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Modification of the photodynamic action of -aminolaevulinic acid (ALA)
on rat pancreatoma cells by mitochondrial benzodiazepine receptor
ligands

SL Ratciffe and EK Matthews

Department of Pharmacology, University of Cambridge, Tennis Court Road, Cambridge, CB2 IQJ, UK.

S_ry We have shown that addition of exogenous A-aminolaevulinic acid (ALA) to rat pancreatoma
AR4-2J cells in culture leads to the increased production of porphobilinogen (PBG) and the accmulation of
photoactive protoporphyrin IX (PPix) in these cells. Exposure to light (A> 400 mm) at an intensity of
0.2 mW cm-2 for 8 min resulted in an ALA dose-dependent cytolysis of the cells, with an EC50 of 6.6 ± 0.7 LM.
This cytolytic effect was light intensity dependent, with greater cell destruction after exposure to light at an
intensity of 0.47 mW cm-2 than at 0.2 mW cm-'; it was also dependent on the duration of illumination, cell
survival decreasing with increasing illumination times. The photodestruction of the AR4-2J cells following
exposure to ALA can be attributed to the production of endogenous PPix, a photoactive porphyrin that we
have shown to generate singlet oxygen upon illumination, whereas ALA itself does not. Further investigation
of the molecular mechanisms underlying the photodynamic action of ALA demonstrated the involvement of
the mitochondrial (peripheral) benzodiazepine receptor (MBR), a high-affinity recognition site for dicarboxylic
porphyrins, and especially PPix. The centrally acting benzodiazepine compounds clonazepam and flumazenil,
which have negligible affinities for the MBR, had no effect on ALA-mediated phototoxicity. In contrast, both
the isoquinoline carboxamide PKI 1195 and the benzodiazepine Ro 5-4864 ligands, displaying a high affinity
for the MBR, did affect ALA-mediated phototoxicity, each markedly increasing the EC50 for cell photodest-
ruction and thus exerting a photoprotective effect. It is concluded that the MBR may play an important role
in the expression of ALA-mediated PPix phototoxicity and that MBR ligands. by diminishing the actions of
endogenous PPix, have the potential to rescue cells from porphyrin-induced photolysis.
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Photodynamic porphyrins are found to occur naturally in
many cell types. Of these, protoporphyrin IX (PPix), one of
the most effective endogenous photosensitisers, is present at
low concentration in normal cells but occurs at higher con-
centration in tumour cells (van Hillegersberg et al., 1992).
The biosynthesis of PPix can be enhanced by the exogenous
administration of the amino acid 6-aminolaevulinic acid
(ALA), especially in tumour cells, a pathway that offers
promise for exploitation in photodynamic therapy (Pottier et
al., 1986; Malik and Lugaci, 1987).
The purpose of the present investigation was to determine

whether endogenous PPix produced from exogenous ALA in

rat pancreatoma AR4-2J cells can achieve a sufficient con-
centration to serve as a cytolytic agent following photoactiva-
tion. Light-activated PPix exerts its tumonrcidal effect
presumably by the generation of singlet oxygen (102), a
short-lived excited state of molecular oxygen which reacts
with membranous structures, lipids and proteins (Weishaupt
et al., 1976). The present study verifies the generation of 102
by PPix and also shows that ALA does not itself contribute
directly to 102 production, thus confiuming that it is the
endogenously generated PPix, not the ALA, that mediates
the cellular phototoxicity.

Recently, it has been proposed that the physiological dicar-
boxylic porphyrins, notably PPix, are endogenous ligands for
the mitochondrial benzodiazepine receptor (MBR), an
18 kDa protein located on the outer mitochondrial mem-
brane and mediating a wide range of physiological effects
(Verma et al., 1987), including modulation of mitochondrial
respiratory control (Hirsch et al., 1988), inhibition of cellular
proliferation (Stepien et al., 1991) and induction of cellular
differentiation (Wang et al., 1984a). The MBR has been
implicated in the translocation of PPix and haem across
mitochondrial membranes, presumably by way of the anion

channel, porin, an integral part of the MBR (Anholt, 1986).
Centrally acting benzodiazepine compounds such as clona-
zepam and flumazenil have minimal affinities for the MBR,
but the peripherally active ligands Ro5-4864 and PK1195
will bind to the MBR with high affinity, and both will
displace the endogenous ligand PPix (Verma et al., 1987). In
the present investigation the abilities of these MBR ligands to
interfere with phototoxicity elicted by exogenous ALA in the
AR4 2J cells were compared with the effects of those cen-
trally acting benzodiazepine ligands possessing a low affinity
at the MBR. A role for the MBR in ALA/PPix-mediated
phototoxicity is proposed from the findings of this study,
some of which have been reported in brief previously (Rat-
cliffe and Matthews, 1994).

Materials and metdods

Cell culture

AR4-2J cells, derived originally from a rat pancreatoma
(Longnecker et al., 1979), were routinely cultured to a sub-
confluent monolayer in RPMI-1640 medium (Gibco) supple-
mented with 10% fetal bovine serum, 1% L-glutamine, and
1% penicillin-streptomycin (ICN Flow) and maintained at
37-C in humidified 95% air/5% carbon dioxide. Cells were
passaged at 80% confluence and used at 80-90% confluence
by harvesting with 0.025% EDTA and 0.25% trypsin (ICN
Flow). Cells were resuspended in serum-free medium and
seeded in 96-well plates at a seeding density of 5-7 x
I0 cells ml 1. Cells were allowed to attach in the presence of
ALA for 24 h prior to illumination. In experiments with the
benzodiazepine compounds, the cells were incubated for 24 h
in 96-well plates in the presence of benzodiazepine before
replacing the medium with that containing both ALA and
the benzodiazepine. The cells were usually illuminated 24 h
after the addition of ALA. Non-illuminated control plates
were set up in parallel.
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Illnination
The 96-well plates were illuminated directly from below on a
modified Sigma T2203 illuminator emitting white light at
A>400nm at an intensity of 0.2 mW cm-2 or 0.47 mW cm-2
for up to 16min.

MTT cell survival assay

Cell survival was measured using a rapid in situ spectro-
photometric assay relying on the conversion of the yellow
tetrazolium salt MTT to a blue-coloured formazan product,
measuring intact mitochondrial dehydrogenase activity in liv-
ing cells (Mossmann, 1983). Plates were assayed 24 h after
illumination. MTT solution (3.75 mg ml-1), 20 il per well,
was added under sterile conditions, incubated for 4 h at 37C
in a humidified atmosphere, and 100 id per well of solubiiiser
[20% (w/v) sodium dodecyl sulphate (SDS) (Sigma) in 50%
(v/v) dimethylformamide (DMF) (Fluka)/distilled water,
pH 7.4 with 2.5% (v/v) glacial acetic acid/2.5% I N hydro-
chloric acid HCI] was added. The absorbance of each well
was measured 24 h later in a E-ter-Tek Multiskan (MCC 340)
with dual absorbance reading at 540 nm and 690 nm.

Porphyrin determination

Porphobilinogen (PBG) was measured using a colorimetric
assay (Mauzerall and Granick, 1956) following a procedure
described by Shedlofsky et al. (1987). Medium was removed
from AR4-2J cell cultures grown in the absnce or in the
presence of 20 gM, 5OIM or I00 M ALA, for either 24 h or
48 h, and discarded; the cell monolayer was rinsed once in
phosphate-buffered saline (PBS) and the cells were scraped
into I ml of 1.2M perchloric acid and centrifuged at 250g
for 5 min. A I ml volume supernatant was then added to
1 ml of modified Ehrlich's reagent [1 g of p-dimethylamino-
benzaldehyde (Sigma) in 30 ml of glacial acetic acid and
16ml of 70% perchloric acid, diluted to 50ml with glacial
acetic acid] and the absorbance determined after 4 min at
595 nm. PBG content was determined from a standard curve
of PBG (0.5-25 gM).

Cellular PPix concentration was determined spectrophoto-
metrically (Henderson and Donovan, 1989). Cells were cul-
tured in medium supplemented with ALA at 50 gM and
100 giM for 24 h, washed twice with PBS and removed with a
rubber policeman. Cells were pelleted at 1700 r.p.m. for
1Omin, resuspended in 5ml of 0.1 N sodium hydroxide,
sonicated and PPix absorbance determined at 430 nm. PPix
concentration was deduced from a standard curve of PPix
(1-50IAM). The protein content of the cells was determined
by the Bio-Rad protein assay method, and PBG and PPix
content expressed in terms of umol mg- protein.

Singlet oxygen detection

102 was measured by bilirubin photo-oxidation (Diamond et
al., 1977), using 15 jAM bilirubin in methanolic chloroform
together with appropriate concentrations of the photosen-
sitiser. Absorbance was determined at 453 nm on a Gilford
250 spectrophotometer and the results corrected for self-
sensitised photo-oxidation of bilirubin.

Statistical evaluation

All values quoted are means ± s.e.m. Statistical significance
was determined by the two-tailed, unpaired Student's t-test.
Values of P<0.05 were considered statistically significant.

Chemicals
ALA, PPix, PBG and bilirubin were all purchased from
Sigma (Poole, Dorset, UK). PK111195 was a gift from
Rh6ne-Poulenc Rorer. Ro5-4864, clonazepam and flumazenil
were gifts from Roche.

Resnks

ALA phototoxicity
The survival of ALA-pretreated AR4-2J cells, as measured
by the MTT cell survival assay, was found to decrease with
increasing duration of illumination, as well as with increasng
light intensity. Pretreatment of the serum-deprived AR4-2J
cells with 10 giM ALA for 24 h elicited an illumination time-
dependent phototoxicity (Figure 1). This time dependence
was evident whether cells were grown in either serum-free or
serum-containing medium. In other experiments, illumination
of AR4-2J cells grown in serum-containing medium and
pretreated with 10 pM ALA for 8 min, at 0.2 mW cm-2,
resulted in a <40% reduction in cell survival, i.e. to
62.0 ± 1.0% that of control values (P<0.05, n = 8), whereas
exposure to a light intensity of 0.47mW cm-2 for the same
illumination time led to a more than 80% reduction in cell
survival, i.e. to 16.0 ± 2.0% that of control values (P<0.005,
n = 8). Control values were defined by cell survival in the
absence of both light and ALA.
The dose dependence of ALA-mediated phototoxicity was

established in serum-free medium using an illumination time
of 8 min, yielding an EC of 6.6 ± 0.7 pM. There was a small
decrease in the survival of non-illuminated control cells, but
at the EC", of ALA for illuminated cells, there was still
)90% survival of the non-illuminated, control cells. Survival
was again expressed as percentage survival in the absence of
both light and ALA. Although in this series of experiments
the cells were exposed to ALA for a standard time of 24 h
before illumination, we have also obsrved in other
experiments (not shown) that some photosensitivity of ALA-
treated cells is evident even after only 4 h of ALA uptake.

Cellular PBG content

The next step in the porphyrin biosynthetic pathway follow-
ing ALA synthesis involves the formation of porphobilinogen
(PBG) from the condensation of two mokcules of ALA by
ALA dehydratase (ALA-D). PBG was detected in AR4-2J
cells incubated in ALA-supplemented medium (Figure 2).
After 24h exposure to 10 M, 20 LM and 50 gM ALA, the
PBG content of the AR4-2J cells increased with increasing
dose of ALA; the increments were significant (P<0.01) at
20 JLM and 50 ILM ALA. After 24 h, control PBG levels, in the
absence of ALA, were 52.6 ± 5.3 nmol mg-I protein, which
increased to 65.8 ± 8.6 nmol mg-' protein with IO M ALA,
and further to 103.4± 10.3 nmol mg-' and 122.4 11 nmol
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Fugwe I Tume dependence of ALA-mediated phototoxiaty. The
effect of ALA IOzM on cell survival following exposure to light
at 0.2mW cm-2. Survival is expressed as a percentage of cells
receiving neither light nor ALA. Values are means ± se.m.
(n = 6); where no error bars are seen they lie within the sym-
bol.
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mgz after exposure to 20'.i and 50 pL ALA respectivelv.
After 48 h pre-exposure to ALA there w-as a small amount of
PBG accumulation. but this wxas far less than that seen after
24 h. After 48 h incubation in the absence of ALA. the PBG
concentration A'as onlv 20.0 2.5 nmol m-- protein. Addi-
tion of 20 pLm and 50 JLM ALA caused a significant increase in
the PBG content to 2'.0 - 0.8 nmol m-- protein iP< 0.05i
and 3 .5;A4.5 rnmol mg- protein (P<0.01 respectiv-el.

Cellular PPimx

Folloxwing measurement of the intermediary pxrroie. PBG. in

porphxvrin biosynthesis. the final porphyrin in the pathxway.
PPix. A-as measured using a spectrophotometric assa%. The
PPix content of AR4-2J cell, cultured in the presence of

5OpNJ and lIiJ>pA ALA for 24h wxa.s determined Figure i.

In the absence of AL.A the PPix content x-as; 1 1 nmol
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Figure 2 PBG content o:. AR--2J cells :olloAwng ALA adm:nl-
stration PBG accumula::on :n AR4-2J cell. tollow"Ing exposure

to IOJA '2 uax and 5(A4 ALA 'or 24 h 1Di and tor 4S h (f*
alues are means S. eim tor three separate experiments.

*P<O ii) and **P<O, in01 Control cells Aere ncubated ;n ser-m-
tree medium :n :he absence o- ALA

rng protein increading signiticnrt1x (P<i-i i1 to 5)- 1 6
nmol mc- protein xvith p( AMN AL A. and further to
9 >S nmol m- protein P <OAiXll xith li-Xi pJAt ALA

Photod-namic therapy is believed to exert its tumoricidal
effect throuah generation of singlet oxxvgen -Oi). a short-
li-ed excited state of molecular oxvgen. that can cause
cytolysis ( A.eishaupt et al.. 19-6i. Currentlx. the primarv
sites of photodynamic attack by -0- are thought to be cel-
lular and mitochondrial membranes. but nucleic acids and
proteins are also susceptible to photo-oxidative action
(Foote. 19841. The ability of the photodynamic agent ALA
to generate -0. as detected by bilirubin photo-oxidation
assay. w-as investigated along w-ith the porphyrin product of
AL.A metabolism. PPix (Figure 4i) .AL.A at concentrations of
1 pAM and 100 pm show-ed no capacity to generate 0-. PPix.
1 AM. howxever. did cause bilirubin photo-oxidation on
exposure to light. an indication of 0- eeneration. This is
evidence that the PPix produced by treatment of .AR4-'J cells
w-ith exogenous .AL.A is responsible for the oxidati-e photo-
damage that occurs upon irradiation of the cells wxith light.
rather than being dependent on the .AL.A itself The -0
generation profile of tetrasulphonated aluminium phthalo-
cxanine (AIPcS4) w-as included as a positive control in the
expenment as it is an efficient photosensitiser w-ith a high
quantum yield for -0 ((p = 0.4). At equimolar concentrations
.ALPcS- generates -0 more efficiently than PPix.

EfieLt_ 1o et d a:t-puit mn1ipu1dt1ui ALo 1-iAte iiiaied

PPix has been identified ass an endogenouS ligand of high
affinity for the mitochondrial benzodiazepine receptor (MNBRi
iVerma et al.. 1998Th. a binding site wxhich may mediate a
'xide range of effects on cellular respiration iHirsch et al..
19SS) and cellular proliferation iStepien ei a!.. 19911. The
NIBR has also been implicated aS a site for PPix and haem
translocation across mitochondrial membranes i.Anholt.
19.6,. The ability of both centrally and mitochondrially
acting benzodiazepine compounds to intertere wxith phototox-
icity elicited throuah AL.A-induced PPix production in AR4-
2J cells w-as therefore assessed Fi2ure 5i. In all these
experiments an EC. value xwas determined for each indixid-
ual experiment and statistical significance calculated as the
difference betxween the mean values obtained for each set of

expenments Clonazepam iCLOi had no significant effect on
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ALA-mediated phototoxicity (Figure 5a), the EC_% of photo-
toxicity for ALA alone, 6.6 ± 0.7 gM, being increased
minimally to 6.8 ± 0.8 JM and 7.4 ± 0.9 JAM in the presence
of 10 JAM and 20 JiM CLO, respectively. Likewise, with
flumazenil (FLU) there was no significant increase in ECf,
i.e. from 6.6 ± 0.7 gAm to only 7.3 ± 1.0 gAM at both concen-
trations, i.e. 10 gM and 201M. CLO and FLU are centrally
acting benzodiazepines with very low affinities for the MBR.
In contrast, the two most potent peripherally acting com-
pounds known (those used here), are the isoquinoline carbox-
amide PK1 1195 and the benzodiazepine-2-one Ro 5-4864.
Both compounds affected ALA-mediated phototoxicity
markedly (Figure 5c and d). In the presence of 10 gAM
PK1195, the EC50 for phototoxicity doubled from 6.6±
0.7 gM to 15.2 ± 4.5 lIM, and with 20jAM PKII 195 the EC50
was further increased to 19.5 ± 0.9 ILM (P<0.001, n = 5).
Likewise, pretreatment of the AR4-2J cells with Ro 5-4864
altered considerably the EC50 for ALA-mediated phototox-
icity. In the presence of 10 JAM Ro 5-4864, the EC50 increased
from 6.6+ 0.7OM to 16.4 ± 2.3gM (P<0.002, n = 6), and
further to 26.7 ± 2.5 JAM in the presence of 20 JM Ro 5-4864
(P<0.0005, n =6). Although major effects were found on
ALA-mediated phototoxicity, the benzodiazepines may have
some direct action also on cell survival in the absence of
ALA. Thus, the centrally acting ligand CLO caused an
8 ±1% and 10±±1% decrease in cell survival at OOJM and
20 JAM (P<0.01, n = 6), respectively; similarly with FLU the
decrease was 15 ± 1% and 16 ± 1% at lOJAM and 20JM
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(P<0.01, n = 6) respectively. PK 1195 also produced a small
decrease in cell survival, of 13 + 1% and 17 ± 1% at IOJM
and 20JM (P<0.01, n =6) respectively, whereas Ro 5-4864,
diminished cell survival by 15±0.5% at 1OJ1M (P<0.01,
n = 6) and by 30 ± 1% at 20JM (P<0.005, n = 6).

The present results demonstrate clearly that rat pancreatic
tumour AR4-2J cells can be inactivated by light following
exposure to an ALA-enriched culture medium for 24 h. This
photoinactivation is mediated by the photodynamic effects of
endogenous porphyrins, in particular PPix, and is dependent
on the light intensity, duration of illumination and concen-
tration of precursor, ALA. Although the results described
here show the effects following 24 h exposure to ALA, we
have also noted that photodynamic effects can be observed
after as little as 4 h exposure to ALA. This is consistent with
the findings of in vivo studies in which there was measurable
porphyrin accumulation and photodynamic action evident
3 -4 h after exposure to ALA in tumours of stomach, colon
and bladder mucosa (Bedwell et al., 1992; Loh et al.,
1993).
ALA is an essential component of porphyrin biosynthesis

in all cells. The intramitochondrial generation of ALA by
ALA synthase (ALA-S) is the rate-limiting step normally
repressed by the end-product haem. ALA is condensed by
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Fgre 5 Effects of benzodiazepines on ALA-mediated phototoxicity. a, The effects of clonazepam (CLO) on ALA-mediated
phototoxicity: ALA alone (0), or in the presence of CLO 1O JM (-) or CLO 20 jM (A). b, The effects of flumazenil (FLU): ALA
alone (0) or in the presence of FLU 10 JAM (-) or FLU 20 JAM (A). c, The effects of PK11195: ALA alone (0) or in the presence

of PK IO0Pm (-) and PK 20 JM (A). d, The effects of Ro 5-4864: ALA alone (0) or in the presence of Ro IO #M (-) or Ro
20 JAM (A). Values are weighted means ± s.e.m. (n = 5 for a, b and c; n = 6 for d); significance determined from original data.
Where no error bars are seen they lie within the symbol.
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ALA dehydratase (ALA-D) to yield the pyrrole porphobi-
linogen (PBG), deamination of which to uroporphyrinogen
by PBG deaminase (PBG-D) is thought to be a secondary
rate-limiting step, and overactivity of which may lead to an
excess of photosensitising prophyrin products. PPix is formed
by successive decarboxylation and re-entry into the mito-
chondrion of the intermediary porphyrinogens. Ultimately
haem is formed by the insertion of ferrous iron. The enzyme
responsible for the incorporation of iron into PPix and the
formation of haem is ferrochelatase, a deficiency of which
will result in the accumulation of photoactive PPix and cel-
lular photodamage. In fact, not only has a low ferrochelatase
activity been recognised in malignant cells (Rubino and
Rasetti, 1966; van Hillegersberg et al., 1992), but, in the more
recent study, the activity of PBG-D, the enzyme responsible
for the deamination of PBG to uroporphyrinogen, was also
shown to be elevated. These reciprocal changes in enzyme
activity may together lead to a considerably enhanced
accumulation of photoactive porphyrins in tumour cells,
making them particularly susceptible to photolysis and hence
a prime target for photodynamic therapy.

Both the intermiary metabolite of porphyrin biosyn-
thesis, PBG, and the end-product, PPix, have been identified
in rat pancreatic tumour cells of the AR4-2J cell-line used in
this study. Upon supplementation of the culture medium
with ALA, AR4-2J cells accumulate the pyrrole intermediate,
PBG, and the photoactive porphyrin, PPix. The accumula-
tion of PBG in the cells was most marked after incubation
for 24 h in the presence of an ALA-enriched medium. After
exposure to ALA for 48 h, the control levels of PBG were
significantly less than those seen after 24 h. This may be
attributable to utilisation of the PBG in the porphyrin syn-
thetic pathway to form other porphyrin products, or to
transamination of some ALA to cz-ketoglutarate; it may also
be due, in part, to lower cell viability after culture for 48 h in
the absence of serum. Furthermore, PPix accumulation in
AR4-2J cells was evident following a 24 h treatment with
ALA, the PPix content of the cells increasing with increasng
doses of ALA.
Photodynamic cytolysis can be attributed predominantly to

the highly reactive moklcular oxygen species, 102. ALA itself
over a wide range of concentrations, i.e. 1I M to 100 gM,
does not generate 102. The main product of porphyrin bio-
synthesis, PPix, is however a very effective generator of '02.
Light-activated PPix has been shown to exert its lethal effects
on neoplastic cells by generation not only of '02, but also of
hydroxyl (OH--) radials (KesseL 1977), and the cellular
effects of PPix as a photosensitiser per se are well docu-
mented. For example, PPix has been shown to have a photo-
dynamic action on isolated rat liver mitochondria, leading to
uncoupling and inhibition of oxidative phosphorylation,
energy dissipation, inhibition of respiration, and swelling and
disruption of mitochondria (Sandberg and Romslo, 1980).
Photoactivated PPix will also destroy Friend erythro-
leukaemia, myelocytic leukaemia, Burkitt lymphoma and
mastocytoma cells (Malik and Djaldetti, 1980).

PPix binds to the mitochondrial benzodiazepine receptor
(MBR) with high affinity, the A for displacement of benzo-
diazepine ligands being 15 nM (Verma et al., 1987). The
MBR is associated with (i) a voltage-dependent anion chan-
nel (VDAC) similar to mitochondrial porin, which permits
the transPort of metabolites between mitochondria and
cytoplasm, (ii) an adenine nucleotide translocator (ANT)
providing a physical path for cytoplasmic ADP exchange
with mitochondrial ATP and (iii) a number of other proteins
and enzymes including hexokinase and creatine kinase. The
mitochondrial benzodiazepine recognition site is located on
the outer mitochondrial membrane, and the MBR complex
with VDAC, ANT and the kinases is organised at contact
sites between the outer and inner mitochondrial membranes.
Thus, the MBR may mediate a wide range of physiological
effects including respiratory control and cellular proliferation.
We have clearly demonstrated in this study that ligands such
as the isoquinoline carboxamide PK11195 and the benzo-
diazepine Ro 5-4864 will also affect the phototoxic response

elicited by exogenous ALA in AR4-2J pancreatoma cells.
Both PK1 1195 and Ro 5-4864 markedly increase the EC50 for
ALA-mediated phototoxicity, thus exerting a photoprotective
effect, with cell survival being increased from <10% to
> 90%. This effect is specific to the mitochondrially active
benzodiazepine ligands because the effects were not replicated
by the centrally active ligands clonazpam and flumaznil.
Furthermore, it is known that neither ALA nor PBG has any
affinity for the MBR (Verma and Snyder, 1988).
How then do PK11195 and Ro 5-4864 produce their

photoprotective action? They may act competitively and
oppose the binding of PPix, produced from the exogenous
ALA, to the MBR, thereby inhibiting the translocation of
PPix from the mitochondria to the cytoplasmic compartment,
or vice versa, and so restrict the locus of photodamage
elicited upon light activation. It is also conceivable that the
ligands may interfere with the production of PPix from its
precursors, since the precursors to porphyrin must traverse
the mitochondrial membrane in order for PPix to be formed.
PK1195 and Ro 5-4864 are believed to bind to overlapping,
but not identical, sites on the MBR. A small sequence near
the C-terminal end of the MBR moleule may be involved in
the binding of Ro 5-4864, but not of PK1 1195 (Farges et al.,
1993). This small spatial and molecular difference in binding
site may account for the slight difference in the degree of
photoprotection conferred by the two ligands, Ro 5-4864
exerting a greater photoprotective effect than PK1 1195 at
10 IM and 20 gM.
In view of these observations it is interesting to note that

Kessel (1988), using mesoporphyrin and haematoporphyrin
derivative (HpD), found no inhibition of porphyrin binding
to isolated rat kidney mitochondria by the benzodiazepines,
nor were acute effects of the MBR ligands detected on the
photosensitisation of intact cells, although these experiments
with exogenous porphyrins were of comparatively short
duration. Our results, involving lower concentrations of drug
present for more extended time periods, indicate that in
intact cells it is the mitochondrial translocation of the
endogenous porphyrins, including PPix, which is likely to be
primarily affected by MBR ligands. The MBR is an impor-
tant mediator of cellular processes in tumour cells, activation
of which by ligands such as Ro 5-4864 has been implicated in
antiproliferation of thymoma cell lines (Wang et al., 1984b).
There are recent reports also of an increase in the number of
MBR binding sites in colonic adenocarcnoma tissue, to 3.4
times that of normal tissue (Katz et al., 1988), and in ovarian
neoplasms 3-5 times that of normal or benign tissue (Katz et
al., 1990). Activation of the MBR by the endogenous ligand,
PPix, may therefore play an important role in tumour cell
metabolism per se. PPix itself has also been shown to be
antiproliferative in mouse spleen lymphocytes (Stepien et al.,
1991).

In conclusion, we have established that pancreatoma cells
become sensitised to light even after quite short periods of
ALA uptake. This points to a rapid increase in the rate of
PPix synthesis in exocrine tumour cells, a fact that we have
been able to confirm by measurement of cellular PBG and
PPix following ALA treatment. Finally, this study not only
highlights the role that the mitochondrial benzodiawpine
receptor may play in ALA-mediated phototoxicity, but it
demonstrates how ligands for the MBR may be used delib-
erately to interfere with the actions of PPix, eliciting a pro-
tective effect when cells pretreated with the ligand are
exposed to both ALA and light. These drugs, which are
devoid of central actions, therefore have the potential to
rescue cells from porphyrin-induced photolysis and may
prove to be of use clinically for this purpose.
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