 1773–1780.
[CrossRef] [PubMed]

6. Wagner, M.W.; Bell, W.R.; Kern, J.; Bosemani, T.; Mhlanga, J.; Carson, K.A.; Cohen, K.J.; Raabe, E.H.;
Rodriguez, F.; Huisman, T.A.; et al. Diffusion tensor imaging suggests extrapontine extension of pediatric
diffuse intrinsic pontine gliomas. Eur. J. Radiol. 2016, 85, 700–706. [CrossRef] [PubMed]

7. Hayashi, A.; Ito, E.; Omura, M.; Aida, N.; Tanaka, M.; Tanaka, Y.; Sato, H.; Miyagawa, N.; Yokosuka, T.;
Iwasaki, F.; et al. Hypofractionated radiotherapy in children with diffuse intrinsic pontine glioma. Pediatr. Int.
2019. [CrossRef]

http://dx.doi.org/10.1007/s11060-019-03287-9
http://www.ncbi.nlm.nih.gov/pubmed/31522324
http://dx.doi.org/10.1007/s11940-019-0577-y
http://www.ncbi.nlm.nih.gov/pubmed/31290035
http://dx.doi.org/10.3390/brainsci8110200
http://www.ncbi.nlm.nih.gov/pubmed/30453529
http://dx.doi.org/10.1093/neuonc/noz142
http://www.ncbi.nlm.nih.gov/pubmed/31419298
http://dx.doi.org/10.1007/s00381-015-2832-1
http://www.ncbi.nlm.nih.gov/pubmed/26351229
http://dx.doi.org/10.1016/j.ejrad.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26971411
http://dx.doi.org/10.1111/ped.14070


Brain Sci. 2020, 10, 51 6 of 8

8. Lu, V.M.; Welby, J.P.; Mahajan, A.; Laack, N.N.; Daniels, D.J. Reirradiation for diffuse intrinsic pontine glioma:
A systematic review and meta-analysis. Childs Nerv. Syst. 2019, 35, 739–746. [CrossRef]

9. Vinci, M.; Burford, A.; Molinari, V.; Kessler, K.; Popov, S.; Clarke, M.; Taylor, K.R.; Pemberton, H.N.; Lord, C.J.;
Gutteridge, A.; et al. Functional diversity and cooperativity between subclonal populations of pediatric
glioblastoma and diffuse intrinsic pontine glioma cells. Nat. Med. 2018, 24, 1204–1215. [CrossRef]

10. Hadjipanayis, C.G.; Stummer, W. 5-ALA and FDA approval for glioma surgery. J. Neurooncol. 2019, 141,
479–486. [CrossRef]

11. McNicholas, K.; MacGregor, M.N.; Gleadle, J.M. In order for the light to shine so brightly, the darkness must
be present-why do cancers fluoresce with 5-aminolaevulinic acid? Br. J. Cancer 2019, 121, 631–639. [CrossRef]
[PubMed]

12. Kiesel, B.; Mischkulnig, M.; Woehrer, A.; Martinez-Moreno, M.; Millesi, M.; Mallouhi, A.; Czech, T.;
Preusser, M.; Hainfellner, J.A.; Wolfsberger, S.; et al. Systematic histopathological analysis of different
5-aminolevulinic acid-induced fluorescence levels in newly diagnosed glioblastomas. J. Neurosurg. 2018, 129,
341–353. [CrossRef] [PubMed]

13. Smith, S.J.; Diksin, M.; Chhaya, S.; Sairam, S.; Estevez-Cebrero, M.A.; Rahman, R. The Invasive Region of
Glioblastoma Defined by 5ALA Guided Surgery Has an Altered Cancer Stem Cell Marker Profile Compared
to Central Tumour. Int. J. Mol. Sci. 2017, 18, 2452. [CrossRef] [PubMed]

14. Ma, R.; Watts, C. Selective 5-aminolevulinic acid-induced protoporphyrin IX fluorescence in Gliomas.
Acta Neurochir. 2016, 158, 1935–1941. [CrossRef]

15. Fujishiro, T.; Nonoguchi, N.; Pavliukov, M.; Ohmura, N.; Kawabata, S.; Park, Y.; Kajimoto, Y.; Ishikawa, T.;
Nakano, I.; Kuroiwa, T. 5-Aminolevulinic acid-mediated photodynamic therapy can target human glioma
stem-like cells refractory to antineoplastic agents. Photodiagn. Photodyn. Ther. 2018, 24, 58–68. [CrossRef]

16. Mahmoudi, K.; Garvey, K.L.; Bouras, A.; Cramer, G.; Stepp, H.; Jesu Raj, J.G.; Bozec, D.; Busch, T.M.;
Hadjipanayis, C.G. 5-aminolevulinic acid photodynamic therapy for the treatment of high-grade gliomas.
J. Neurooncol. 2019, 141, 595–607. [CrossRef]

17. Schwake, M.; Guenes, D.; Kochling, M.; Brentrup, A.; Schroeteler, J.; Hotfilder, M.; Fruehwald, M.C.;
Stummer, W.; Ewelt, C. Kinetics of porphyrin fluorescence accumulation in pediatric brain tumor cells
incubated in 5-aminolevulinic acid. Acta Neurochir. 2014, 156, 1077–1084. [CrossRef]

18. Stummer, W.; Rodrigues, F.; Schucht, P.; Preuss, M.; Wiewrodt, D.; Nestler, U.; Stein, M.; Artero, J.M.;
Platania, N.; Skjøth-Rasmussen, J.; et al. Predicting the usefulness of 5-ALA-derived tumor fluorescence
for fluorescence guided resections in pediatric brain tumors: A European survey. Acta Neurochir. 2014, 156,
2315–2324. [CrossRef]

19. Moriuchi, S.; Yamada, K.; Dehara, M.; Teramoto, Y.; Soda, T.; Imakita, M.; Taneda, M. Use of 5-aminolevulinic
acid for the confirmation of deep-seated brain tumors during stereotactic biopsy. Report of 2 cases.
J. Neurosurg. 2011, 115, 278–280. [CrossRef]

20. Schwake, M.; Kaneko, S.; Suero Molina, E.; Müther, M.; Schipmann, S.; Köchling, M.; Brentrup, A.; Stummer, W.
Spectroscopic measurement of 5-ALA-induced intracellular protoporphyrin IX in pediatric brain tumors.
Acta Neurochir. 2019, 161, 2099–2105. [CrossRef]

21. Ewelt, C.; Floeth, F.W.; Felsberg, J.; Steiger, H.J.; Sabel, M.; Langen, K.J.; Stoffels, G.; Stummer, W. Finding
the anaplastic focus in diffuse gliomas: the value of Gd-DTPA enhanced MRI, FET-PET, and intraoperative,
ALA-derived tissue fluorescence. Clin. Neurol. Neurosurg. 2011, 113, 541–547. [CrossRef] [PubMed]

22. Miyake, M.; Tanaka, N.; Hori, S.; Ohnishi, S.; Takahashi, H.; Fujii, T.; Owari, T.; Ohnishi, K.; Iida, K.;
Morizawa, Y.; et al. Dual benefit of supplementary oral 5-aminolevulinic acid to pelvic radiotherapy in a
syngeneic prostate cancer model. Prostate 2019, 79, 340–351. [CrossRef] [PubMed]

23. Kaneko, T.; Tominaga, M.; Kouzaki, R.; Hanyu, A.; Ueshima, K.; Yamada, H.; Suga, M.; Yamashita, T.;
Okimoto, T.; Uto, Y. Radiosensitizing Effect of 5-Aminolevulinic Acid and Protoporphyrin IX on Carbon-ion
Beam Irradiation. Anticancer Res. 2018, 38, 4313–4317. [CrossRef] [PubMed]

24. Takahashi, J.; Murakami, M.; Mori, T.; Iwahashi, H. Verification of radiodynamic therapy by medical linear
accelerator using a mouse melanoma tumor model. Sci. Rep. 2018, 8, 2728. [CrossRef]

25. Ueta, K.; Yamamoto, J.; Tanaka, T.; Nakano, Y.; Kitagawa, T.; Nishizawa, S. 5-Aminolevulinic acid enhances
mitochondrial stress upon ionizing irradiation exposure and increases delayed production of reactive oxygen
species and cell death in glioma cells. Int. J. Mol. Med. 2017, 39, 387–398. [CrossRef]

http://dx.doi.org/10.1007/s00381-019-04118-y
http://dx.doi.org/10.1038/s41591-018-0086-7
http://dx.doi.org/10.1007/s11060-019-03098-y
http://dx.doi.org/10.1038/s41416-019-0516-4
http://www.ncbi.nlm.nih.gov/pubmed/31406300
http://dx.doi.org/10.3171/2017.4.JNS162991
http://www.ncbi.nlm.nih.gov/pubmed/29076783
http://dx.doi.org/10.3390/ijms18112452
http://www.ncbi.nlm.nih.gov/pubmed/29156557
http://dx.doi.org/10.1007/s00701-016-2897-y
http://dx.doi.org/10.1016/j.pdpdt.2018.07.004
http://dx.doi.org/10.1007/s11060-019-03103-4
http://dx.doi.org/10.1007/s00701-014-2096-7
http://dx.doi.org/10.1007/s00701-014-2234-2
http://dx.doi.org/10.3171/2011.4.JNS102137
http://dx.doi.org/10.1007/s00701-019-04039-4
http://dx.doi.org/10.1016/j.clineuro.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21507562
http://dx.doi.org/10.1002/pros.23740
http://www.ncbi.nlm.nih.gov/pubmed/30450646
http://dx.doi.org/10.21873/anticanres.12730
http://www.ncbi.nlm.nih.gov/pubmed/29970567
http://dx.doi.org/10.1038/s41598-018-21152-z
http://dx.doi.org/10.3892/ijmm.2016.2841


Brain Sci. 2020, 10, 51 7 of 8

26. Yamada, K.; Murayama, Y.; Kamada, Y.; Arita, T.; Kosuga, T.; Konishi, H.; Morimura, R.; Shiozaki, A.;
Kuriu, Y.; Ikoma, H.; et al. Radiosensitizing effect of 5-aminolevulinic acid in colorectal cancer in vitro and
in vivo. Oncol. Lett. 2019, 17, 5132–5138. [CrossRef]

27. Takahashi, J.; Misawa, M.; Iwahashi, H. Combined treatment with X-ray irradiation and 5-aminolevulinic
acid elicits better transcriptomic response of cell cycle-related factors than X-ray irradiation alone. Int. J.
Radiat. Biol. 2016, 92, 774–789. [CrossRef]

28. Yamamoto, J.; Ogura, S.; Shimajiri, S.; Nakano, Y.; Akiba, D.; Kitagawa, T.; Ueta, K.; Tanaka, T.; Nishizawa, S.
5-aminolevulinic acid-induced protoporphyrin IX with multi-dose ionizing irradiation enhances host
antitumor response and strongly inhibits tumor growth in experimental glioma in vivo. Mol. Med. Rep. 2015,
11, 1813–1819. [CrossRef]

29. Kitagawa, T.; Yamamoto, J.; Tanaka, T.; Nakano, Y.; Akiba, D.; Ueta, K.; Nishizawa, S. 5-Aminolevulinic acid
strongly enhances delayed intracellular production of reactive oxygen species (ROS) generated by ionizing
irradiation: Quantitative analyses and visualization of intracellular ROS production in glioma cells in vitro.
Oncol. Rep. 2015, 33, 583–590. [CrossRef]

30. Takahashi, J.; Misawa, M.; Murakami, M.; Mori, T.; Nomura, K.; Iwahashi, H. 5-Aminolevulinic acid enhances
cancer radiotherapy in a mouse tumor model. Springerplus 2013, 2, 602. [CrossRef]

31. Gui, T.; Wang, Y.; Mao, Y.; Liu, J.; Sun, S.; Cao, D.; Yang, J.; Shen, K. Comparisons of 5-aminolevulinic acid
photodynamic therapy and after-loading radiotherapy in vivo in cervical cancer. Clin. Transl. Oncol. 2013,
15, 434–442. [CrossRef] [PubMed]

32. Yamamoto, J.; Ogura, S.; Tanaka, T.; Kitagawa, T.; Nakano, Y.; Saito, T.; Takahashi, M.; Akiba, D.; Nishizawa, S.
Radiosensitizing effect of 5-aminolevulinic acid-induced protoporphyrin IX in glioma cells in vitro. Oncol. Rep.
2012, 27, 1748–1752. [CrossRef] [PubMed]

33. Nakano, A.; Watanabe, D.; Akita, Y.; Kawamura, T.; Tamada, Y.; Matsumoto, Y. Treatment efficiency of
combining photodynamic therapy and ionizing radiation for Bowen’s disease. J. Eur. Acad. Derm. Venereol.
2011, 25, 475–478. [CrossRef] [PubMed]

34. Malouff, T.D.; Peterson, J.L.; Mahajan, A.; Trifiletti, D.M. Carbon ion radiotherapy in the treatment of gliomas:
A review. J. Neurooncol. 2019, 145, 191–199. [CrossRef] [PubMed]

35. Park, Y.; Nonoguchi, N.; Ikeda, N.; Yoshikawa, N.; Sato, T.; Mishima, Y.; Kajimoto, Y.; Narumi, Y.; Takahashi, J.;
Kuroiwa, T. OS3.2 Delta-aminolevulinic acid can decrease the radioresistance of glioma stem cells with
mesenchymal phenotypes in vitro and in vivo. Neuro Oncol. 2016, 18 (Suppl. 4), iv7. [CrossRef]

36. Kamp, M.A.; Fischer, I.; Bühner, J.; Turowski, B.; Cornelius, J.F.; Steiger, H.J.; Rapp, M.; Slotty, P.J.; Sabel, M.
5-ALA fluorescence of cerebral metastases and its impact for the local-in-brain progression. Oncotarget 2016,
7, 66776–66789. [CrossRef]

37. Cozzens, J.W.; Lokaitis, B.C.; Moore, B.E.; Amin, D.V.; Espinosa, J.A.; MacGregor, M.; Michael, A.P.; Jones, B.A.
A Phase 1 Dose-Escalation Study of Oral 5-Aminolevulinic Acid in Adult Patients Undergoing Resection of a
Newly Diagnosed or Recurrent High-Grade Glioma. Neurosurgery 2017, 81, 46–55. [CrossRef]

38. Michael, A.P.; Watson, V.L.; Ryan, D.; Delfino, K.R.; Bekker, S.V.; Cozzens, J.W. Effects of 5-ALA dose on
resection of glioblastoma. J. Neurooncol. 2019, 141, 523–531. [CrossRef] [PubMed]

39. Kast, R.E.; Skuli, N.; Sardi, I.; Capanni, F.; Hessling, M.; Frosina, G.; Kast, A.P.; Karpel-Massler, G.;
Halatsch, M.E. Augmentation of 5-Aminolevulinic Acid Treatment of Glioblastoma by Adding Ciprofloxacin,
Deferiprone, 5-Fluorouracil and Febuxostat: The CAALA Regimen. Brain Sci. 2018, 8, 203. [CrossRef]

40. Beberok, A.; Rzepka, Z.; Respondek, M.; Rok, J.; Sierotowicz, D.; Wrześniok, D. GSH depletion, mitochondrial
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