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phenyl hydrazone, an uncoupler of mitochondrial oxidative 
phosphorylation. In contrast, the ALA-mediated PpIX accu-
mulation was increased by deferoxamine, an iron chelator, 
manganese and nitric oxide, which is contributed to PpIX 
metabolism by inhibiting ferrochelatase activity, generated 
by a nitric oxide-generating reagent NOC-18. As observed 
above, ALA-mediated PpIX synthesis in human UC cells was 
regulated by the process of ALA uptake, ALA conversion to 
PpIX and metabolism of accumulated PpIX to heme.  Conclu-

sions:  This shows that the suppression of ferrochelatase in-
creased PpIX accumulation in UC cells using small amount of 
ALA, thus leading to an improved clinical practicability of 
photodynamic diagnosis and therapy. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Photodynamic diagnosis (PDD) and therapy (PDT) 
using 5-aminolevulinic acid (ALA) as a photosensitizer 
is clinically recognized as an effective procedure of detec-
tion and treatment for various cancers   such as brain tu-
mor, skin tumor and esophageal tumor  [1–3] . Recently, 
PDD using ALA was proved to be a procedure with an 
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 Abstract 

  Purpose:  The purpose of this study was to clarify the regu-
latory mechanism of protoporphyrin IX (PpIX) synthesis me-
diated by 5-aminolevulinic acid (ALA) in human urothelial 
carcinoma (UC), leading to improved accuracy in photody-
namic diagnosis and therapy using ALA.  Experimental De-

sign:  PpIX accumulation in cultured UC cells after incubation 
for 1–5 h with 0.5–5 m M  ALA was analyzed by fluorescence 
analysis using fluorescence microscopy and flow cytometry 
technique.  Results:  PpIX fluorescence mediated by ALA was 
increased, and the intensity of PpIX fluorescence was time-
dependently increased in UC cells compared to noncancer-
ous cells. The distribution of endogenous PpIX fluorescence 
primarily coincided with mitochondria, and then increased 
at a specific perinuclear region in the cells during the time of 
incubation. The ALA-mediated PpIX synthesis in UC cells was 
suppressed by  � -alanine, an inhibitor of  � -transporters of 
cell membrane, and carbonyl   cyanide  p -trifluoromethoxy-
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outstanding sensitivity for detection of superficial blad-
der cancer, particularly for flat lesions such as dysplasia 
and carcinoma in situ without additional complication 
 [4–6] . Furthermore, it was suggested that transurethral 
resection of bladder tumor guided by PDD reduced the 
risk of residual tumors and subsequent intravesical re-
currence compared to conventional transurethral resec-
tion of bladder tumor in patients with superficial bladder 
cancer  [7–9] .

  The principle of PDD was based on tumor specificity 
of photoactive protoporphyrin IX (PpIX) accumulation. 
In urothelial cancer (UC), the accumulation of ALA-me-
diated PpIX was previously reported to be 17 times high-
er than that in normal mucosa  [10] . Since ALA is imper-
meable through membrane/lipid bilayers  [11]  and the 
biosynthesis of heme occurs both in cytosol and mito-
chondria, the efficacy of ALA-dependent PDD and PDT 
is restricted by cellular uptake of ALA and/or accumula-
tion of photosensitizer PpIX  [12] . Various factors in the 
mechanism for the preferential accumulation of PpIX in 
tumor cells have been studied, such as ALA uptake by 
cells  [13, 14] , mitochondrial properties  [15]  and molecules 
involved in PpIX metabolism including porphobilinogen 
deaminase  [16] , ferrochelatase (FC)  [17] , iron content  [18]  
and transferring receptor  [19] . It has been reported that 
tumor-specific PpIX accumulation is generated by ALA 
conversion rather than by its initial uptake  [20] . However, 
the mechanism of preferential accumulation of PpIX in 
UC cells remains obscure.

  It is important to clarify the regulatory mechanism of 
PpIX synthesis mediated by ALA to solve these problems. 
In the present study, we evaluated the effect of several 
regulatory factors on PpIX accumulation mediated by 
ALA in several human UC cell lines. The regulatory fac-
tors on PpIX accumulation hereby identified may raise 
the efficiency of PDD and PDT without requiring an in-
crease in ALA administration.

  Materials and Methods 

 Chemicals 
 ALA,  � -alanine which is an inhibitor of  � -transporters of cell 

membrane, carbonyl cyanide  p -trifluoromethoxyphenyl hydra-
zone (FCCP) which is an uncoupler of oxidative phosphorylation 
in mitochondria, deferoxamine (DFX) which is an iron chelator, 
tetramethylrhodamine-ethyl-ester (TMRE) which is a potentio-
metric fluorescent dye for detection of mitochondrial membrane 
potential, and PpIX were obtained from Sigma Chemical Co. (St. 
Louis, Mo., USA). NOC-18, a nitric oxide (NO) which is an in-
hibitor- or FC-generating reagent was obtained from Dojindo Co. 
Ltd (Kumamoto, Japan).  N -methyl protoporphyrin IX (Frontier 

Scientific) was obtained from Funakosi (Tokyo, Japan). 10-Nonyl 
acridine orange (NAO) which is a fluorescent dye compound for 
detection of mitochondria and liposomes was obtained from Mo-
lecular Probes (Eugene, Oreg., USA). All other chemicals were of 
analytical grade and obtained from Nacalai Tesque (Kyoto, Ja-
pan). NAO and TMRE were dissolved in DMSO and stored in 
aliquots at 4   °   C until use.

  Cell Culture 
 The nontumorigenic human bladder carcinoma cell line 253J-

P, the highly tumorigenic and highly metastatic variant 253J B-V 
isolated from 253J-P and human UC cell line T24 were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; Life Technologies Inc., 
Carlsbad, Calif., USA) containing 10% FBS with 100 U/ml peni-
cillin and 100  � g/ml streptomycin. Human prostate adenocarci-
noma (grade IV) cell line PC-3, a prostate carcinoma cell line 
DU145 and a renal clear cell adenocarcinoma cell line 786-o, a 
renal carcinoma A-498 were cultured in DMEM (Invitrogen, 
Carlsbad, Calif., USA) supplemented with 10% FBS (Equitech Bio, 
Kerrville, Tex., USA) at 37   °   C and 5% CO 2 . ACHN, a renal cell 
adenocarcinoma, was cultured in RPMI 1640 supplemented with 
10% FBS at 37   °   C and 5% CO 2 . Human renal proximal tubular 
epithelial cell (RPTEC), as a normal cell line, was maintained in 
SmBM containing EGF, insulin, hFGF-B, FBS and GA-1000, and 
REBM containing hydrocortisone, hEGF, FBS, epinephrine, tri-
iodothyronine, transferrin, insulin and GA-1000. Human histio-
cytic lymphoma U937 as a control malignant cell line, obtained 
from American Type Culture Collection (Rockville, Md., USA) 
were maintained in RPMI 1640 medium (Invitrogen) containing 
10% FBS with 100 U/ml penicillin and 100  � g/ml streptomycin. 
Cell cultures were established in 75-cm 2  flasks and kept in a hu-
midified atmosphere with 5% CO 2  at 37   °   C in accordance with 
previous reports  [21, 22] .

  Detection of PpIX in Cells Cultured in the Presence of ALA 
under Fluorescence Microscopy 
 Cells were seeded in 6-well plates and cultured with serum-

free cultured medium containing various concentrations of ALA 
(0–1 m M ) for 0–6 h. The cells were then washed with culture me-
dium and stained with 10 n M  NAO for 15 min at 37   °   C. These cells 
were washed with PBS and fluorescence of NAO and PpIX was 
observed by fluorescence microscopy (Axiovert 200; Zeiss, Göt-
tingen, Germany) with a 100-watt halogen lamp. Fluorescence 
images were made by a highly light-sensitive thermo-electrically 
cooled charge-coupled device camera (ORCAII-ER; Hamamatsu, 
Hamamatsu, Japan). The filter combinations used were com-
posed of the following: a 450-nm excitation filter, 510-nm beam 
splitter and a 515- to 565-nm emission filter for NAO, a fluores-
cent dye compound for detection of mitochondria and liposomes; 
a G365-nm excitation filter, an FT580-nm beam splitter and an 
up LP590-nm emission filter for PpIX; a 488-nm excitation filter, 
505-nm beam splitter and a 564-nm emission filter for TMRE, a 
potentiometric fluorescent dye for detection of mitochondrial 
membrane potential  [23] .

  Flow Cytometry of Cellular PpIX 
 All cell lines (4  !  10 4  cells/ml) were grown on tissue culture 

plates and were incubated for 24 h. ALA was diluted in RPMI 1640 
medium to a stock solution of 1  M , and a final concentration of 
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0.1–1 m M  was incubated with cells for 3 h. After incubation with 
ALA, the cells were washed with PBS (without Ca 2+  and Mg 2+ ) 
and scraped off with a rubber policeman. After 10 min of cen-
trifugation at 1,100 rpm, the medium was decanted and 0.5 ml
of PBS (without Ca 2+  and Mg 2+ ) was added. The suspension was 
measured using a fluorescence-activated cell sorter (FACS Cali-
bur; Becton Dickinson, Mountain View, Calif., USA). Overall, 
20,000 cells were measured in each sample (excitation 488 nm, 
emission 650 nm)  [24] .

  Excitation and Emission Spectra of PpIX in Cells Exposed to 
ALA 
 UC cell lines were incubated with 1 m M  ALA for 3 h in FBS-

free medium. Samples were transferred to a quartz cuvette which 
was positioned in a spectrofluorometer (Hitachi 650-10S). Excita-
tion for PpIX was 410 nm, and the fluorescence emission was 
scanned from 400 to 650 nm. Background autofluorescence was 
determined in cells that had not been incubated with ALA. Emis-
sion for PpIX was 645 nm, and the fluorescence excitation was 
scanned from 430 to 750 nm.

  Statistical Analysis 
 All results are expressed as the mean  8  SD, and the signifi-

cance of differences were by Student’s  t  test (SPSS 11.0 for Win-
dows; SPSS, Tokyo, Japan). p  !  0.05 were considered significant 
by Student’s t test.

  Results 

 Excitation and Emission Spectra of ALA-Mediated 
Intracellular PpIX 
 The absorption spectra of extracted protoporphyrin 

showed a similar curve to that described by Calzavara-
Pinton et al.  [25]  (data not shown). Excitation and emis-

sion spectra of fluorescence in 253J-BV cells incubated 
with 1 m M  ALA for 3 h in the absence of FBS were the 
same as those of authentic PpIX (Sigma) in the presence 
of cultured cells ( fig. 1 a and b). The maximum excitation 
and emission wavelengths of cells cultured in ALA were 
415 and 645 nm, respectively. The excitation wavelength 
was the same as that of ALA-mediated PpIX in WiDr 
cells  [25] . The levels of PpIX in cells incubated without 
ALA were below the detection level.

  Accumulation of PpIX in ALA-Treated UC Cells 
  ( fig. 2 )   
 UC cell lines and U937 cells as a control were incu-

bated with various concentrations and incubation times 
of ALA.  Figure 2  shows the accumulation of cellular PpIX 
measured by cytometric analysis using FACScan as a 
function of concentration of added ALA and time of in-
cubation.  Figure 2 a shows an actual histogram of the an-
alyzed results in 253J-BV cells, and  figure 2 b shows the 
ALA concentration-dependent increase in PpIX in UC 
cell lines and U937 cells as a control. Accumulation of 
cellular PpIX was linearly increased as a function of add-
ed ALA concentration for up to 1 m M .  Figure 2 c shows 
the time-dependent ALA-mediated PpIX accumulation 
after incubation with 1 m M  ALA. The time-dependent 
curves were different between 0.5 and 5 m M  of added 
ALA (data not shown), and a definite lag time was ob-
served in the cells incubated with 0.5 m M  ALA. Of the 
UC cell lines, T24 cell had the strongest potential for de-
pendence on ALA concentration and incubation time in 
ALA-mediated PpIX synthesis.
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  Fig. 1.  Excitation and emission spectra of 
PpIX in ALA-based 253J-BV cells. 253J-
BV cells (5  !  10 5  cells/ml) were incubated 
with 1 m M  ALA for 3 h in FBS-free culture 
medium at 37   °   C and obtained the excita-
tion and emission spectra were obtained 
with a fluorescence spectrophotometer 
(Hitachi 650-10S).  a  Fluorescence emis-
sion spectra of accumulated PpIX in the 
cells mediated by ALA were obtained by 
excitation wavelength at 415 nm.  b  Fluo-
rescence excitation spectra of accumulat-
ed PpIX in the cells mediated by ALA were 
obtained at 645-nm emission wavelength. 
Dotted lines show the curves obtained 
without ALA. 
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  Accumulation of PpIX in ALA-Treated Prostate and 
Kidney Cancer Cells 
  Figure 3  shows the accumulation of cellular PpIX 

measured by cytometric analysis using FACScan as a 
function of concentration of added ALA and time of in-
cubation.  Figure 3 a and c shows the ALA concentration-
dependent increase in PpIX in prostate ( fig. 3 a) and kid-
ney ( fig. 3 c) cancer cell lines and U937 cells as a control. 
Accumulation of cellular PpIX was linearly increased as 
a function of added ALA concentration for up to 1 m M . 
 Figure 3 b and d shows the time-dependent ALA-medi-
ated PpIX accumulation after incubation with 1 m M  
ALA. The time-dependent curves were different between 
0.5 and 5 m M  of added ALA (data not shown) and a defi-
nite lag time was observed in the cells incubated with 0.5 
m M  ALA. It was demonstrated that the cancer-specific 
accumulation of PpIX was dependently increased on 
ALA concentration and exposure time not only in blad-
der cancer cell lines but also the cell lines of prostate can-
cer and renal cancer.

  ALA-Mediated PpIX Synthesis in 4  !  10 5  Cells/ml of 
Various UC Cell Lines 
  Figure 4  shows the increase rate of PpIX detected by 

flow cytometer (FACScan) after incubation with 1 m M  
ALA for 3 h in UC cell lines, T24, 253J-P and 253J-BV 
compared to RPTEC as a normal cell line and U937 as a 
control malignant cell line.

  The increase rate of PpIX content in UC cell lines 
[1,483% in T24 (p = 0.005), 2,094% in 253J-P (p = 0.0001) 
and 1,454% in 253J-BV (p = 0.0002)] and control malig-
nant cell line [1,879% in U937 (p = 0.0001)] was signifi-
cantly 6.5- to 9.4-fold higher compared to that in a nor-
mal cell line (222% in RPTEC).

  Distribution of ALA-Mediated PpIX in 253J B-V Cells 
 The subcellular distribution pattern of accumulated 

ALA-mediated PpIX and mitochondria stained with car-
diolipin-specific probe, NAO, and the time courses of the 
intensity and distribution were studied by fluorescence 
microscopy ( fig. 5 ).

  The intensity of PpIX fluorescence was time-depen-
dently increased in 253J-BV cells after incubation with
1 m M  ALA. The granular patterns of the cells were 
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  Fig. 2.  Accumulation of PpIX in UC cells after incubation with 
various concentrations of ALA and time of incubation.  a  Cellular 
content of PpIX was measured by flow cytometry using FACScan 
FL3-H.  b  Concentration-dependent curve of accumulated PpIX 
in UC cells and U937 cells after incubation with various concen-

trations of ALA for 3 h using Cell-Quest (Software version 3.1) by 
Becton Dickinson.  c  Time dependence curve of accumulated 
PpIX in UC cells and U937 cells after incubation with 0.5 m M  
ALA for various times. Similar results were obtained in 3 separate 
experiments. 
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Fig. 3. Accumulation of PpIX in prostate 
and kidney cancer cells after incubation 
with various concentrations of ALA and 
time of incubation. a Concentration-de-
pendent curve of accumulated PpIX in 
prostate cancer cells and U937 cells after 
incubation with various concentrations of 
ALA for 3 h using Cell-Quest (Software 
version 3.1) by Becton Dickinson. b Time 
dependence curve of accumulated PpIX in 
prostate cancer cells and U937 cells after 
incubation with 0.5 mM ALA for various 
times. Similar results were obtained in
3 separate experiments. c Concentration-
dependent curve of accumulated PpIX in 
kidney cancer cells and U937 cells after in-
cubation with various concentrations of 
ALA for 3 h using Cell-Quest (Software 
version 3.1) by Becton Dickinson. d Time 
dependence curve of accumulated PpIX in 
kidney cancer cells and U937 cells after in-
cubation with 0.5 mM ALA for various 
times. Similar results were obtained in 3 
separate experiments.

Fig. 4. Accumulation of PpIX in UC cell 
lines and human bladder smooth muscle 
cells after incubation with various concen-
trations of ALA and times of incubation. 
Experimental conditions were the same as 
described in figure 2. Figure shows the in-
crease ratio of PpIX in 4 × 105 cells/ml of 
UC cell lines, human bladder smooth mus-
cle cells, Bd-SMC and human proximal tu-
bular epithelial cells, RPTEC as normal 
cells, and promonocytic leukemia cells, U-
937 as control cell lines after incubation for 
3 h with 1 mM ALA.
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 initially similar for both PpIX and NAO, indicating
that the distribution of PpIX primarily coincided with 
mitochondria. However, at later time points, PpIX
fluo rescence increased in the cytosol, especially in
the  pe rinuclear area (data not shown). This was prob-
ably due to the diffusion of PpIX from mitochondria
to cytosol.

  Effect of  � -Alanine on the Accumulation of
ALA-Mediated PpIX 
 ALA-induced PpIX accumulation is regulated by var-

ious factors including the ALA transport system in the 
cell membrane. ALA, but not ALA methyl ester, was 
transported by  � -amino acid and GABA carriers in hu-
man adenocarcinoma cell line, and the transport was at-
tenuated by 85% in the presence of 10 m M   � -alanine, an 
inhibitor of  � -transporters of cell membrane  [26, 27] . To 
elucidate the mechanism of ALA transport in 253J-BV 
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  Fig. 5.  Intracellular localization of PpIX in 253J-BV cells after in-
cubation with ALA. Experimental conditions were the same as 
described in figure 2. 253J-BV cells were cultured in the standard 
medium for various time in the presence of 1 m           M  ALA. Cells were 
washed with PBS and stained with 10 n M  NAO for 15 min before 
observation under fluorescence microscopy. Bright and fluores-
cent indicate the cells observed by microscopy under bright light 

and fluorescence microscopy using filters of excitation, beam 
splitter and emission of G365, FT580 and LP590 for PpIX, respec-
tively. Mitochondrial distributions in cells were observed using 
filters of excitation, beam splitter and emission of 450, 510 and 
515–565, respectively. Similar results were obtained in more than 
3 separate experiments. 
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  Fig. 7.  Concentration-dependent inhibition of ALA-based PpIX 
accumulation in 253J-BV cells by FCCP. Experimental conditions 
were the same as described in figure 2.        a  Cellular content of PpIX 
was measured by flow cytometry using FACScan FL3-H.  b  Con-
centration-dependent inhibition of PpIX accumulation in 4  !  

10 4  cells/ml of 253J-BV cells after incubation with 1 m     M  ALA for 
3 h in the presence or absence of 50 m M  FCCP. Similar results were 
obtained in 3 separate experiments.    c  Ratio of PpIX accumulation 
in UC cells and U937 cells compared to control cell lines after in-
cubation with 1 m M  ALA for 3 h in the presence of 50    �  M  FCCP.         
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  Fig. 6.  Concentration-dependent inhibition of ALA-based PpIX 
accumulation in 253J-BV cells by  � -alanine. Experimental condi-
tions were the same as described in figure 2.      a  Concentration-de-
pendent inhibition of PpIX accumulation in 4  !  10 4  cells/ml of 
253J-BV cells after incubation with 1 m     M  ALA for 3 h in the pres-
ence of various concentrations of  � -alanine. Similar results were 
obtained in 3 separate experiments.  b  Concentration-dependent 

inhibition of PpIX accumulation in 4 ! 104 cells/ml of 253J-BV 
cells after incubation with 1 mM ALA for 3 h in the presence of 
various concentrations of �-alanine. Similar results were ob-
tained in 3 separate experiments. c Ratio of PpIX accumulation 
in UC cells and U937 cells compared to control cell lines after 
 incubation with 1 m M  ALA for 3 h in the presence of 1 m M  
 � -alanine. 
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  Fig. 8.  Concentration-dependent increase in PpIX accumulation 
in ALA-based 253J-BV cells by DFX. Experimental conditions 
were the same as described in figure 2.        a  Cellular content of PpIX 
was measured by flow cytometry using FACScan FL3-H.  b  Con-
centration-dependent increase in ALA-induced PpIX accumula-
tion in 4  !  10 4  cells/ml of 253J-BV cells after incubation for 3 h 

with 0.1 m     M  ALA in the presence of various concentrations of 
DFX monitored by cytofluorometry. Similar results were ob-
tained in 3 separate experiments.      c  Ratio of PpIX accumulation 
in UC cells and U937 cells compared to control cell lines after in-
cubation with 0.1 m M  ALA for 3 h in the presence of 100    �  M  
DFX.         

  Fig. 9.  Concentration-dependent increase in PpIX accumulation 
in 253J-BV cells incubated with ALA in the presence of NO, NOC-
18. Experimental conditions were the same as described in figure 
2.        a  Cellular content of PpIX was measured by flow cytometry
using FACScan FL3-H.  b  Concentration-dependent increase in 
ALA-induced PpIX accumulation in 4  !  10 4  cells/ml of 253J-BV 

cells after incubation for 3 h with 0.1 m     M  ALA in the presence of 
various concentrations of NO, NOC-18 monitored by cytofluo-
rometry. Similar results were obtained in 3 separate experiments. 
     c  Ratio of PpIX accumulation in UC cells and U937 cells com-
pared to control cell lines after incubation with 0.1 m M  ALA for 
3 h in the presence of 1    �  M  NOC-18.         
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cells, the effect of  � -alanine on the ALA-mediated accu-
mulation of PpIX was examined.

  As shown in  figure 6 , the ALA-mediated PpIX accu-
mulation was attenuated by  � -alanine in a concentra-
tion-dependent manner. By the addition of 1 m M   � -ala-
nine, ALA-induced PpIX accumulation was significantly 
attenuated by 23% in 253J B-V (p = 0.005), 17% in 253J-P 
(p = 0.01), 5% in T24 (p  1  0.05) and 63% in U937 (p = 
0.001;  fig. 6 ).

  The result may indicate that a part of the ALA trans-
port in UC cell lines also occurred through BETA trans-
porters.

   Effect of FCCP on the Accumulation of ALA-Mediated 
PpIX 
  It has been reported that biosynthesis of coproporphy-

rinogen III from ALA and transport of coprogen into mi-
tochondria occurred via an ATP-dependent process in 
MLA cells and normal animal cells  [15] . Thus, the effect 
of FCCP, an uncoupler of oxidative phosphorylation in 
mitochondria, on the ALA-medicated PpIX accumula-
tion was examined to confirm the involvement of the en-
ergy requirement reaction.

  ALA-mediated PpIX accumulation in the cells was de-
creased 74% in 253J B-V, 42% in 253J-P, 24% in T24 and 
70% in U937 in the presence of 50  �  M  FCCP ( fig. 7 ). How-
ever, there was no statistically significant (all data, p  1  
0.05), because ALA-mediated PpIX accumulation in 
RPTEC as a normal cell line was also decreased 70% in 
the presence of 50  �  M  FCCP ( fig. 7 ).

  These results indicate that a part of the ALA-mediated 
PpIX accumulation in UC cell lines depends on the en-
ergy metabolism of these cells. However, the sensitivity 
to FCCP was different in each cell line.

  Effect of DFX on the Accumulation of ALA-Mediated 
PpIX 
 FC is the terminal enzyme of the heme-biosynthetic 

pathway and is thought to be the rate-limiting step for 
heme production. This pathway required iron, and the 
heme synthesis was attenuated by low concentration of 
the iron chelator DFX  [28] . Thus, the effect of DFX on the 
accumulation of ALA-mediated PpIX was examined in 
UC cell lines.

  By the addition of 10–500  �  M  DFX, the accumulation 
of ALA-mediated PpIX was strongly increased in UC cell 
lines but in not normal cells. The accumulation depended 
on the concentration of DFX ( fig. 8 ). After incubation 
with 100  �  M  DFX for 3 h, fluorescence of ALA-mediated 
PpIX was significantly increased to 6.3-fold of control in 

253J-BV (p = 0.005), 7.2-fold in 253J-P (p = 0.01) and 4.1-
fold in T24 (p  1  0.05), whereas ALA-mediated PpIX ac-
cumulation in RPTEC as a normal cell line peaked at 1.4-
fold in the presence of 100  �  M  DFX ( fig. 8 ). This may 
indicate that the accumulation of ALA-mediated PpIX in 
UC is a tumor cell-specific reaction.

  Effect of FC Inhibitors on the Accumulation of
ALA-Mediated PpIX 
 A similar increase of ALA-mediated PpIX accumu-

lation was also observed by generated nitric oxide (NO), 
an inhibitor or FC, in transfected inducible-nitric oxide 
cDNA human embryonic kidney (HEK) 293T cells  [29]  
or in stimulated macrophage cell line RAW 264  [30] . 
Thus, in this experiment, the effect of NOC-18, an NO-
generating reagent, on the PpIX accumulation in ALA-
mediated 253J-BV was examined. In the presence of 0.1 
m M  ALA, NOC-18 (50–300  �  M ) increased the accumula-
tion of PpIX in UC cell lines [146% in T24 (p = 0.005), 
299% in 253J-P (p = 0.0001) and 274% in 253J-BV (p = 
0.0002)] in a concentration-dependent manner ( fig. 9 ). 
However, there was no statistical significance (all data,
p  1  0.05), because ALA-mediated PpIX accumulation in 
RPTEC peaked at 2.6-fold in the presence of 300  �  M  
NOC-18.

  A similar increase in ALA-mediated PpIX accumula-
tion was also induced by manganese (MnCl 2 ), an inhibi-
tor of FC  [31] . After 3 h incubation of cells with 1 m M  
MnCl 2  in the presence of 0.1 m M  ALA, a more than 1.5-
fold increase in PpIX accumulation was observed in 253J-
BV, 3.5-fold in 253J-P and 1.7-fold in T24, but not in nor-
mal cell lines (data not shown). However, there was no 
statistical significance (all data, p  1  0.05) because ALA-
mediated PpIX accumulation in RPTEC peaked at 1.2-
fold in the presence of 1 m M  MnCl 2 .

  These results indicate that the metabolism of accumu-
lated ALA-mediated PpIX to form heme is suppressed by 
inhibiting FC and iron in these tumors but not in normal 
cells.

  Discussion 

 The purpose of this study was to clarify the mecha-
nism that regulates the accumulation of ALA-mediated 
PpIX in human UC cell lines, and to develop an effective 
method of increasing the PpIX accumulation while min-
imizing the dose of cytotoxic ALA, leading to improved 
accuracy in PDD and PDT using ALA. Fluorescence 
technique as a kinetic analysis revealed that the synthe-
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sized endogenous PpIX in ALA-mediated U937 cells lo-
calized preferentially in mitochondria and perinuclear 
regions. The cellular accumulation of PpIX was sup-
pressed by  � -alanine, an inhibitor of  � -transporters of 
cell membrane and FCCP, an uncoupler of oxidative 
phosphorylation in mitochondria. DFX, an iron chelator, 
MnCl 2  and NO (NOC-18), which are contributed to PpIX 
metabolism by inhibiting FC activity, significantly in-
creased the amount of PpIX in ALA-mediated cancer 
cells, while minimal enhancement was observed in the 
normal urothelial cells investigated. These results sug-
gest that ALA-enhanced accumulation of PpIX in UC 
cells seems to be determined by several steps including de 
novo synthesis and degradation of synthesized PpIX 
( fig. 9 ). Notably, this is the first report to show that the 
suppression of FC by MnCl 2  and NO (NOC-18) in addi-
tion to DFX markedly increased PpIX accumulation in 
UC cells compared to normal cells.

  Although the mechanism is not known, it was report-
ed that exogenously administered ALA increased cellular 
levels of PpIX in most tissues of various organs, and ac-
cumulation of PpIX occurred more markedly in tumor 
cells than in normal cells  [12, 20, 32–35] . Especially in the 
urinary tract, the quantitative analysis of fluorescence 
spectra showed that PpIX was enhanced 17-fold in uro-
thelial neoplasia compared with normal mucosa  [4, 36, 
37] . Thus, the physicochemical properties of PpIX have 
been used for PDD and PDT of patients with tumors  [38] . 
PDD is clinically recognized as an effective detection 
procedure for various cancers. PDD using ALA in blad-
der cancer is an officially approved diagnostic procedure 
in Europe, although many problems concerning the ac-
curacy of diagnosis remain to be solved, such as false
fluorescence-positive findings and the photobleaching 
phenomenon which refers to the reduction of the fluo-
rescence during irradiation. Photoactivation of tissues 
preferentially kills tumor cells without eliciting severe 
toxicity to progenitor and stem cells  [39] . Although the 
ALA-dependent PDT has been used successfully in the 
treatment of oncological and nononcological diseases, 
the mechanism of this modality remains to be elucidated. 
Thus, we hope this study marks the first step in clarifying 
these critical problems.

  Previously, to study the mechanism of preferential ac-
cumulation of ALA-derived PpIX in malignant cells, sev-
eral factors have been analyzed, including ALA synthase, 
a rate-limiting enzyme in heme biosynthesis, cellular up-
take of ALA  [13, 14, 26, 27] , mitochondrial properties  [15] , 
key molecules for PpIX metabolism  [16, 24] , FC activity 
 [17, 29] , contents of iron  [18, 40]  and transferrin receptor 

 [41] . The results of these analyses strongly suggested that 
the preferential accumulation of ALA-derived PpIX in 
malignant cells depends on the augmented initial uptake 
of ALA  [17]  and the steps of ALA conversion  [20]  includ-
ing the activities of PpIX-generating porphobilinogen de-
aminase  [24]  and the activity of PpIX-converting FC, a 
rate-limiting enzyme in heme biosynthesis  [29] . Although 
the activity of FC generally decreases in a variety of tumor 
cells, inhibition of the enzyme and/or elimination of iron 
by chelating agents further increased the accumulation of 
PpIX as described in this study. Furthermore, prelimi-
nary experiments in this laboratory revealed that the ac-
cumulation of PpIX in primary cultured cells (RPTEC 
and bladder microvascular endothelial cells, Bd-SMC) 
with normal FC activity was not affected by a specific in-
hibitor of the enzyme. Therefore, the results achieved in 
this study demonstrated that the activity of FC has the 
most impact on PpIX accumulation in UC cells. In a fu-
ture study, we will focus on the detailed mechanism of 
specific PpIX accumulation in cancer cells.

  Translocation of synthesized endogenous PpIX from 
mitochondrial matrix to cytosol also plays an important 
role in the accumulation of PpIX. A recent report de-
scribed the localization of ATP-binding cassette (ABC) 
transporter in mitochondrial membranes that transports 
synthesized endogenous PpIX into cytosol  [42] . Further-
more, Krishnamurthy et al.  [43]  reported that inhibition 
of the ABC transporter suppressed the accumulation of 
PpIX in cells. Thus, mitochondrial ABC transporter may 
also determine the accumulation of PpIX in tumor cells. 
This possibility should be studied further.

  Stimulation of ALA-mediated accumulation of PpIX 
by DFX, MnCl 2  and NOC-18 suggested that ALA-depen-
dent accumulation of PpIX was enhanced by inhibiting 
synthesis and/or degradation of heme  [44] . Thus, the ef-
ficacy of PDD and PDT of malignant tumors could be 
improved by selectively modulating endogenous synthe-
sis and accumulation of PpIX in tumor. By using regula-
tory molecules such as DFX and NO, PpIX accumulation 
was increased while minimizing the dose of ALA, result-
ing in less cytotoxicity. This is the first such report in UC 
cells, leading to improved clinical practicability of PDD 
and PDT.
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