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Abstract Photodynamic Therapy (PDT) is an evolving can-
cer treatment that depends on three known and variable com-
ponents: photosensitizer, light and oxygen. Optimization of
these variables yields reactive oxygen species, mainly sin-
glet oxygen, that damage cellular components leading to
cytotoxicity. Our research has demonstrated that porphyrin
sensitizers, in particular, significantly inhibit the inner mi-
tochondrial membrane enzymes cytochrome c oxidase and
FoF, ATP synthase. These results were obtained from an
in vivo-in vitro experimental protocol that exposes sensitiz-
ers to metabolic and pharmacokinetic events. The resulting
inhibition of oxidative phosphorylation was expected to re-
duce ATP levels, which were quantitated in cells and were
confirmed by 3'P-NMR spectroscopy of tumors in situ in
animals treated with PDT.

Based on these findings, and more recent investigations of
apoptosis, there is little doubt that mitochondria are critical
targets in the actions of PDT.
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Results and discussion

Photodynamic Therapy (PDT) is an evolving cancer treat-
ment regimen that is comprised of three components: pho-
tosensitizing agent; visible light; and presence of oxygen.
Much of the research has been directed towards optimiza-
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tion of these components, seeking to establish parameters of
maximum efficacy for application in clinical settings. Sev-
eral reviews of PDT have appeared, wherein descriptions of
the effects of purified hematoporphyrin preparations, novel
synthetic sensitizers, and precursors or pro-drugs (such as
aminolevulinic acid or ALA) have been investigated. At-
tention to physical parameters of light, such as wavelength,
fluence rates and continuous versus intermittent regimens
have been explored. Since it is well accepted that the pho-
tochemistry of light activation of these sensitizers leads to
production of reactive oxygen species (ROS), particularly
singlet oxygen and/or hydroxyl radicals and peroxides, ef-
forts have been directed to document and perhaps modify
the presence of hypoxia in tumor regions that might pre-
clude the production of ROS and their cytotoxic actions
that form the basis of reduced neoplastic growth. However,
when we first became interested in PDT, there was little in
the literature that addressed mechanisms leading to tumor
inhibition.

In 1982, a report by Berns et al. (1982) examined cellu-
lar effects of hematoporphyrin derivative (HpD) in several
established cell lines. Investigation of these non-cancerous
cells in vitro by fluorescence microscopy showed that binding
of HpD was to mitochondria. Although no tumor cell lines
were included in their report, it immediately brought to mind
the earlier study by Senior et al. (1975), in which they char-
acterized inner membrane enzymes and transport systems in
mitochondria from the R3230AC mammary tumor, a trans-
plantable, hormone-responsive differentiated carcinoma of
Fischer rats (Hilf et al., 1965; Hilf, 1967). Mitochondria from
tumors were compared with mitochondria from pregnant and
lactating mammary glands. They observed that translocation
of ADP across the inner mitochondrial membrane was more
rapid by virtue of a lowered Km ADP and a raised Vmax,
whereas transport of phosphate and dicarboxylic acids
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occurred at similar rates in all three tissue sources. Hence,
it was decided that a study of photosensitization of tumor
mitochondria might provide mechanistic insight into the ac-
tions of HpD.

While many of the general properties of mitochon-
dria from R3230AC tumors were functionally normal, e.g.,
pyruvate dehydrogenase, Krebs cycle, NADH oxidase, suc-
cinate oxidase, respiratory control ratios, P/O ratios and
cytochrome oxidase activities, the average yield of mito-
chondria from tumors was considerably lower than mam-
mary tissues from pregnant or lactating rats (Senior et al.,
1975). Based on these findings, we elected to examine in
detail the effects of HpD and light on cytochrome c ox-
idase (EC 1.9.3.1), the terminal oxidant catalyzing elec-
tron transfer from cytochrome c to oxygen, a critical step
in aerobic metabolism. The initial studies were performed
on tumor mitochondria exposed to HpD (and some other
porphyrins) in vitro (Gibson and Hilf, 1983). Inhibition of
cytochrome c (cyt c) oxidase activity was dose-dependent
and light dose-dependent (time of light exposure); under the
conditions used, a relationship of percentage of inhibition
to HpD dose was observed. Further, the log of percentage
of inhibition was linear in time. Nevertheless, these data on
inhibition of cyt c oxidase activity, although novel in tumor
mitochondria, remained to be demonstrated under condi-
tions in vivo. To accomplish this, we administered HpD to
rats bearing R3230AC tumors, sacrificed the animals at var-
ious times after treatment, prepared mitochondria from the
excised tumors, and photoirradiated the isolated organelles
in vitro. Mitochondria obtained at 24, 72 or 96 hr after HpD
administration in vivo demonstrated similar and significant
photosensitization; inhibition of cyt ¢ oxidase activity after
3 hr of light exposure was 81%, 75% and 72%, respectively.
These results from our in vivo-in vitro experimental protocol
clearly indicated that HpD (and some other porphyrins) were
taken up and retained by tumor mitochondria in vivo. We
suggested that this in vivo-in vitro protocol offers a very use-
ful assay for examining dose and time course relationships
of photosensitizers, an assay that also takes into account
any inherent metabolism by the tumor-bearing host and/or
target cell.

Because singlet oxygen has a limited migration range
from its site of formation (Moan and Berg, 1991), we sur-
mised that its effects on a biochemical parameter would re-
flect its cellular or subcellular localization. Therefore, we un-
dertook a more systematic investigation of the effects of PDT
on selected enzyme activities, the selection being guided by
the extensive biochemical literature that reported their sub-
cellular locations by use of more traditional physical frac-
tionation techniques. Subsequent to initially investigating the
effects of HpD and light on isolated mitochondria and cytosol
in vitro, wherein we observed varying degrees of inhibition
of enzymes, we turned to the in vivo-in vitro protocol. In that
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study, mitochondria and cytosol from R3230AC mammary
tumor-bearing rats were prepared at various times up to one
week after a single injection of HpD. Pyruvate kinase was
markedly inhibited at early times, returning to initial levels
at 48 hr; neither lactate dehydrogenase nor glucose phos-
phate isomerase were altered by this treatment scheme. In
contrast, mitochondrial succinate dehydrogenase and cyt c
oxidase activities displayed significant inhibitions, the great-
est decreases occurring between 24 and 96 hr after injection
of HpD. At one week after treatment, succinate dehydroge-
nase activity had returned to its initial level but cyt c oxidase
activity remained significantly inhibited. We concluded that
HpD reached and remained at the inner mitochondrial mem-
brane, where it could be photoactivated and produce damage
to enzymes localized at that site (Hilf et al., 1984).

The next mitochondrial enzyme that we investigated was
the proton-translocating adenosine triphosphatase (proton
ATP-ase), an enzyme performing the critical role of cou-
pling electrochemical proton gradients to formation of ATP
(Perlin et al., 1985). As anticipated, sub-mitochondrial par-
ticles exposed to HpD and light resulted in a marked in-
hibition of proton transport, the inhibition displaying both
drug-dose and light-dose relationships. Both inhibition of
transport and ATP hydrolysis showed an inhibition of 2%
per minute. Upon measuring membrane integrity, either by
sucrose leakage or Kt leakage, we concluded that discrete
membrane alterations were not the likely cause of the ini-
tial loss of gradient formation. Further, photosensitization by
HpD to inhibit ATP hydrolysis and proton transport could
not be attributed to cross-linking of enzyme subunits. These
results, taken together with our earlier reports enabled us
to strongly suggest that mitochondrial enzymes involved in
oxidative phosphorylation are very important sites of action
for the cytotoxicity of PDT.

Although there has been ample agreement that porphyrin
photosensitization plus light leads to singlet oxygen pro-
duction and cytotoxicity, a consensus had not been reached
regarding intracellular site(s) of action of PDT. Cellular com-
ponents that have been implicated are the plasma membrane
(Kessel, 1977; Kohn and Kessel, 1979), nucleus (Moan et al.,
1980; Gomer, 1980; Gutter et al., 1977; Fiel et al., 1981),
and microsomes (Dixit et al., 1983; Das et al., 1985). Our
studies had focussed on mitochondria as an important target
and we had demonstrated significant dose related inhibitions
of the activities of cyt ¢ oxidase, succinate dehydrogenase
and the FoF; ATP synthase, effects seen in vitro with iso-
lated mitochondria prepared from tumors of animals that had
been injected with HpD. From this experimental model we
had concluded that the photosensitizer was retained by mito-
chondria, whereas effects on plasma membrane and cytosol
components occurred very early and were no longer demon-
strable at longer times (>24 hr). We surmised that suscepti-
bility to HpD plus light was greater for enzymes located in
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the more hydrophobic regions than those located in the more
hydrophilic sites, i.e., mitochondrial matrix. To extend this
supposition, we next examined effects of PDT on adenylate
kinase, an enzyme located in the intermembrane mitochon-
drial space, and monoamine oxidase, an enzyme bound to the
outer mitochondrial membrane (Murant et al., 1987). Using
the in vivo-in vitro protocol and sampling at 2 to 72 hr after
administration of Photofrin II (the clinically approved prepa-
ration from HpD), photosensitization of monoamine oxidase
was observed at 2 hr (30% inhibition) but no significant
inhibition of activity was seen at later times. Interestingly, the
activity of adenylate kinase, located in the more hydrophilic
intermembrane space, was unchanged over the entire
time course. Based on results obtained for cyt ¢ oxidase in
these preparations, which showed sustained inhibition of en-
zyme activity, we concluded that neither monoamine oxidase
nor adenylate kinase likely contribute to tumor cytotoxicity
under the usual protocol conditions of PDT.

Therefore, these data taken together with our previous
reports, suggest the following sequence of events wherein
tumor cells, exposed to HpD or Photofrin II, initially take
up these porphyrin photosensitizers in the plasma membrane
(Table 1). Subsequently these porphyrins enter the cytoplasm
where they can sensitize enzymes such as pyruvate kinase,
and may briefly contact the outer mitochondrial membrane,
affecting monoamine oxidase. By 24 hr and later after ad-
ministration in vivo, it appears to be the inner mitochondrial
membrane that has concentrated the more hydrophobic por-
phyrin components. Since the time that most clinical proto-
cols initiate photoradiation, such as 48 to 72 hr after injection
of Photofrin II, the components located in or on the inner mi-
tochondrial membrane, cyt c oxidase, FoF'; ATP synthase and

Table 1 Time after Photofrin IT administration

Enzyme 2h 24 h

Na™K™ ATPase 43.8 £4.7 55.6 £7.0
MgA++ATPase 922+1.8 86.4+2.5
5'-nucleotidase 100 + 3.4 99.3 +£34
Pyruvate kinase 945 £3.1 93.8 £2.1
Monoamine oxidase 71.8 £ 6.4 86.4+£5.5
Adenylate kinase 958 £1.5 93.7£1.0
Cytochrome c oxidase 67.0 4.0 26.8 £ 1.7
FoFATPase 62.6 £4.5 344 +42
Succinate dehydrogenase 792 +£2.0 39.7+2.7
NADH dehdrogenase 99.5£2.2 72.6 £ 1.7

Note. Tumor-bearing rats were injected i.p. with 25 mg kg™! Photofrin
II, mitochondria prepared from tumors at selected times and exposed
to 300400 J cm~2 broad band irradiation. Data are presented as per-
centages of initial enzyme activity (zero time before photoradiation)
s.e.m. Each number represents the mean of at least four separate ex-
periments performed in duplicate. Data from NatK* ATPase, Mg**
ATPase and 5'-nucleotidase are from Gibson et al. (1989) and from
monoamine oxidase and adenylate kinase are from Murant et al. (1987).

succinate dehydrogenase, are most susceptible to the delete-
rious effects of singlet oxygen. If this proposed sequence that
is based on the conducted animal experiments is a reflection
of the clinical protocols that show anti-tumor efficacy, then
those mitochondrial effects that we demonstrated are likely
contributors to the mechanisms of PDT-induced cytotoxicity.

It was evident that mitochondrial enzymes involved in
oxidative phosphorylation and electron transport, and thus
production of ATP, had to be considered as potentially crit-
ical targets of PDT. It was logical to undertake quantitative
measurement of ATP levels, anticipating that a reduction in
ATP would potentially compromise cell growth and division
because of the central role of ATP in energy metabolism.
Initially, we examined effects of PDT on dissociated tumor
cells, wherein a drug-dose and light-dose dependent decrease
in ATP levels was observed (Hilf et al., 1986). Most inter-
esting was the apparent coordinate behavior of ATP levels
and cell viability, as estimated by trypan blue exclusion. Be-
cause numerous subcellular sites of HpD action have been
suggested as leading to cytotoxicity, we needed to consider
that cancer cells display increased anaerobic and aerobic
glycolysis for energy metabolism. We reasoned that use of
inhibitors known to selectively reduce mitochondrial oxida-
tive phosphorylation, such as oligomycin that binds to the
Fy portion of the proton-translocating ATPase, could pro-
vide a means to confirm the mitochondrial site of action of
HpD photosensitization. Hence, mitochondria treated with
oligomycin to reduce ATP levels to 50% of their initial values
would not be expected to display further significant reduc-
tion in ATP after HpD photosensitization. Those predictions
were borne out with very little further reduction in ATP lev-
els by PDT. To distinguish ATP production by glycolysis,
we employed iodoacetate, which inhibits glyceraldehyde 3-
phosphate dehydrogenase and prevents formation of ATP
and NADH. Using a similar experimental design in which
the iodoacetate reduced ATP levels by 50%, the activation
of HpD by light caused a further reduction of ATP levels to
reach <10% of the initial levels. These findings lend further
support to our earlier conclusion that the major site of HpD
photosensitization is the mitochondrion.

Despite all of the data obtained from studies in vitro on
isolated mitochondria exposed to PDT, on intact dissociated
tumor cells obtained from cell cultures, on intact dissoci-
ated tumor cells obtained from tumors growing in vivo, and
from the in vivo-in vitro protocol that we initiated and takes
into account the metabolic and pharmacological events that
systemic administration of HpD and Photofrin II may un-
dergo, there remained a concern that none of the experi-
mental methods accurately mirrored the events occurring in
tumors in situ treated with PDT. Fortunately, 3'P-NMR en-
ables one to study, under analogous conditions, the photosen-
sitizing ability of systemically administered porphyrins (or
other photosensitizers) in the intact tumor-bearing animal.
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Table 2 Phosphorus resonance ratios vs time between PII injection
and Photoradiation

P, /Total (%) time after PIl BATP/P; time after PII
24hr 72 hr 05hr 24hr 75hr

Time after
radiation (h) 0.5 hr

0 (no hv) 7.59 9.03 144 2.0 1.61 1.00

1.0 23.6 19.5 23.2 035 059 049
3.0 42.6 28.5 355 0.12 038 0.20
5.5 50.9 34.2 39.7 0.0 0.13  0.17
24 20.4 24.8 14.1 059 028 0.46
30 21.7 20.6 10.0 0.76 053 1.23

Note. All animals received i.p. 25 mg kg~! PIL. Photoradiation condi-
tions were 200 mW cm 2 for 1 h, 530-700 nm. Tumors were 0.7—1.2
cm diameter at time of radiation. Data represent results from 2-3
animals treated similarly.

We reported use of this technique in an initial study (Ceckler
et al., 1986), where we observed a rapid and dramatic de-
crease in ATP (NTP) levels in tumors of animals treated with
Photofrin IT and light. Those results encouraged us to pursue
a more extensive series of experiments to help define early
responses monitored by NMR (Hilf et al., 1987; Ceckler et
al., 1991). In these experiments, we administered Photofrin
II (25 mg/Kg) to R3230AC tumor-bearing rats and tumors
were exposed to 200 mW/cm? for 1 hr (54] of 530700 nm).
As shown in Table 2, the area of the BATP peak relative to
the total Pi resonances declined dramatically, reaching O to
<15% of initial levels when tumors were measured at 5.5
hr after photoradiation. There was a concomitant marked in-
crease in Pi. These effects appear to be fluence related. One
possible mechanism for reduced tumor ATP levels after PDT
could involve changes in the vascular supply to the tumor.
We attempted to measure changes in tumor vascularity by
the rate of appearance of administered D,O. Compared to
control, PDT did not appear to alter the uptake of D,O sig-
nificantly in treated tumors. At the ultrastructural level, the
degree of necrosis after PDT was faster in its development
and more extensive than would be expected from impair-
ment of blood flow. Hence, while considerable interest was
raised implicating possible damage to vascular endothelial
cells as contributing to or causing cytotoxicity, our data ob-
tained in these experiments do not support the notion that
reduced ATP (NTP) levels occurred primarily as a result of
major changes in tumor vascularity. Taken together with our
earlier results, and of others (Chopp et al., 1987), reduction
in tumor ATP levels in situ is a direct and early response to
PDT, most probably a result of inhibition of mitochondrial
function.

In sum, our studies leave little doubt that the inner mito-
chondrial membrane is a target of PDT when the photosen-
sitizer is HpD or its clinically approved mixture of the
more active porphyrin oligomers present in HpD, desig-
nated Photofrin II. Using a rodent mammary adenocarci-
noma as the tumor model, we demonstrated this in isolated
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mitochondria, in cultured cells and in a protocol referred
to as in vivo-in vitro, in which the sensitizer was ad-
ministered to tumor-bearing animals, allowed to accumu-
late in the neoplasm, and mitochondria were prepared
therefrom and exposed to photoradiation. In all of these
experiments, marked and significant drug-dose and light-
dose dependent inhibition of critical enzymes of oxidative
phosphorylation was observed. We demonstrated that this
inhibition led to dramatic decreases in cell ATP levels and
conclusively proved that such declines after PDT occurred
in tumors in vivo utilizing the non-invasive NMR technique.
We conclude that rapid and significant inhibition of mito-
chondrial function result from porphyrin photosensitization.

Since the initial report by Oleinick and her colleagues,
demonstrating a dose- and time-dependent DNA fragmenta-
tion in mouse lymphoma cells sensitized by chloroaluminum
phthalocyanine (Agarwal et al., 1991), along with observed
chromatin condensation, the implication that apoptosis (pro-
grammed cell death) played a mechanistic role in the anti-
tumor effects of PDT had to be explored. Because many
of the macrocyclic photosensitizers localize in or associate
with mitochondria, and because earlier studies demonstrated
the effects of porphyrin photosensitizers on mitochondrial
components, together with the fact that mitochondria are a
key organelle in many apoptotic pathways, it is not surpris-
ing that considerable recent research has focussed on the
role of mitochondria in PDT-induced apoptosis. Results of
these many investigations regarding mechanisms of apop-
tosis are thoroughly reviewed and critically evaluated by
Oleinick et al. (2002), including the difficulties in demon-
strating such events in tumors in vivo. Because many of the
explorations of PDT-induced apoptosis revolve around a role
of mitochondria, these studies continue to support these or-
ganelles as important targets of the efficacy of PDT as an
anti-neoplastic therapy.
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