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Abstract

The aim of this study was to determine the part played by the mitochondrial benzodiazepine receptor in cellular photosensitisation
with the protoporphyrin IX precursor, d-aminolaevulinic acid. Evaluation of the d-aminolaevulinic acid-concentration dependence and
kinetics of fluorescent protoporphyrin IX accumulation in monolayers of rat AR4 2J pancreatoma cells established a basis for assessing
pharmacological modulation of the biosynthetic pathways for protoporphyrin IX production and photocytotoxicity. Iron chelation

Ž . Ž .enhanced the accumulation of photo-active protoporphyrin IX whereas 1- 2-chlorophenyl -N-methyl-N- 1-methylpropyl -3-isoquinoline-
Ž . Ž . w x Ž .carboxamide PK11195 , dipyridamole, or 7- dimethylcarbamoloxy -6-phenylpyrrolo- 2,1-d benzothiazepine DPB , competitive ligands

of the mitochondrial benzodiazepine receptor, all diminished protoporphyrin IX accumulation, as did acifluorfen, a mitochondrial
Ž .protoporphyrinogen oxidase inhibitor. In addition to protoporphyrin IX Em : 630 nm , d-aminolaevulinic acid-treated cells alsomax

generated a fluorophore of Em 580 nm; this compound was identified as Zn-protoporphyrin IX. Mitochondrial benzodiazepinemax

receptor ligands increased the formation of the zinc porphyrin whilst decreasing that of protoporphyrin IX. The involvement of the
mitochondrial benzodiazepine receptor in the translocation of porphyrins and the formation of Zn-protoporphyrin IX have wide
implications for the use of d-aminolaevulinic acid in photodynamic therapy. q 2000 Elsevier Science B.V. All rights reserved.
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oxidase

1. Introduction

Porphyrins are naturally occurring compounds present
in virtually all cells, some of which, protoporphyrin IX in
particular, have potent photodynamic properties. In neo-
plastic tissue, the accumulation of photoactive protopor-
phyrin IX within tumour cells can be enhanced via the
haem biosynthetic pathway by exogenous d-aminolaevu-

Ž .linic acid administration Pottier et al., 1986 . This forms
the basis of photodynamic therapy, with d-aminolaevulinic
acid-induced protoporphyrin IX producing a photocyto-
toxic effect via the generation of highly reactive singlet

Ž .oxygen Kessel, 1977; Weishaupt et al., 1976 . Although
the peripheral or mitochondrial benzodiazepine receptor
found on the outer mitochondrial membrane remains some-
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Ž .thing of a functional enigma Gavish et al., 1999 , it is a
Žhigh affinity recognition site for protoporphyrin IX K ; 20i

.nM: Verma and Snyder, 1988 , and has been implicated
recently in the control of protoporphyrin IX formation,

Žparticularly in cells of pancreatic origin Ratcliffe and
.Matthews, 1995; Mesenholler and Matthews, 1998 , as¨

well as providing a possible target for photodynamic ther-
Ž .apy Cui and Matthews, 1998; Verma et al., 1998 Further-

more, in many different types of neoplastic cell, the
mitochondrial benzodiazepine receptor is now known to
display high levels of expression and, hence, binding
capacity, but with no change in mitochondrial binding

Žaffinity from that of nontransformed cells Katz et al.,
.1988, 1990a,b; Venturini et al., 1998 .

The aim of this study was therefore to determine the
part played by the mitochondrial benzodiazepine receptor
in the biosynthetic pathways of protoporphyrin IX produc-
tion and photosensitisation in rat pancreatoma cells. By
evaluation of the d-aminolaevulinic acid-concentration-de-
pendence and kinetics of fluorescent protoporphyrin IX
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accumulation in cell monolayers and use of the competi-
Žtive mitochondrial benzodiazepine receptor ligands, 1- 2-

. Ž .chlorophenyl - N-methyl- N- 1-methylpropyl -3-isoquinoli-
Ž . Žnecarboxamide PK11195 K ; 3 nM: Verma and Snyder,d

. Ž .1988 , dipyridamole K ; 0.68 mM: Hirsch et al., 1988 ,i
Ž . w xand 7- dimethylcarbamoloxy -6-phenylpyrrolo- 2,1-d ben-

Ž . Ž .zothiazepine DPB K ; 9 nM: Fiorini et al., 1994 , wei

show here that the mitochondrial benzodiazepine receptor
plays a key role in modulating the synthesis and transloca-
tion of porphyrins.

Finally, we have found that when treated with d-
aminolaevulinic acid, pancreatoma cells, in addition to
synthesising protoporphyrin IX, also generate a fluo-
rophore with an emission maximum of 580 nm. Chromato-
graphic analysis, fluorimetric characterisation and cation
supplementation experiments were carried out to identify
this fluorophore; the results of these experiments also are
described in this report.

2. Materials and methods

2.1. Chemicals

Ž .Foetal bovine serum, 3- 4,5-dimethylthiazol -2,5-di-
Ž .phenyl tetrazolium bromide MTT , d-aminolaevulinic acid,

Ždipyridamole, protoporphyrin IX, poly-D-lysine lypophi-
.lized, sterile and g-irradiated and PK11195 were pur-

Ž .chased from Sigma Poole, UK . The protoporphyrin IX
fluorescence standards were purchased from Porphyrin

Ž .Products P.O. Box 31, Logan, USA . The DPB and zinc
Žprotoporphyrin were purchased from Tocris Cookson Lan-

.gford, Bristol, UK and, the acifluorfen was kindly donated
Ž .by Dr. C. Pearson Rhone-Poulenc Rorer, UK . All otherˆ

chemicals and salts were purchased either from Sigma,
Ž .Fluka Sigma–Aldrich Chemical, Poole, UK or BDH

Ž .Merck, Lutterworth, UK , with salts having a purity of
G98%.

2.2. Cell culture

AR4 2J cells, derived originally from an azaserine-in-
Ž .duced pancreatoma Longnecker et al., 1979 , were main-

tained as subconfluent monolayers in RPMI 1640 medium
containing phenol red, supplemented with 10% of foetal
bovine serum, 1% L-glutamine and 1% penicillin–strepto-
mycin. For experimental use, the cells were harvested and
resuspended in phenol red and serum-free RPMI 1640
medium.

2.3. Cell surÕiÕal analysis

For photocytotoxicity experiments, cells were exposed
to a range of d-aminolaevulinic acid concentrations from 1
to 100 mM for 24 h and illuminated for 2–15 min on a
modified Sigma T2203 illuminator emitting white light at

2 Ž .an intensity of 0.46 mWrcm 12,000 lx . Cell survival
was measured spectroscopically 24 h later using the tetra-
zolium salt, MTT, a method originally developed by Moss-

Ž .mann 1983 and adapted for use on AR4 2J cells by
Ž .Ratcliffe and Matthews 1995 .

2.4. Fluorimetric protoporphyrin IX detection

The protoporphyrin IX content of cell monolayers and
extracellular solutions was determined fluorimetrically us-
ing a Hitachi F-2000 fluorescence spectrophotometer. Cov-
erslips bearing cell monolayers were held in disposable
UV grade cuvettes at 458 to the exciting light beam and

Ž .emission lE was measured at 908 with respect to them
Ž .excitation beam lE , 405 nm . Cell monolayers werex

produced by seeding 2=104 cells mly1 onto sterile,
Žpoly-D-lysine coated coverslips 9=22 mm; Chance Prop-

. Ž .per placed into 35 mm petri dishes Corning . After 24 h,
d-aminolaevulinic acid was added and, the protoporphyrin
IX content of cell monolayers and of the medium mea-
sured either at different times after the addition of a fixed

Ž .amount of d-aminolaevulinic acid 100 mM , or 24 h after
the addition of a range of d-aminolaevulinic acid concen-

Ž .trations 0–500 mM . The magnitude of protoporphyrin IX
fluorescence was measured at 630 nm and an additional
fluorophore at 580 nm; these values were not corrected for
the small levels of cellular or medium autofluorescence
seen in the absence of d-aminolaevulinic acid.

2.5. Fluorescence measurement by fluorescence plate
reader

ŽA fluorescence plate reader Fluoro Counte, Canberra
. Ž . ŽPackard with excitation lE of 400 nm band width, 35x

. Ž . Ž .nm and emission lE at 620 nm band width, 35 nmm

was also used for porphyrin measurement. In these experi-
ments, 5=105 cells were distributed into each well of a

Ž96-well ViewPlate black, clear bottom, tissue culture
. Žtreated; Canberra Packard . d-Aminolaevulinic acid 250

.mM was added after 24 h and, the fluorescence was
measured at timed intervals from 2 to 24 h. To study the
effects of desferroxamine, 20 or 50 mM, the mitochondrial
benzodiazepine receptor ligands isoquinoline carboxamide
Ž .PK11195 , 10 or 20 mM, and the pyrrolo compound DPB,
20 mM, or the protoporphyrinogen inhibitor acifluorfen, 20
mM, the cells were preincubated with the modulator for 24
h before addition of the d-aminolaevulinic acid.

( )2.6. High performance liquid chromatography HPLC

ŽHPLC was used for porphyrin analysis Luo and Lim,
.1995 . The wavelength detector of the HPLC system was

set at the absorption maximum for authentic protopor-
Ž .phyrin IX and Zn-protoporphyrin IX lmax, 404 nm .
Ž .Gradient mixtures of ammonium acetate 1 M, pH 5.5 r

Ž . Ž .acetonitrile 9:1 solvent A and methanolracetonitrile
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Ž . Ž .9:1 solvent B were used. The column was re-equi-
librated with 100% solvent A for 10 min before sample
injection and protoporphyrin IX and Zn-protoporphyrin IX
standards were run before and after each sample.

2.7. Acetone-ammonium hydroxide extraction of the cells

Cells for HPLC analysis were treated with either 100
mM d-aminolaevulinic acid alone, d-aminolaevulinic acid
together with PK11195, 20 mM, or with zinc acetate, 10
mM. After 24 h, the cells were homogenised in 2 ml of
acetone containing 0.1 M ammonium hydroxide. Precipi-
tated protein was removed by centrifugation and resus-

Ž .pended in phosphate-buffered saline 1 ml for protein
Ždetermination using the BioRad protein assay Bradford,

.1976 . The fluorescence spectra of the acetone-ammonium
hydroxide extracts were also determined using quartz cu-

Ž .vettes 4.5 ml, Hellma , scanning the emission wavelength
Ž .from 500 to 700 nm E s405 nm .x

2.8. Statistical analysis

All values quoted are means"S.E.M. Statistical sig-
nificance was determined by the two-tailed, unpaired Stu-
dent’s t-test and values of PF0.05 were considered to be
statistically significant.

3. Results

3.1. d-AminolaeÕulinic acid-induced photocytotoxicity

d-Aminolaevulinic acid-mediated phototoxicity pro-
duced a sigmoidal dose-dependent reduction in cell sur-
vival, as measured by the MTT assay, where the efficacy

Žwas dependent on the light dose i.e., light intensity and
. 2duration . At an intensity of 0.47 mWrcm , illumination

times of 2 or 4 min gave submaximal photocytotoxicity for
Žd-aminolaevulinic acid EC values of 28.6"5.3 mM50

.and 21.3"4.9 mM, respectively; ns6 . Maximal cyto-
toxicity was achieved at all illumination times G8 min,
the EC being decreased to 19.2"1.2 mM d-amino-50

Ž .laevulinic acid ns6 .

3.2. Concentration-dependence and kinetics of d-
aminolaeÕulinic acid-induced protoporphyrin IX fluores-
cence

The strong fluorescence signature of the effector
molecule protoporphyrin IX allowed the concentration and
time dependence of its intracellular accumulation to be
determined since there is a linear relationship between the

Ž .concentration and fluorescence E , 630 nm of standardm
Ž .solutions of protoporphyrin IX data not shown .

Cellular fluorescence was evaluated by spectral scan-
ning fluorimetry after treatment with d-aminolaevulinic

Ž .acid Fig. 1 . Measurements of cell monolayer fluores-
cence at 630 nm showed a steep dose–response relation-
ship for d-aminolaevulinic acid, reaching a plateau at
d-aminolaevulinic acid concentrations )250 mM, the flu-
orescence value increasing from a basal level of 0.16"

Ž .0.03 to 3.98"0.3 ns6 . Some extracellular accumula-
tion of protoporphyrin IX was also seen. In contrast,
whereas there was a small increase in the fluorophore

Ž .peaking at 580 nm from 0.15"0.04 to 0.45"0.02 in
cell monolayers, there was a larger increase in the 580 nm
fluorescence of medium, from 0.4"0.04 in the absence,
to 2.86"0.24 in the presence of, 500 mM d-aminolaevu-

Ž .linic acid ns6 . Cellular protoporphyrin IX fluorescence
increased linearly over the 24 h period reaching a final
fluorescence value of 2.01"0.26 together with an in-

Fig. 1. Characteristic wavelength scans for d-aminolaevulinic acid-in-
duced protoporphyrin IX fluorescence: Wavelength scans obtained from
Ž . Ž .a cell monolayers and b culture medium showing the background
autofluorescence of the cells and medium and the fluorescence developed
after a 24-h incubation with 250 mM d-aminolaevulinic acid. The fluores-
cence at 630 nm is attributable to protoporphyrin IX whereas the 580-nm

Ž .fluorescence may be due to a protoporphyrin IX derivative see text .
Excitation at 405 nm.
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Ž .crease in the signal at 580 nm to 0.29"0.04 ns6 . The
medium fluorescence of both protoporphyrin IX and the
compound fluorescing at 580 nm also increased with time,
reaching, after 24 h, values of 0.47"0.09 and 1.64"0.19

Ž .for the 630 and 580 nm signal, respectively ns6 . These
results indicate that the mechanisms responsible for the
conversion of d-aminolaevulinic acid to protoporphyrin IX
are operating at a submaximal capacity when the cells are
exposed to -250 mM d-aminolaevulinic acid.

3.3. InÕolÕement of the mitochondrial benzodiazepine re-
ceptor in concentration-dependent d-aminolaeÕulinic
acid-induced protoporphyrin IX accumulation

To determine the role of the mitochondrial benzodi-
azepine receptor in protoporphyrin IX production, the
effect of the competitive mitochondrial benzodiazepine

Ž .receptor ligand PK11195 20 mM on the concentration-
dependent accumulation of protoporphyrin IX fluorescence

Žwas examined. Table 1 shows a significant reduction P-
.0.005 by PK11195 in the intracellular protoporphyrin IX

fluorescence at 630 nm, an effect which was seen at all
concentrations of d-aminolaevulinic acid used. A similar
action was exerted by an alternative mitochondrial benzo-

Ž .diazepine receptor ligand, dipyridamole 20 mM , which
also significantly decreased the cellular protoporphyrin IX
fluorescence induced by 100 mM d-aminolaevulinic acid
Ž .from 2.01"0.26 to 0.58"0.14; P-0.005 . In addition
to the effects of PK11195 on intracellular protoporphyrin
IX accumulation, a decrease in the medium fluorescence of
protoporphyrin IX at 630 nm in the presence of PK11195
was also observed, with the changes becoming significant

Žat d-aminolaevulinic acid concentrations G50 mM see
.Table 1 .

Interestingly, the compound fluorescing at 580 nm also
increased progressively in the cell monolayers with in-

creasing d-aminolaevulinic acid concentration, particularly
in the presence of PK11195. However, the effect of
PK11195 on the cellular 580-nm fluorescence only became

Ž .significant P-0.01 at the higher concentrations of d-
Ž .aminolaevulinic acid used i.e., 250 mM . In contrast, at

d-aminolaevulinic acid concentrations greater than 50 mM,
the medium fluorescence of the precursor or metabolite
fluorescing at 580 nm decreased significantly in the pres-
ence of PK11195, implying that the mitochondrial benzo-
diazepine receptor is involved in both the production of
protoporphyrin IX and the fluorescence signal at 580 nm.
Experiments to identify the compound responsible for the

Ž .580-nm fluorescence are described below Section 3.5 .

3.4. Modulation of the haem biosynthetic pathway

For the modulation of the haem biosynthetic pathway,
the comparative effects of iron chelation, mitochondrial
benzodiazepine receptor ligands, and protoporphyrinogen
oxidase inhibition were analysed using the fluorescence

Ž .well plate technique see Methods . The iron chelator
desferroxamine significantly increased the protoporphyrin
IX levels present in AR4 2J cells upon d-aminolaevulinic

Ž . Ž . Žacid 250 mM treatment for 4 h or more P-0.01 see
Ž ..Fig. 2 a .

The effects of competitive mitochondrial benzodi-
Ž .azepine receptor binding by DPB 20 mM and PK11195

Ž . Ž .20 mM are shown in Fig. 2 b . Preincubation with DPB
Ž .or PK11195 decreased P-0.01 the d-aminolaevulinic

acid-induced protoporphyrin IX fluorescence after 6 h,
Ž .with a greater effect after 24 h P-0.005 . Interestingly,

analysis of the medium fluorescence showed a marked
increase of the 580-nm fluorophore in the presence of

Ž .PK11195 see Table 1 , again implicating the mitochon-
drial benzodiazepine receptor in the production of this
signal.

Table 1
Effect of PK11195 on the d-aminolaevulinic acid concentration-dependence of PPix accumulation over a 24-h incubation period: The comparative effects

Ž .of the mitochondrial benzodiazepine receptor ligand PK11195 PK on the d-aminolaevulinic acid-induced fluorescence in cell monolayers and the
supernatant medium are given

Concentration of d-amino- Sample evaluated Fluorescence at 630 nm Fluorescence at 580 nm
Ž .laevulinic acid mM control q20 mM PK control q20 mM PK

None cells 0.16"0.02 0.17"0.02 0.17"0.02 0.19"0.02
medium 0.11"0.03 0.10"0.01 0.43"0.03 0.44"0.08

b50 cells 1.46"0.26 0.19"0.01 0.33"0.02 0.35"0.01
amedium 0.25"0.07 0.11"0.01 0.66"0.06 0.55"0.09
b100 cells 2.41"0.40 0.32"0.06 0.42"0.03 0.41"0.02
a bmedium 0.33"0.08 0.07"0.02 1.01"0.09 0.47"0.03
b a250 cells 3.22"0.54 0.62"0.11 0.45"0.02 0.81"0.18
b bmedium 0.37"0.05 0.08"0.01 2.10"0.31 0.57"0.05
b b500 cells 3.67"0.33 1.47"0.26 0.50"0.02 0.94"0.17
b bmedium 0.42"0.06 0.13"0.02 2.08"0.47 0.76"0.11

The data was obtained fluorimetrically, but the background autofluorescence of the cells was not subtracted from the overall fluorescence. Values given are
means"S.E.M. from G6 experiments.

a Denotes P-0.01, when compared with control.
b Denotes P-0.005, when compared with control.
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Fig. 2. Effect of iron chelation, mitochondrial benzodiazepine receptor ligands and protoporphyrinogen oxidase inhibition on d-aminolaevulinic
acid-induced protoporphyrin IX fluorescence. Fluorescence was measured with a fluorescence plate-reader at timed intervals in cells without d-

Ž . Ž . Ž .aminolaevulinic acid I and after the addition of d-aminolaevulinic acid, 250 mM dot-filled square . In a , this fluorescence was compared with that of
Ž . Ž .cells incubated with desferroxamine, 20 mM, in control cells W and in cells after addition of d-aminolaevulinic acid, 250 mM cross-filled square . In

Ž . Ž . Ž .b , cells were incubated with DPB, 20 mM, in the absence W , or presence of d-aminolaevulinic acid, 250 mM cross-filled square ; or with PK11195,
Ž . Ž . Ž .20 mM, in the absence \ or presence of d-aminolaevulinic acid, 250 mM ^ . In c , cells were incubated with the protoporphyrinogen oxidase

Ž . Ž .inhibitor acifluorfen, 50 mM, in the absence W or the presence of d-aminolaevulinic acid, 250 mM cross-filled square . Significant changes due to the
) ) ) Ž .modulators in the presence of d-aminolaevulinic acid are denoted by for PF0.01 and for PF0.005. Data values are means"S.E.M. ns5 .
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Finally, acifluorfen was used to characterise the action
of a protoporphyrinogen oxidase inhibitor on d-amino-
laevulinic acid-induced protoporphyrin IX accumulation.
Incubation with 20 mM acifluorfen prior to exposure to
250 mM d-aminolaevulinic acid caused a significant de-

Ž .crease P-0.01 in protoporphyrin IX accumulation at
Ž Ž ..incubation times G4 h Fig. 2 c .

3.5. Identification of the 580-nm fluorescence signal

To test whether the 580-nm fluorescent signal observed
in the medium of d-aminolaevulinic acid-treated cells is
attributable to the extracellular formation of a protopor-
phyrin IX derivative, the cells were exposed to exogenous

Ž .protoporphyrin IX 10 mM . Whereas in three such experi-
ments, the cellular fluorescence of protoporphyrin IX was
up to 10-fold greater than that of the medium after 24 h,
there was, in contrast, little or no fluorescence signal at
580 nm in the medium or the cells over the 24-h period
Ž .data not shown . Alternatively, the signal may arise from
the intracellular formation of a metal chelate of protopor-
phyrin IX. In further experiments therefore cells were

Ž 2q 2q 3q.exposed to various metal ions Mg , Zn and Fe or
PK11195 to study their effects on d-aminolaevulinic acid-

Ž .induced protoporphyrin IX fluorescence see Fig. 3 . The

Fig. 3. Fluorescence of protoporphyrin IX in cell monolayers following
the addition of metal ions or mitochondrial benzodiazepine receptor

Ž .ligand. Shown are the fluorescence spectra of cells incubated with 1
Ž .d-aminolaevulinic acid ALA , 100 mM alone for 24 h and the effect of

Ž . 2q Ž .24-h pre-incubation with either, 2 100 mM magnesium, Mg ; 3 zinc,
2q Ž . 2q Ž .Zn ; 4 ferrous iron, Fe , or 5 PK11195, 20 mM, before the

Ž .addition of d-aminolaevulinic acid ALA , 100 mM. The ratios between
the peaks at 580 nm and 630 nm are given in the inset table.

inset table indicates the ratio between the fluorescence
signals at 580 and 630 nm. Incubation with d-aminolaevu-
linic acid alone resulted in the appearance of a fluores-
cence peak at 630 nm, attributable to protoporphyrin IX.
Whereas magnesium has little or no effect on the fluores-
cence spectrum, a significant shift was seen in the presence
of zinc, which decreased fluorescence at 630 nm and
increased at 580 nm. The presence of ferrous iron reduced

Ž .the protoporphyrin IX signal 630 nm almost to control
levels, indicating the conversion of protoporphyrin IX to

Žnonfluorescent haem. Finally, as indicated previously see
.Fig. 2 , 20 mM PK11195 decreased the fluorescence signal

attributable to protoporphyrin IX, and increased the fluo-
rescence peak at 580 nm. This peak correlates with the
peak of the fluorescence signal seen in cells preincubated
with zinc, indicating that the 580-nm fluorophore might be
due to a Zn chelate of protoporphyrin IX, formed within
the cells.

HPLC analysis was carried out to further identify the
580-nm fluorophore by characterising cellular porphyrin
content. The HPLC elution profile of standard Zn-proto-
porphyrin IX and protoporphyrin IX showed elution max-

Ž .ima at 18.69 and 19.79 min, respectively data not shown .
HPLC analysis of alkaline acetone-extracted control cells,
cells treated with 100 mM d-aminolaevulinic acid alone, or
cells preincubated with 100 mM Zn-acetate or 20 mM
PK11195 before d-aminolaevulinic acid treatment, was

Ž .carried out and the results are shown in Fig. 4. Panel a
shows the HPLC record obtained from control cells, con-
taining only basal levels of protoporphyrin IX. Incubation

Ž .with d-aminolaevulinic acid 100 mM for 24 h resulted in
an increase of protoporphyrin IX, as indicated by the

Ž .greater magnitude of the 19.69-min eluate panel b . A
preceding peak eluting at 18.79 min also appears, represen-

Ž .tative of Zn-protoporphyrin IX. Panel c shows the effect
Ž .of PK11195 20 mM treatment. Even though the ampli-

tude of the peaks is decreased, partly due to the effect of
PK11195 on protoporphyrin IX accumulation and partly

Ž y1due to a lower protein content of this sample 45 mg ml
y1 .compared to 65 mg ml in panel c , the ratio of the

Zn-protoporphyrin IX peak increases from 35.7% of the
protoporphyrin IX eluate in the d-aminolaevulinic acid
treated sample to 44.4% in the presence of PK11195,
which correlates with the results obtained from the fluores-

Žcence studies. Finally, cells were exposed to zinc 100
. ŽmM for 24 h before d-aminolaevulinic acid treatment 100

.mM d-aminolaevulinic acid . The resulting eluate is shown
Ž .in panel d . Here, the amplitude of the peaks eluting at

18.79 and 19.69 min is reversed, the Zn-protoporphyrin IX
peak now being 255% of the size of the protoporphyrin IX
peak. This confirms that the peak eluting at 18.79 min is
due to Zn-protoporphyrin IX, as indicated by the standard
porphyrins.

Finally, the HPLC elution peaks at 18.79 and 19.69 min
were correlated to fluorescence measurements by analysis
of the fluorescence of the same cellular acetone extracts as
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Fig. 4. HPLC analysis of cellular porphyrin extracts: HPLC records
Ž .obtained from untreated control cells a ; cells incubated with 100 mM

Ž . Ž . Ž .d-aminolaevulinic acid b ; effects of PK11195 c and zinc d pre-treat-
ment before d-aminolaevulinic acid administration are shown. The peaks
eluting at 18.79 min and 19.96 min correspond to Zn-protoporphyrin IX
and protoporphyrin IX, respectively.

those used for HPLC analysis. The fluorescence spectra
confirmed the presence of two peaks corresponding to
those illustrated in Fig. 3, i.e., at 580 and 630 nm.

4. Discussion

These results demonstrate that photosensitisation of rat
pancreatoma cells occurs following exposure to d-amino-

laevulinic acid and that the extent of photocytotoxicity is
dependent on light dose. d-Aminolaevulinic acid-mediated
photosensitisation relies on the production of photoactive
protoporphyrin IX, the immediate precursor of haem. The
haem biosynthetic pathway involves mitochondrial mem-
brane transport systems as well as several cytoplasmic and
mitochondrial enzymatic transformations. It is known that
selective accumulation of protoporphyrin IX in tumour
cells is due to a decrease in ferrochelatase activity, and
overexpression of PBG deaminase, the second rate limiting

Žstep of the haem biosynthetic pathway Rubino and Rasetti,
.1966; Van Hillegersberg et al., 1992 . We have demon-

strated in the present study that iron chelation can further
enhance protoporphyrin IX accumulation by preventing the
formation of haem, a finding supported by observations in

Žother cell lines and in vivo Berg et al., 1996; Chang and
.Bown, 1997; Fijan et al., 1995 .

For haem and its precursors to cross the mitochondrial
membrane, it is likely that several recognition sites are
involved in porphyrin transport. One such site with a high

Žaffinity for protoporphyrin IX is the mitochondrial periph-
.eral benzodiazepine receptor, which is associated with a

Ž . Žvoltage-dependent anion channel VDAC Verma et al.,
.1987 , and may therefore play an important role in control-

ling the intramitochondrial route of porphyrin products.
ŽWe have previously reported Ratcliffe and Matthews,

.1995 that competitive mitochondrial benzodiazepine re-
ceptor ligands such as the isoquinoline carboxamide
PK11195 exert a photoprotective effect, presumably by
displacing any endogenous protoporphyrin IX from the
mitochondrial benzodiazepine receptor binding site. How-
ever, it was not known whether this effect was due to
protection of the mitochondrial benzodiazepine receptor
from photodamage, a decrease in the translocation of
protoporphyrin IX precursors or metabolites across the
mitochondrial membrane, or some other mechanism. Not
only do the present results demonstrate that the mitochon-
drial benzodiazepine receptor plays a key role in the
translocation of protoporphyrin IX precursors and proto-
porphyrin IX itself across the mitochondrial membrane,
but that mitochondrial benzodiazepine receptor ligands
also diminish the accumulation of photo-active protopor-
phyrin IX. Summarised in Fig. 5 are the factors responsi-
ble for photosensitisation following d-aminolaevulinic acid
treatment, showing clearly the strategic location of the
mitochondrial benzodiazepine receptor. Taken together
with the recent demonstration that the mitochondrial ben-
zodiazepine receptor is involved in the translocation of
coproporphyrinogen III across the mitochondrial mem-

Ž .brane Taketani et al., 1994 and 1995 , our results point to
a key role for the mitochondrial benzodiazepine receptor in
the operation of the haem biosynthetic pathway. Competi-
tive inhibition of the mitochondrial benzodiazepine recep-
tor by PK11195, dipyridamole or DPB, therefore decreases
protoporphyrin IX accumulation by preventing the trans-
port of porphyrins across the mitochondrial membrane.
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Ž .Fig. 5. Mitochondrial benzodiazepine receptor MBR and the haem biosynthetic pathway: The sites of action of mitochondrial benzodiazepine receptor
Ž . Ž . Ž .ligands e.g. PK11195 , a protoporphyrinogen oxidase inhibitor Aciflourfen , and iron chelator Des: desferroxamine are shown in relation to

Ž .mitochondrial localisation and involvement in d-aminolaevulinic acid-induced photosensitisation. Possible routes of zinc Zn uptake, the formation of
Ž .Zn-protoporphyrin IX Zn-PPix , and its translocation across mitochondrial membranes are illustrated, where OM indicates the outer, and IM the inner,

mitochondrial membrane; also indicated are d-aminolaevulinic acid, ALA; porphobilinogen, PBG; Uroporphyrinogen III, UroIII; Coproporphyrinogen III,
CoproIII; coproporphyrinogen oxidase, CPO; protoporphyrinogen, PP; protoporphyrinogen oxidase, PPO; protoporphyrin IX, PPix; iron, Fe; and
ferrochelatase, FC.

These results also indicate that the mitochondrial benzodi-
azepine receptor plays an important role in porphyrin
metabolism per se as well as being implicated in d-
aminolaevulinic acid-mediated photosensitisation.

Protoporphyrinogen oxidase is the penultimate enzyme
of the haem biosynthetic pathway catalysing the oxidation
of protoporphyrinogen IX to protoporphyrin IX within the

Ž .mitochondria Fig. 5 . We therefore used acifluorfen, a
diphenyl ether that closely resembles sterically one half of

Ž .the protoporphyrin molecule Nandihalli and Duke, 1994 ,
to target this enzyme and found a significant decrease in
protoporphyrin IX fluorescence. The main route for proto-
porphyrin IX production is therefore likely to be via
mitochondrial coproporphyrinogen oxidase and protopor-
phyrinogen oxidase, with little or no protoporphyrin IX
arising via the auto-oxidation of cytoplasmic protopor-
phyrinogen, see Fig. 5.

Our fluorescence studies have revealed that in pancre-
atoma cells a compound with a peak fluorescence at 580
nm appeared together with protoporphyrin IX, and was
particularly prominent following exposure to high concen-
trations of d-aminolaevulinic acid, and in the presence of
mitochondrial benzodiazepine receptor ligands, e.g.
PK11195. Initially it was thought that this fluorophore
might be either a precursor of protoporphyrin IX and haem
or a protoporphyrin IX metabolite. Alternatively, the addi-

tional fluorophore might result from the insertion of a
metal other than Fe2q into the protoporphyrin macrocycle.
Administration of various trace metals to study their ef-
fects on d-aminolaevulinic acid-induced fluorescence
showed that extracellular supplementation with zinc yielded
a cellular fluorescence peak at 580 nm. This peak corre-
lated closely with the peak observed in pancreatoma cells
treated with d-aminolaevulinic acid and the mitochondrial
benzodiazepine receptor inhibitor PK11195, and therefore
indicates that the 580-nm signal may be due to the forma-
tion of a Zn-chelated porphyrin molecule. This hypothesis
is supported by the fact that zinc protoporphyrin is synthe-
sised enzymatically by ferrochelatase in some cell types,

Žespecially when iron concentrations are limiting Jacobs et
.al., 1998 . The identity of the unknown 580-nm fluores-

cence compound was further confirmed by HPLC analysis
of cellular extracts, as well as by parallel fluorescence
measurements of the same samples. All these results are
consistent with the conclusion that the fluorescence at 580
nm seen upon treatment with high d-aminolaevulinic acid
concentrations or upon preincubation with mitochondrial
benzodiazepine receptor inhibitors is due to the insertion
of zinc into the porphyrin ring structure, especially since
the pancreas is known to have a high zinc content. The
lower pH seen in many types of cancerous tissue could
also favour the insertion of zinc because the optimal pH
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for ferrochelatase activity lies at about 8.0, whereas the
Zn-chelatase activity of the same enzyme has a pH opti-

Ž .mum of 5.5 Nunn et al., 1988 .
Identification of the 580-nm fluorescence signal as Zn-

protoporphyrin IX suggests also that the mitochondrial
benzodiazepine receptor might be implicated not only in
protoporphyrin IX transport and production, but could also
influence the ion content of mitochondria, favouring the
insertion of zinc into the porphyrin ring structure since it is
known that Zn2q has a high affinity for the mitochondrial

2q Ž .Ca uniporter Saris and Niva, 1994 . The interplay of
zinc with the haem biosynthetic pathway is also illustrated
in Fig. 5. In future experiments, it will be important not
only to measure the total cellular content of Zn-proto-
porphyrin IX but to determine also whether Zn-proto-
porphyrin IX is localised to distinct cellular compartments.

To conclude, we have characterised the concentration
dependence and kinetics of d-aminolaevulinic acid-media-
ted photosensitisation of pancreatoma cells and illustrated
the key role played by the mitochondrial benzodiazepine
receptor in photosensitisation, as well as pinpointing two
sites of enzyme modulation; thus, while iron chelation
enhances protoporphyrin IX accumulation in the tumour
cells, the protoporphyrinogen oxidase inhibitor acifluorfen
decreases protoporphyrin IX synthesis. Finally, identifica-
tion of the 580-nm fluorescence signal as Zn-proto-
porphyrin IX has raised the important possibility that
although d-aminolaevulinic acid-induced photocytotoxicity
is due mainly to the accumulation of protoporphyrin IX
within the cells, this action may be modulated by the
insertion of zinc into the porphyrin structure. The involve-
ment of the mitochondrial benzodiazepine receptor and the
formation of Zn-protoporphyrin IX have wide implications
for the use of d-aminolaevulinic acid in photodynamic
therapy.
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