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1. Introduction

The molecule 5-aminolevulinic acid (5-ALA) is a substrate for a heme synthesized in cells us-
ing succinyl CoA and glycine. Initially, 5-ALA is converted to porphobilinogen (PBG), and the
metabolism progresses by the action of PBG deaminase, and its product is incorporated into
the mitochondria via uroporphyrinogen and coproporphyrinogen by an enzymatic reaction
and transformed into protoporphyrin IX (PPIX). This PPIX is then converted to a heme by the
action of ferrochelatase. These metabolic reactions are conducted in the liver and erythroblasts
of normal human subjects [16]. It is thought that a larger amount of 5-ALA is incorporated by
rapidly proliferating tumor cells as compared to normal cells, due to the active synthesis of
heme [5, 20]. In the metabolic pathway of 5-ALA, it is reported that the rate limiting enzyme in
normal cells is different from that in tumor cells [16]. PBG deaminase is the rate limiting en-
zyme in normal cells [3]. Large amounts of uroporphyrinogen, coproporphyrinogen, and PPIX
are produced in tumor cells compared to normal cells because metabolism after the PBG is pro-
moted by high PBG deaminase activity and low ferrochelatase activity [15]. The PPIX accumu-
lates in tumor cells and produces a red fluorescent response to ultraviolet light. Intraoperative
photodynamic diagnosis using this method is used for patients with glioma [21, 24, 26]. There
are numerous reports concerning the PPIX concentration in the tumor tissue; however, re-
ports concerning plasma titers and urinary excretion of uroporphyrinogen and copropor-
phyrinogen after 5-ALA administration are rare [25]. In this study, 5-ALA was administered to
healthy adult volunteers, and changes in serum and urinary porphyrins were measured. Uri-
nary excretion of porphyrins in volunteers and patients with brain tumors after the 5-ALA ad-
ministration were compared and examined.
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2. Materials and Methods

Healthy adult volunteers (n = 8) and 58 patients with glioma (12 benign gliomas (WHO
grade II) and 46 glioblastomas) who were resected by intraoperative fluorescence diagnosis
using 5-ALA were enrolled in the study. Eight adult volunteers were given 1 gram of 5-ALA
orally, and blood sampling was done before administration, 2 hours, 4 hours, and 6 hours
later. Blood samples were analyzed for plasma titers of 5-ALA, PPIX, coproporphyrin I
(CPI), coproporphyrin III (CPIII), uroporphyrin I (UPI), and uroporphyrin III (UPIII). Urine
collection was done before and 4 hours after 5-ALA administration, and the urinary excre-
tion of 5-ALA, CPI, CPIII, UPI, and UPIII were measured. Fifty-eight patients with glioma
were given 1 gram of 5-ALA orally 2 hours before anesthesia, and blood and urine samples
were collected from these patients 4 hours later for analyses of plasma titers and urinary ex-
cretion of 5-ALA, PPIX, CPI, CPIII, UPI, and UPIIL Intraoperative fluorescence diagnosis for
58 patients with glioma was performed using a semiconductor laser device (VLD-V1 version
2: M & M Co., Ltd., Tokyo, Japan). The brain tumor was exposed to a laser light that had a
peak wavelength of 405 nm and a light output of 120 mW by placing the optical fiber as
close as possible. The spectra of the response light from tumors were analyzed by a personal
computer for a fluorescent identification of PPIX and the measurement of the fluorescent ob-
jective strength. When fluorescence from PPIX was observed, a waveform with a peak at 636
nm was observed. When the intensity of the peak at 636 nm was >3000, the tumor was de-
fined as a strong fluorescence tumor. In contrast, when the intensity of the peak at 636 nm
was < 3000, the tumor was defined as a weak fluorescence tumor. Two groups distributed
based on these spectra were examined for macroscopic findings; i.e., fluorescence for the
strong PPIX group was observed macroscopically in all of the strong fluorescence tumors.
When there was not a waveform peak at 636 nm, and the fluorescence of PPIX was not ob-
served for a tumor, the tumor was considered to be a non-fluorescence tumor. The total uri-
nary excretion products were adjusted for creatinine value. Testing for significant
differences was done using analysis of variance (analysis of variance; ANOVA) or the PLSD
(protected least significant difference) method of Fisher as a post-hoc test.

3. Results

The plasma 5-ALA concentration in volunteers reached a peak 2 hours after 5-ALA adminis-
tration (Figure 1). The plasma titer peaks of protoporphyrin IX, CPI, and CPIII in volunteers
were reached 2 hours after administration of 5-ALA. The plasma titer peaks of UPI and UP-
III in volunteers were reached 4 hours after 5-ALA administration (Figure 2). The plasma tit-
er and urinary excretion of CPI, CPIII, UPI, UPIIl, and 5-ALA were not significantly
different in volunteers and glioma patients prior to 5-ALA administration (data not shown).
Urinary excretion CPI and CPIII 4 hours after 5-ALA administration were significantly high-
er in patients with glioma than in volunteers (Figures 3, 4) (p <0.0001). Urinary excretion of
UPI and UPIII 4 hours after 5-ALA administration in volunteers and glioma patients were

not significantly different (Figures 5, 6). Urinary excretion of CPI, CPIII, UPL, UPIIL, and 5-
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ALA 4 hours after 5-ALA administration in patients with benign glioma was not significant-

ly different compared to patients with glioblastoma. All of the glioblastomas were strong

fluorescence tumors. Benign gliomas were comprised of 3 strong fluorescence tumors, 5

weak fluorescence tumors, and 4 non-fluorescence tumors. Urinary excretion of CPI, CPIII,
UPL, UPIIL, and 5-ALA 4 hours after 5-ALA administration was not significantly different

when comparing strong fluorescence tumors, weak fluorescence tumors, and non-fluores-

cence tumors in benign glioma patients (data not shown).
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Figure 1. Graph shows the plasma titer of 5-ALA when 5-ALA was administered to volunteers. The peak concentration
is reached 2 hours after administration of 5-ALA, and the concentration is < 50% of the peak level 4 hours later. The
concentration is = 10% of the peak level 6 hours later.
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Figure 2. Graph shows various plasma titers of porphyrins when 5-ALA was administered to volunteers. The plasma
titers of protoporphyrin IX, CPI, and CPIll reached maximal levels 2 hours following 5-ALA administration. The plasma
titers of UPl and UPIIl peaked at 4 hours after administration of 5-ALA.

379



380 Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

Urninary excretion of

coproporphyrin I (nmol/gCr) p2=0.0001
1200 7 |
1 o
1000
] @ @
800 7
600 7
400 7
200 e
] % @
0 J 4 d
Volunteer Benign glioma Glioblastoma

Figure 3. Graph shows urinary excretion of CPI 4 hours following administration of 5-ALA to normal volunteers, and
patients with benign gliomas and glioblastomas. Urinary excretion of CPl in patients with benign gliomas and glioblas-
tomas was significantly higher than in normal volunteers.
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Figure 4. Graph shows urinary excretion of CPIll 4 hours after 5-ALA was administered to normal volunteers, and pa-
tients with benign gliomas and glioblastomas. Urinary excretion of CPIll in patients with benign gliomas and glioblas-
tomas was significantly higher than in normal volunteers.

4. Discussion

It was reported that plasma titers and urinary excretion of porphyrins were increased when
tumor-bearing mice were administered 5-ALA [8]. Also, it was reported that the plasma tit-
ers and urinary excretion of these porphyrins were increased when 5-ALA was adminis-
tered to adult mice without malignant tumors [14]. The reason why these porphyrins
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increase in healthy volunteers after 5-ALA administration might be that those porphyrins
leak as the intermediate product after being metabolized by the erythroblasts and liver [14].
When healthy volunteers were administered 5-ALA in our study, the plasma titers of 5-
ALA, CPI, CPHI, UPI, UPII, and PPIX reached maximum levels at 2-4 hours following 5-
ALA administration. Therefore, it was thought that most of these porphyrins were done
being excreted in the urine 4 hours after 5-ALA administration.
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Figure 5. Graph shows urinary excretion of UPI 4 hours after 5-ALA was administered to normal volunteers, and pa-
tients with benign gliomas and glioblastomas. The urinary excretion of UPI showed no significant differences among
subjects who were normal volunteers, and patients with benign gliomas and glioblastomas.
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Figure 6. Graph shows urinary excretion of UPIII 4 hours after 5-ALA was administered to normal volunteers and pa-
tients with benign gliomas and the glioblastomas. The urinary excretion of UPIIl showed no significant differences
among subjects who were normal volunteers, and patients with benign gliomas and glioblastomas
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If 5-ALA were not administered, there would be no difference in the metabolism of these
porphyrins in volunteers and glioma patients, because plasma titers and urinary excretion
of CPI, CPIII, UPI, UPIII, and 5-ALA were not significantly different in volunteers and glio-
ma patients prior to 5-ALA administration. Also, there would not be the specific metabolic
process in tumor cells for converting 5-ALA to uroporphyrin, because urinary excretion of
UPI and UPIII was not different when comparing volunteers, patients with benign glioma,
and patients with glioblastoma. However, the urinary excretion of CPI and CPIII 4 hours af-
ter 5-ALA administration significantly increased in patients with glioma as compared to vol-
unteers. Therefore, it was thought that high levels of CPI and CPIII were being produced in
tumor cells as compared to normal cells. Heme is rapidly synthesized in cells with accelerat-
ed metabolism, such as tumor cells, and 5-ALA is incorporated into tumor cells and metabo-
lized. Consequently, large quantities of CPI and CPIII are produced as the metabolites, and
it was thought that urinary excretion increased [11]. In the healthy adults without a tumor,
PBG deaminase becomes the rate limiting enzyme even if 5-ALA is incorporated into cells,
and extensive metabolism occurs prior to production of PBG. Therefore, CPI and CPIII,
which are down-stream metabolites, will not be produced in large quantities [3].

It is known that ATP-binding cassette (ABC) transporters, such as ABCG2 and ABCB6, are
associated with trafficking of these porphyrins. ABCG2 is expressed mainly in the cell mem-
brane and serves as the active transporter for anticancer drugs present outside of cells [6].
ABCG?2 drains excessive levels of porphyrin outside of cells while performing this function
[13]. ABCB6 transports coproporphyrinogen from the cytoplasm into the mitochondria, and
both. ABCG2 and ABCB6 are overexpressed in cancer cells [6, 12, 23]. ABCG2 is overex-
pressed in brain tumors [1, 9], and its presence is more common in malignant tumors [9].
CPI and CPIII that are produced in the cytoplasm of tumor cells are actively transported by
ABCG2 overexpressed in brain tumor cells. This was considered the cause of higher urinary
excretion of CPI and CPIII in patients with a brain tumor compared to normal volunteers.
Similarly, it is reported that urinary excretion of porphyrins increases even in cancers other
than brain tumors [7]. Therefore, these porphyrins may be used as a nonspecific marker in
screening for tumors [25]. In other words, presence of hypermetabolic tumor cells may be
suggested if urinary excretion measures of CPI and CPIII are elevated in a person orally ad-
ministered orally 5-ALA. In such a case, it may be useful to investigate the whole body for
the presence of a tumor.

The urinary excretion of CPI and CPIII were not different in benign glioma and glioblastoma
patients, and the metabolism of 5-ALA to produce CPI and CPIII should not differ between be-
nign gliomas and glioblastomas. Many of the benign gliomas were weak fluorescence or non-
fluorescence tumors, whereas all glioblastomas were strong fluorescence tumors. In other
words, high levels of PPIX had accumulated in the glioblastomas, while only low levels of
PPIX accumulated in benign gliomas. Metabolic processes involved in the pathway leading
from CPI and CP III to PPIX will be different in benign gliomas and glioblastomas. These dif-
ferences will be due differences in the activity of ABCB6 which transports CPI and CPIII in mi-
tochondria, or coproporphyrinogen oxidase, which converts CPI and CPIII into PPIX.
Concerning these ABC transporters, it is reported in accordance with genetic polymorphism
that the functions and levels of expression are different [23]. Therefore, the intracellular PPIX
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concentration will be higher for a tumor having higher levels of ABCB6 [12]. Also, the glioblas-
tomas will have much higher levels of PPIX than benign gliomas, because the presence of cop-
roporphyrinogen oxidase is common in a malignant tumor [22].

However, differences in PPIX accumulation (fluorescent strength) are not necessarily pro-
portional to urinary excretion of these porphyrins after 5-ALA administration. The volume
of a tumor (the total amount of PPIX) is one factor affecting results. The factors related to
differences in accumulation of protoporphyrin IX have been investigated in various ways,
and various factors such as ALA uptake by cells [2, 19], mitochondrial properties [18], mole-
cules involved in PpIX metabolism including porphobilinogen deaminase [4], ferrochelatase
[15], iron content [10], transferring receptor [17], and mRNA levels of the coproporphyrino-
gen oxidase (CPOX) gene [13] are thought to be associated with protoporphyrin IX accumu-
lation. Due to the involvement of these multiple factors, differences in the accumulation of
PPIX will occur [24].

5. Conclusion

Following administration of 5-ALA, patients with a brain tumor showed higher urinary ex-
cretion of CPI and CPIII than did healthy volunteers. This was due to the active production
of porphyrins in metabolically active tumor cells. The urinary excretion of CPI and CPIII fol-
lowing administration of 5-ALAcould possibly be used as a screening assay for the presence
or absence of a tumor. Differences in the presence of the ABC transporter may contribute to
metabolic differences of the porphyrins in benign gliomas and glioblastomas.

Author details

Satoshi Utsuki®, Hidehiro Oka', Kiyotaka Fujii', Norio Miyoshi?, Masahiro Ishizuka?,
Kiwamu Takahashi® and Katsushi Inoue’

1 Department of Neurosurgery, Kitasato University School of Medicine, Kitasato, Minami,
Sagamihara, Kanagawa 228-0473 , Japan

2 Division of Tumor Pathology, Department of Pathological Sciences, Faculty of Medicine,
University of Fukui, Matsuoka, Eiheiji, Fukui 910-1193 , Japan

3 SBI ALApromo Co, LTD, Roppongi, Minato-ku, Tokyo 106-6019, Japan

References

[1] Bleau, A. M., Huse, ]J. T., & Holland, E. C. (2009). The ABCG2 resistance network of
glioblastoma. Cell Cycle, 8(18), 2936-2944.

383



384

Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

(2]

[4]

[5]

[7]

[8]

9]

[11]

Doring, F., Walter, J., Will, J., Focking, M., Boll, M., Amasheh, S., Clauss, W., & Dan-
iel, H. (1998). Delta-aminolevulinic acid transport by intestinal and renal peptide
transporters and its physiological and clinical implications. The Journal of Clinical In-
vestigation, 101(12), 2761-2767.

Gibson, S. L., Cupriks, D. J., Havens, J. J., Nguyen, M. L., & Hilf, R. (1998). A regula-
tory role for porphobilinogen deaminase (PBGD) in delta-aminolaevulinic acid (del-
ta-ALA)-induced photosensitization? British Journal of Cancer, 77(2), 235-242.

Hinnen, P., de Rooij, F. W., Terlouw, E. M., Edixhoven, A., van Dekken, H., van Hill-
egersberg, R., Tilanus, H. W., Wilson, J. H., & Siersema, P. D. (2000). Porphyrin bio-
synthesis in human Barrett's oesophagus and adenocarcinoma after ingestion of 5-
aminolaevulinic acid. British Journal of Cancer, 83(4), 539-543.

Inoue, K., Karashima, T., Kamada, M., Shuin, T., Kurabayashi, A., Furihata, M., Fuji-
ta, H., Utsumi, K., & Sasaki, J. (2009). Regulation of 5-aminolevulinic acid-mediated
protoporphyrin IX accumulation in human urothelial carcinomas. Pathobiology, 76(6),
303-314.

Ishikawa, T., & Nakagawa, H. (2009). Human ABC transporter ABCG2 in cancer che-
motherapy and pharmacogenomics. Journal of Experimental Therapeutics Oncology,
8(1), 5-24.

Ishizuka, M., Abe, F., Sano, Y., Takahashi, K., Inoue, K., Nakajima, M., Kohda, T., Ko-
matsu, N., Ogura, S. I, & Tanaka, T. (2011). Novel development of 5-aminolevurinic
acid (ALA) in cancer diagnoses and therapy. International Immunopharmacology, 11(3),
358-365.

Ishizuka, M., Hagiya, Y., Mizokami, Y., Honda, K., Tabata, K., Kamachi, T., Takaha-
shi, K., Abe, F., Tanaka, T., Nakajima, M., Ogura, S., & Okura, I. (2011). Porphyrins in
urine after administration of 5-aminolevulinic acid as a potential tumor marker. Pho-
todiagnosis and Photodynamic Therapy, 8(4), 328-331.

Jin, Y., Bin, Z. Q., Qiang, H., Liang, C., Hua, C.,, Jun, D., Dong, W. A., & Qing, L.
(2009). ABCG2 is related with the grade of glioma and resistance to mitoxantone, a
chemotherapeutic drug for glioma. Journal of Cancer Research and Clinical Oncology,
135(10), 1369-1376.

Krieg, R. C., Fickweiler, S., Wolfbeis, O. S., & Knuechel, R. (2000). Cell-type specific
protoporphyrin IX metabolism in human bladder cancer in vitro. Photochemistry and
Photobiology, 72(2), 226-233.

Krieg, R. C., Messmann, H., Rauch, J., Seeger, S., & Knuechel, R. (2002). Metabolic
characterization of tumor cell-specific protoporphyrin IX accumulation after expo-

sure to 5-aminolevulinic acid in human colonic cells. Photochemistry and Photobiology,
76(5), 518-525.



[12]

[13]

[14]

[15]

[16]

[20]

[21]

[22]

[23]

Porphyrin Synthesis from 5-Aminolevulinic Acid in Patients with Glioma
http://dx.doi.org/10.5772/51482

Krishnamurthy, P. C,, Du, G., Fukuda, Y., Sun, D., Sampath, J., Mercer, K. E., Wang,
J., Sosa-Pineda, B., Murti, K. G., & Schuetz, J. D. (2006). Identification of a mammali-
an mitochondrial porphyrin transporter. Nature, 443(7111), 586-589.

Krishnamurthy, P., & Schuetz, J. D. (2006). Role of ABCG2/BCRP in biology and
medicine. Annual Review of Pharmacology and Toxicology, 46-381.

Mustajoki, P., Timonen, K., Gorchein, A., Seppalainen, A. M., Matikainen, E., & Ten-
hunen, R. (1992). Sustained high plasma 5-aminolaevulinic acid concentration in a
volunteer: no porphyric symptoms. European Journal of Clinical Investigation, 22(6),
407-411.

Ohgari, Y., Nakayasu, Y., Kitajima, S., Sawamoto, M., Mori, H., Shimokawa, O., Mat-
sui, H., & Taketani, S. (2005). Mechanisms involved in delta-aminolevulinic acid
(ALA)-induced photosensitivity of tumor cells: relation of ferrochelatase and uptake
of ALA to the accumulation of protoporphyrin. Biochemical Pharmacology.

Peng, Q., Berg, K., Moan, J., Kongshaug, M., & Nesland, J. M. . (1997). Aminolevulin-
ic acid-based photodynamic therapy: principles and experimental research. Photo-
chemistry and Photobiology, 65(2), 235-251.

Piccinelli, P., & Samuelsson, T. (2007). Evolution of the iron-responsive element.
RNA, 13(7), 952-966.

Rebeiz, N., Arkins, S., Kelley, K. W., & Rebeiz, C. A. (1996). Enhancement of copro-
porphyrinogen III transport into isolated transformed leukocyte mitochondria by
ATP. Archives of Biochemistry and Biophysics, 333(2), 475-481.

Rud, E., Gederaas, O., Hogset, A., & Berg, K. (2000). 5-aminolevulinic acid, but not 5-
aminolevulinic acid esters, is transported into adenocarcinoma cells by system BETA
transporters. Photochemistry and Photobiology, 71(5), 640-647.

Stummer, W., Reulen, H. J., Novotny, A., Stepp, H., & Tonn, J. C. (2003). Fluores-
cence-guided resections of malignant gliomas--an overview. Acta Neurochirurgica
Supplement, 88-9.

Stummer, W., Stocker, S., Wagner, S., Stepp, H., Fritsch, C., Goetz, C., Goetz, A. E.,
Kiefmann, R., & Reulen, H. J. (1998). Intraoperative detection of malignant gliomas

by 5-aminolevulinic acid-induced porphyrin fluorescence. Neurosurgery, 42(3),
518-526.

Takahashi, K., Ikeda, N., Nonoguchi, N., Kajimoto, Y., Miyatake, S., Hagiya, Y.,
Ogura, S., Nakagawa, H., Ishikawa, T., & Kuroiwa, T. (2011). Enhanced expression of
coproporphyrinogen oxidase in malignant brain tumors: CPOX expression and 5-
ALA-induced fluorescence. Neuro-oncology, 13(11), 1234-1243.

Tamura, A., Onishi, Y., An, R., Koshiba, S., Wakabayashi, K., Hoshijima, K., Priebe,
W., Yoshida, T., Kometani, S., Matsubara, T., Mikuriya, K., & Ishikawa, T. (2007). In
vitro evaluation of photosensitivity risk related to genetic polymorphisms of human

385



386 Evolution of the Molecular Biology of Brain Tumors and the Therapeutic Implications

ABC transporter ABCG2 and inhibition by drugs. Drug Metabolism and Pharmacokinet-
ics, 22(6), 428-440.

Utsuki, S., Oka, H., & Fujii, K. (2011). Intraoperative photodynamic diagnosis of
brain tumors using 5-aminolevulinic acid. In: Abujamra AL. (ed.) Diagnostic techni-
ques and surgical management of brain tumors. Brain tumor, 4, Rijeka, InTech,
227-244, http://www.intechopen.com/books/diagnostic-techniques-and-surgical-
management-of-brain-tumors/intraoperative-photodynamic-diagnosis-of-brain-tu-
mors-using-5-aminolevulinic-acid.

Utsuki, S., Oka, H., Fujii, K., Miyoshi, N., Ishizuka, M., Takahashi, K., & Inoue, K.
(2011). Differential metabolism of 5-ALA in patients with brain tumors. Miyoshi N,
Pottier RH (eds.) In hope of going over the present Clinical PD and PDT., Nagoya: SAN-
KEISHA, 160-173.

Utsuki, S., Oka, H., Sato, S., Suzuki, S., Shimizu, S., Tanaka, S., & Fujii, K. (2006). Pos-
sibility of using laser spectroscopy for the intraoperative detection of nonfluorescing
brain tumors and the boundaries of brain tumor infiltrates. Technical note. Journal of
Neurosurgery, 104(4), 618-620.



