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ABSTRACT

Incorporation of photodynamic therapy into clinical practice for
induction of vascular photo-occlusion highlights the need to
prevent adverse phototoxicity to sensitive juxtaposed tissues,
particularly in the retina. We developed a system termed
‘“competitive quenching” to prevent adverse phototoxic damage.
It involves differential compartmentalization of a photoactivator
to the intravascular compartment for photoexcitation and
delivery of phototoxicity to targeted vessels. A different phot-
odynamic agent is partitioned to the extravascular retinal space
to quench reactive oxygen species generated by photosensitiza-
tion, thereby protecting the adjacent retinal tissues from adverse
phototoxicity. The absorption spectra of quenchers must span
wavelengths that are shorter and excluded from the spectral
range of photoexcitation light to prevent photoactivation of
the quencher. Perihydroxylated perylenequinones were found to
be suitable to function as ‘“‘competitive quenchers” with the
prototype hypericin identified as a potent quencher. Here
we examined the mechanisms operative in competitive quenching
and suggest that hypericin forms a complex with verteporfin,
thereby quenching singlet oxygen formation. Furthermore, we
show that hypericin, with six phenolic hydroxyls, protects retinal
and endothelial hybridoma cells from phototoxicity more effect-
ively than the dimethyl tetrahydroxy helianthrone structural
analog with only four such phenolic hydroxyls. The findings
suggest that hydroxyl numbers contribute to the efficacy of
competitive quenching.

INTRODUCTION

Photodynamic therapy (PDT) has become an accepted form
of therapy in ophthalmology and is used experimentally to
treat superficial tumors occurring at sites accessible to
irradiation with light. Although direct toxicity to tumor
cells is known to occur (1), severe damage to the microvas-
culature supplying the tumor is the primary cause for
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effective tumor necrosis by PDT (2,3). In addition to
anticancer therapy, targeting choroidal neovascularization
for photoablation is the main objective in the treatment of
the neovascular form of age-related macular degeneration
(AMD) with PDT (4). Verteporfin (VP, Visudyne™), a
benzoporphyrin derivative, is used as the photosensitizer of
choice in the treatment of AMD, being photosensitized with
laser light at wavelengths > 650 nm (5,6).

The growing number of clinical indications in which PDT is
being used raises the specter of adverse phototoxic damage
caused to tissues adjacent to neovasculatures targeted for
photoablation. This problem is more acute in AMD treated
with VP-PDT. Photosensitization of the abnormal vessels takes
place at close vicinity to the retinal pigment epithelium (RPE), a
single layer of cells in the choroid important in preserving the
function of photoreceptors. Indeed, a considerable area of weak
fluorescence surrounds the choroidal neovascular complex
(CNV) following PDT, which intensifies 1 week after the
treatment (7). It forces ophthalmologists to minimize the light
doses applied during PDT to lower the risks of irreversible
phototoxicdamage to the RPE. Consequently, CNVs that closed
following PDT are not thoroughly eliminated and tend to recur
within several weeks. Hence, protection of tissues juxtaposed to
targets of PDT is a viable medical priority and can enable the use
of larger and more effective light doses during therapy.

Aiming to prevent adverse phototoxicity to the RPE during
PDT of CNV with VP we developed a novel approach
termed “‘competitive quenching” (8). We found that a secon-
dary photodynamic agent can be harnessed to function as a
regulatory quencher of reactive oxygen species (ROS) gener-
ated by the photoexcited VP during PDT. We used hypericin
(Fig. 1a) as the quenching photodynamic agent because of its
amphi-electronic properties and ability to act as both an
oxidizing as well as a reducing agent (9) mainly owing to its
relatively low red/ox potential (10). The quencher must be
effectively excluded from the neovascular capillaries targeted
for photoablation to avoid interference with the efficacy of VP-
PDT. This is achieved by compartmentalization of the
quencher hypericin to the extravascular retinal and choroidal
tissue. We administer hypericin first via the intravenous route,
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Figure 1. The chemical structures of (a) hypericin (sodium ion pair), (b) dimethyl tetrahydroxy helianthrone and the visible range absorption
spectra of: (c) hypericin (in methanol), (d) verteporfin (in phosphatidylglycerol, dimyristoyl phosphatidylcholine 2:1) and (e) dimethyl tetrahydroxy
helianthrone (in methanol).

allow several hours for it to extravasate, disperse in the
neighboring extravascular space and clear the neovasculature
targeted for ablation with PDT. Only then the effector
photosensitizer VP is administered and remains confined to
the intravascular compartment for the initial 30-45 min at
which PDT is applied.

The quenching photodynamic agent can only function in
this capacity if not photoactivated during VP-PDT. The
absorption range of the quencher must, therefore, reside
outside the wavelength range of light used to photoactivate
the effector sensitizer and should also span wavelengths
shorter than those absorbed by the photoactivated sensitizer.
Hypericin is thus suitable to function as a quencher.
The absorption spectrum of hypericin in the visible range,
with maxima at 545 (¢ ~22 000 M ' cm™>) and 589 nm
(e ~47000 m~' cm™), (Fig. Ic) (11), is safely located
distantly from the absorption spectrum of VP at 689 nm
(Fig. 1d) and from the laser beam cutoff value =650 nm.
Hypericin is also lipophilic, a property which contributes to
a relatively long tissue half-life in vivo.

Here we examine the mechanisms that underlie the hyperi-
cin-mediated quenching of ROS generation by VP and address
some molecular requirements, which contribute to the efficacy
of the competitive quenching phenomenon. Possible roles of
aromatic hydroxyl groups on perylene quinones in achieving
effective quenching are examined, comparing the quenching
activities of hypericin with six aromatic hydroxyls (Fig. 1a) to
activities of dimethyl tetrahydroxy helianthrone (DTHe),
a structural analog of hypericin with four such groups
(Fig. 1b). The absorption spectrum of DTHe also renders
that molecule suitable to act as a quencher of ROS generated
by VP (Fig. le). Our ultimate goal is to better understand the
competitive quenching phenomenon to optimize its efficacy for
clinical utilization.

MATERIALS AND METHODS

Chemicals. Hypericin (10,11-dimethyl-1,3.4,6,8,13-hexahydroxy-naph-
thodianthrone) and 10,13-dimethyl-1,3,4,6, tetrahydroxy-helianthrone
(DTHe) were both synthesized by Dr. Y. Mazur, Department of
Organic Chemistry, the Weizmann Institute of Science, Israel, as
described in Lavie et al. (12). The compounds were dissolved in 70%
aqueous ethanol to stock solutions of 2 mgmL™" from which
subsequent dilutions were made in sterile cell culture medium to
obtain final ethanol concentrations <0.5%. VP was obtained from
Novartis Ophthalmics, Hettlingen, Switzerland.

Cell lines and culture conditions. ARPE19 cells were obtained from
the American Type Cell Collection (ATCC) and maintained in a
medium consisting of equal volumes of HAM F-12 and Dulbecco’s
MEM, 40 um glutamine, 100 U mL™" penicillin and 100 ug mL™"
streptomycin (GibcoBRL Life Technologies Ltd, Paisley, Scotland)
supplemented with 10% fetal bovine serum (FBS) (ATCC). The cells
were grown in a controlled atmosphere of 37°C, 5% CO,. EA.hy926, a
clonally pure hybridoma between human umbilical vein endothelial
cells (HUVEC) and A549/8 human lung cancer cell line was obtained
from Dr. C.J.S. Edgell (13), Department of Pathology, University of
North Carolina, Chapel Hill. This cell line expresses many properties
unique to vascular endothelial cells including production of von
Willebrand factor, platelet activating factor, thrombomodulin and
vitronectin receptors. The cells also produce capillary-like tubes on
Matrigel (14). The EA.hy926 cell line is being used as a model for
vascular endothelial cells because it provides a system of steadily
proliferating cells, which are less susceptible to environmental fluctu-
ations and senescence compared to cultured human vascular
(HUVEC) or microvascular (HUMVEC) endothelial cells.

Prevention of VP-PDT-induced phototoxicity in RPE or endothelial
hybridoma cells with hypericin or DTHe. Hypericin or DTHe was
administered to ARPE19 or EA.hy926 cells plated 2 x 10* cells/well in
96-well flat bottom microplates (Costar, Corning, NY) for 3 h in
culture (samples run in triplicates). VP was administered subsequently
for two additional hours of incubation at 37°C, 5% CO,. Cultures that
did not receive hypericin or DTHe served as positive PDT controls.
The growth medium containing VP and hypericin or DTHe was
removed and the cultures washed with phosphate-buffered saline
(PBS). The plates were irradiated with red light using a fiber-optic
noncoherent light delivery system (SeNet Ltd., Israel) in combination



with K700 broadband interference filter with central wavelengths at
700 nm and half-height bandwidth of +40 nm (Rolyn Optics, Covina,
CA) to selectively excite VP but not hypericin or DTHe. The cultures
were then returned to growth medium, cultured at 37°C, 5% CO, for
20 h, and cell viability was then assayed. Light fluency rate (mW cm™>)
was measured with a Model IL 1400A radiometer/photometer
(International Light Inc., Newburyport, MA).

Cell viability analyses. Cell viability was monitored using the
Hemacolor colorimetric microtiter assay that quantifies the amount of
two hemacolor dyes that binds to viable adherent cells (15) and via the
MTT assay, which measures reduction of MTT to formasan by
mitochondria of viable cells (16). Formasan was quantified spectro-
photometrically at 560 nm subtracting nonspecific absorption deter-
mined at 650 nm. Elevated backgrounds attributed to hypericin or
DTHe at each dose level were normalized relative to cell-free blank
wells containing medium and each pigment, respectively. PDT efficacy
was expressed as percentage of viable cells in treated wells relative to
untreated controls:

ODs60nm test sample — ODgsopnm blank

100
ODsg0nm untreated control cells — ODgsgnmblank x

% viability =

Selective partitioning of hypericin to the extravascular retinal space
and verteporfin to the intravascular compartment of the rat eye retina.
Wistar rats administered with hypericin, 2 mg kg™ intravenously were
anesthetized and killed after 8 h and rats administered verteporfin after
30 min. All experiments were approved by the Institutional Animal
Care Committee and conducted in strict accordance with the Ministry
of Health guidelines for use of animals in research. The eyes were
enucleated and frozen gradually initially at —80°C and subsequently in
liquid nitrogen. Frozen sections (5 um wide) were sliced at 50 um
intervals between sections. Tissue distribution of verteporfin or
hypericin was examined on unstained sections under an Olympus
fluorescence microscope, to avoid washout of these photodynamic
compounds from the retinal tissues during histological fixation and
staining. The Duet™ multiparametric cell scanning system (BioView
Corp. Nes-Ziona, Israel) equipped with an HBO103/W2, 100 W
mercury lamp (Osram, Munich, Germany) and a V6200 triple color
filter (Chroma, Brattleboro, VT) was used for the fluorescence analyses.

EPR, absorption and emission spectroscopies. The spin trapping
studies were performed with Bruker ESR spectrometer ER 2000D-
SRC at 25°C. 2,2,6,6-Tetramethyl piperidine (TEMP) was obtained
from Sigma. Samples were irradiated directly inside the ESR cavity
with KL 1500 lamp (Schott, Germany). Irradiation was carried out
with an appropriate filter. For singlet oxygen measurements, a mixture
of TEMP (0.1 m) and VP (5 x 10 M) was irradiated in a 70 mkL ESR
flat cell with or without hypericin. The highest concentration of
hypericin was six equivalents relative to VP. Absorption and emission
spectroscopies were measured at similar concentrations.

Statistical analyses. The Student’s t-test was used in the statistical
evaluation of the results.
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RESULTS

Prevention of VP-induced phototoxicity by the dianthraquinones
hypericin and DTHe in vitro

The possibility that phenolic groups on perihydroxylated
perylenequinones contribute to the quenching of ROS gener-
ated by photoactivated VP and that the quenching efficacy
may correlate with the number of aromatic hydroxyl groups
on the quencher has been addressed. ROS generated by
photoactivated VP were quenched by hypericin, which has six
aromatic hydroxyls and compared to those of DTHe, a struc-
turally related hypericin analog with only four aromatic
hydroxyls (Fig. 1b). DTHe shares some of the amphi-elec-
tronic properties that are unique to hypericin. It has a broad
visible-range absorption spectrum, which spans the 450—
600 nm range with peaks at 487 and 560 nm and is thus
excluded from the photoexcitation range of VP (Fig. 1d).

ARPEI19 cells in monolayer cultures were first loaded with
5,10 and 20 um of hypericin or DTHe quenchers for 3 h. VP at
concentrations of 0.1, 0.25 and 0.5 yug mL™' was then admin-
istered to the cells for two additional hours of incubation, with
all procedures performed in strict darkness (ambient light kept
<0.03 mW cm™>) to avoid photoactivation of hypericin or
DTHe. All unbound VP, hypericin and DTHe were then
removed by washing with PBS and the cells irradiated with
0.7 J ecm™ of light at wavelengths of 700 + 40 nm in PBS,
selectively photoactivating VP, which absorbs at 686 nm. This
wavelength range excludes the absorption ranges of either
hypericin or DTHe. The photoactivation caused VP-induced
phototoxicity to the cultures. Following irradiation, the cells
were washed with PBS, supplied with fresh medium and
cultured at 37°C in a 5% CO, atmosphere for additional
20 hrs.

Protective activities from VP phototoxicity of the quenchers
were measured as cell viability using the MTT assay. Figure 2a
shows that in ARPEI19 cells VP concentrations of 0.1, 0.25 and
0.5 ug mL™! elicit approximately 47%, 72% and 94% loss of
cell viability, respectively, due to phototoxicity. However, in
the presence of hypericin or DTHe, a larger percentage of cells
was found to survive the VP-PDT. Percentage cell viability in
the group photosensitized with 0.1 yg mL™" of VP increased
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Figure 2. Protection of ARPEI9 retinal pigment epithelial cells from VP-phototoxicity induced with 0.7 J em ™2 of red light (cutoff > 650 nm), by
hypericin or DTHe used as quenchers. (a) Photosensitization with 0.1 pg/ml VP, (b) with 0.25 pg/ml VP and (c) with 0.5 ug/ml VP.
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from 47.2% in the absence of hypericin to 66.2% (P < 0.05),
89.3% (P < 0.001) and 86.7% (P < 0.005) following expo-
sure to 10, 20 and 40 um of hypericin (referred to as HY in
Fig. 2a), respectively. The corresponding increases in the
percentage of viable cells in cultures that were exposed to 10,
20 and 40 um of DTHe were only 52.3% (not statistically
significant), 60.2% and 63.4% (P < 0.05), respectively
(Fig. 2a). In these analyses hypericin was more effective in
protecting the cells from VP-PDT-induced phototoxicity
compared with DTHe.

Similar result patterns were obtained when PDT was
performed with VP concentration of 0.25 ug mL™" (Fig. 2b).
Percentage cell viability increased from 28.6% in the absence
of a quencher to 46.0%, 79.5% (P < 0.0005) and 64.3%
(P < 0.01) when hypericin concentrations of 10, 20 and 40 um
were applied, respectively. Here, too, the increases in viability
of cells exposed to DTHe at the same molar concentrations
were 33.2%, 41.3% and 43.4%, respectively, well below the
protection levels achieved with hypericin. Increasing the VP
concentration in the cells to 0.5 ug mL™" and photosensitizing
with 0.7 J cm™? of light-generated levels of phototoxicity, that
were more difficult to prevent with these dianthraquinone
quenchers. Nevertheless, Fig. 2c shows that even at this highly
phototoxic dose, 20 um of hypericin, was effective in preser-
ving >40% of cell viability, although the absolute overall
protection declined with the increases in the concentrations of
VP. Maximal cell viability protection obtained with DTHe was
>20% and achieved with 40 um of DTHe. The findings show
that although hypericin or DTHe are photodynamic mole-
cules, they act to protect cells from phototoxicity induced by
excitation of effector sensitizers such as VP at wavelengths that
are longer and exclude the absorption spectral ranges of
hypericin and DTHe.

Microvasculature is the primary target of PDT with VP in
both AMD and in cancer therapy. The quenching of VP-PDT
generated ROS and protection from phototoxicity by hyperi-
cin and DTHe have also been examined in EA.hy926 cells,
a vascular endothelial hybridoma cell line that expresses a
range of vascular endothelial cell properties. The results,
Fig. 3a, show that exposure of EA.hy926 cells to 0.1 ug mL™!
of VP and an increased dose of 1.7 J cm™ of red light reduced
EA_.hy926 cell viability to 13.4%. The presence of hypericin at
concentrations of 10 and 20 um in the cells increased their

viability to 22% and 28%, respectively (Fig. 3a, left panel).
The protection levels provided by the same molar equivalents
of DTHe were 19% and 17%, respectively. Photosensitization
with 0.25 ug mL™" of VP led to a decline in residual cell
viability to approximately 3%; however, the presence of 10
and 20 um of hypericin resulted in increased viability of the
cells to 24% and 28.4%, respectively (Fig. 3a, middle panel).
Preloading these cells with 10 and 20 um of DTHe increased
the viability of these cells only to 11.3% and 13.2%,
respectively. Photosensitization with the highest VP concen-
tration of 0.50 yg mL™"' led to 100% cell death, yet the
presence of hypericin preserved the viability of approximately
16-18% of the cells (Fig. 3a, right panel). DTHe protection
under these conditions was negligible, confirming that hyperi-
cin protection is also superior to that provided by DTHe in the
endothelial cell model.

Protection of cells from VP-mediated phototoxicity with
peryhydroxylated perylenequinones was found to be more
effective in ARPE19 cells compared with EA.hy926 endot-
helial hybridoma cells when the two were compared simulta-
neously in the same experiment (Fig. 3). This may result from
differences in the antioxidative capacities of each cell type.
To estimate the magnitude of the protection exerted by natural
antioxidants we compared the effects of the natural cellular
antioxidant glutathione with the quenching of ROS by
hypericin in EA.hy926 endothelial hybridoma cells. Cell
survival was monitored following VP-induced photosensitiza-
tion. Initially, the optimal concentration of glutathione, which
yields maximal inhibition of VP-PDT-mediated photocytotox-
icity, was titrated and a concentration of 5 mm was found to
yield the most optimal level of cell protection. We loaded
EA.hy926 cells with hypericin applied at concentrations of 10
and 20 um for 3 h in the dark or with glutathione. VP at
concentrations of 0.10, 0.25 or 0.50 ug mL™! was subsequently
applied to all cultures for 2 h. Cell-free reagents were removed
by washing with PBS and the cells subjected to photosensiti-
zation with 0.7 J cm™2 of red light in PBS to generate
phototoxicity. Fresh growth medium was administered, the
cells were cultured for an additional 20 h and cell viability
monitored by the hemacolor assay. The results, Fig. 4, show
that while glutathione is the most effective in preventing
phototoxicity induced with up to 0.1 ug mL™! of VP, 20 um of
hypericin was effective in maintaining similar levels of cell
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Figure 3. Comparison of the protective activities of hypericin and DTHe, from phototoxicity induced with VP and 1.7 J cm ™2 of red light in (a)
ARPEI9 cells and (b) EA.hy926 endothelial hybridoma cells.
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Figure 4. Comparison of efficacies of hypericin and glutathione in

protecting EA.hy926 cells from phototoxicity induced by VP with
0.7 J cm™ of red light.

viability, quenching ROS generated by VP concentrations of
0.25 ug mL™" (Fig. 4, middle panel) and to some extent also
by 0.50 ug mL™" (Fig. 4, right panel).

The possibility that the effective protection of EA.hy926
cells from VP-mediated photodynamic damage by hypericin
may result from interference with VP entry into these cells by
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hypericin has also been examined. EA.hy926 cells were loaded
with 4, 10, 20 and 40 um of hypericin for 1 h at 37°C. VP at
concentrations of 2, 5 and 10 ug mL™! was then administered
and allowed to enter the cells for two additional hours at 37°C.
Unbound photosensitizers were removed by washing three
times with PBS containing 0.5% bovine serum albumin. The
cells were lyzed with 0.5% buffered NP-40 and intracellular VP
concentrations determined spectrofluorophotometrically. The
results, shown in Fig. 5, indicate that VP accumulation in
EA.hy926 cells remained unaltered by preloading the endot-
helial cells with different concentrations of hypericin, pointing
away from interference with VP entry as a potential mechan-
ism in the protection of cell viability.

Partitioning of hypericin to the extravascular retina and
verteporfin to the vascular compartment

Accumulation of a dianthraquinone quencher in the extravas-
cular choroidal and retinal space and its clearance from the
vascular compartment are prerequisites for protecting the RPE
and choroidal tissues from adverse phototoxicity elicited by
VP leaking from neovascularization, without concomitantly
interfering with the effectiveness of vessel photo-occlusion by
the PDT. The feasibility of selectively partitioning hypericin to
the extravascular choroidal and retinal space and VP to the
vasculature of rat eyes is shown to be achievable by creating a
6-8 h lapse between the time of hypericin administration and
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Figure 5. Hypericin does not interfere with VP entry into EA.hy926 cells. The cells were first exposed to four dose levels of hypericin. VP was
subsequently administered at the indicated concentrations. Following removal of cell free dyes the cellular content of VP was determined (a.u.,
arbitrary units).
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Figure 6. Microscopic analysis of sections of Wistar rat eyes prepared 8 h after administration of hypericin 2 mg kg™! or 30 min after introduction
of VP intravenously via the tail veins. Distribution of hypericin in the retina is shown. Retinae (marked area) are visualized by: (a) light field, (b) red
fluorescence of hypericin marking its distribution throughout the extravascular retinal space 8 h after a single intravenous administration of
hypericin 2 mg kg™'. Arrows point to choroidal vessels with perivascular regions devoid of hypericin. Upper left dark area marks the sclera and the
vitreous of the eye is at the lower right. (c). Section of the retina of an eye of a rat administered with VP, killed after 30 min and the eyes enucleated.
VP is shown to be confined to the vascular compartment of the choroid. Light is passed through a filter with a cutoff > 520 nm (BioView imaging
system; BioView Corp., Nes-Ziona, Israel) equipped with an HBO103/W2, 100 W mercury lamp (Osram, Munich, Germany) and a V6200 triple
color filter (Chroma).

the subsequent injection of VP, both via the i.v. route. Sections
prepared from the retinae and examined for hypericin fluores-
cence show that during these 6-8 h hypericin cleared the
vasculature and was confined to the extravascular retinal space
(Fig. 6b). The subsequent administration of VP allowed a time
interval of ~30 min in which this photosensitizer remains
confined to the vascular compartment (Fig. 6c). This is the time
interval at which photosensitization of VP is currently being
performed by ophthalmologists with a laser source emitting at
> 650 nm to selectively target the choroidal neovasculature.

Evaluation of hypericin—VP interaction in solution

To assess the possible interaction between hypericin and VP
and its role on singlet oxygen formation following irradiation
of VP, we have used EPR spectroscopy, which is capable of
monitoring production of singlet oxygen. The singlet oxygen
produced is trapped by TEMP, which produces TEMPO
(Scheme 1).

The central component of the triplet nitroxyl radical can be
easily followed by EPR spectroscopy. Figure 7 demonstrates
that following irradiation of VP (in phosphate buffer, pH 7)
singlet oxygen is clearly formed. A clear effect on the singlet
oxygen production was observed once the experiment was
repeated in the presence of hypericin. The production of singlet

\%
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Scheme 1. Mechanism of TEMPO formation following VP
irradiation.

oxygen was diminished following addition of hypericin and
was almost completely ceased upon increasing the hypericin
concentration (Fig. 7). We note that in contrast to buffer
solution, in ethanol, the addition of hypericin did not quench
the singlet oxygen production and even increased it (data not
shown).

To support the interaction between VP and hypericin in
aqueous solution, we followed the absorption and emission
spectroscopies. The absorption maximum of VP is centered at
686 nm and as shown in Fig. 8 is redshifted to 690 nm
accompanied by a band broadening indicating VP-hypericin
interaction. The effect was saturated at addition of about six
equivalents of hypericin.

The effect of hypericin on the excited state of VP was
demonstrated by the emission spectroscopy. The emission
spectrum of VP is centered at 762 nm, but following addition
of hypericin, this band disappeared and a much weaker band
appeared at about 768 nm (Fig. 9). Thus, both absorption and
emission spectroscopies indicated VP-hypericin interaction
that quenches singlet oxygen production following VP irradi-
ation as indicated by the EPR spectroscopy.

DISCUSSION

Although PDT with VP has been in clinical use for more than
a decade, regulation of its phototoxic effects in sensitive
adjacent tissues has thus far been unsuccessful. This short-
coming caused ophthalmologists treating choroidal neovas-
cularization in AMD with PDT to limit the accumulation time
and the dose of VP to the minimum required to achieve
microvessel photo-occlusion. This is because of concern for
accumulation of the VP in the adjacent choroidal and retinal
tissues, where it can cause irreversible damage to these tissues.
The consequences of the minimal dose and accumulation time
approach are frequent disease relapses occurring several weeks
after therapy, which require repeated PDT sessions. Although
tissues are equipped with several stress response mechanisms
and physiological antioxidants, effective PDT requires photo-
sensitization at power density levels, which overwhelm cellular
regenerative capabilities. Management of adverse phototoxic
damage, which occurs during PDT, requires external support.
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The dilemma of how to reconcile the contrasting needs for
effective phototoxicity to a neovasculature targeted for abla-
tion on the one hand with the need to protect adjacent tissues,
particularly the single cell layer of the RPE located only
microns away, remains a formidable challenge.
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We addressed this problem by developing a novel approach,
which combines two elements: a unique form of quenching
ROS formed during laser photoexcitation of the photosensi-
tizer. We use another photodynamic agent as quencher, the
selection of which is based on red/ox potential, existence of
amphi-electronic properties and absorption spectra at wave-
lengths, which are shorter than the absorption range of the
effector photosensitizer and which are excluded from the
wavelength range of the excitation light. The latter is required
to prevent photoactivation of the quencher by the laser beam.
Lipophilic properties in the quencher also appear to be
advantageous as they contribute to a longer tissue half-life.
The second element, which renders competitive quenching
feasible, involves pharmacokinetic considerations to selectively
partition the quencher to tissues in which collateral phototoxic
damage is sought to be prevented. The selective tissue
compartmentalization is important to avoid the quencher
from being present in the neovascular tissue that is targeted for
photoablation where it can interfere with the efficacy of the
PDT (8). For example, hypericin administered intravenously
to rats is confined to the intravascular compartment during the
first 2 h. After 2-4 h it extravasates and is found in both the
vascular and extravascular spaces of the retina whereas 6-8 h
postadministration, the compound clears the circulation and is
found only in the extravascular space (Fig. 6).

Verteporfin has been used as the effector photosensitizer in
these studies because it is already in wide clinical use.
Perihydroxylated perylenequinones are the photodynamic
agents chosen as quenchers because their absorption spectra
in the visible range are safely distant from that of VP at
686 nm. Hypericin (monosodium base) has maxima at 545 and
589 nm (Fig Ic) and DTHe at 487 and 558 nm (Fig le).

Several studies have been performed to confirm that the
protection of cell viability from VP phototoxicity provided by
hypericin results from quenching of ROS generated by
photoactivated VP and to examine the hypothesis that VP—
hypericin interaction is required to promote quenching. It has
previously been suggested that VP tends to form aggregates in
aqueous solutions, which might affect the photosensitization
of singlet oxygen (17). It is conceivable that only the monomer
fraction of VP that exists in the aqueous environment produces
singlet oxygen following irradiation. The absorption and
fluorescence studies performed in the present work clearly
indicate that hypericin interacts with VP in aqueous solution.
This interaction probably involves formation of dimers and/or
larger aggregates, eliminating the monomer fraction and
preventing singlet oxygen formation during photosensitiza-
tion. Hypericin itself tends to form aggregates in aqueous
solution. We suggest that similar interactions take place
between VP and hypericin, which lead to the formation of a
stable VP-hypericin complex. Another mechanism that may
be considered is associated with hypericin quenching the
produced singlet oxygen with no connection to formation of
aggregates. However, this possibility can be ruled out as our
previously described studies indicate that in ethanol solution in
which a VP-hypericin complex is not formed the singlet
oxygen is not quenched. Therefore, it appears that the
formation of a VP-hypericin complex is required for hypericin
to suppress ROS formation by photoactivated VP. The finding
that intracellular hypericin does protect the viability of
both ARPE19 retinal pigment epithelial and EA.hy926 cells
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(Figs. 2 and 3) suggests that hypericin—VP complexes do form
in biologically active environments.

The efficacy of DTHe protection from VP phototoxicity is
significantly weaker compared with hypericin. The weaker
activity could not be attributed to differences in cellular uptake
of DTHe in vitro as DTHe readily enters these and similar cell
lines (11). The findings point to a direct correlation between
the number of aromatic hydroxyls on a quencher photody-
namic molecule and the efficacy of quenching.

Many novel and highly efficacious photodynamic agents
have been developed in recent years, some of which may
possibly also be useful as quenchers and prevent adverse
phototoxic damage if directed to untargeted tissues. Definition
of some of the properties that are required for such com-
pounds to function as quenchers have been discussed above. It
is yet to be determined whether ability to interact and form
complexes with a photoactivated sensitizer is sufficient to
quench its ROS-forming capability and if photodynamic
properties in the quencher are of essence.
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