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Abstract

Photodynamic therapy relies on the interaction between light, oxygen and a photosensitizing
agent. Its medical significance relates to the ability of certain agents, usually based on porphyrin
or phthalocyanine structures, to localize somewhat selectively in neoplastic cells and their
vasculature. Subsequent irradiation, preferably at a sufficiently high wavelength to have a
significant pathway through tissues, results in a photophysical reaction whereby the excited state
of the photosensitizing agent transfers energy to molecular oxygen and results in the formation of
reactive oxygen species. Analogous reactive nitrogen species are also formed. These contain both
nitrogen and oxygen atoms. The net result is both direct tumor cell death and a shutdown of the
tumor vasculature. Other processes may also occur that promote the anti-tumor response but these
are outside the scope of this review.
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1. Introduction

In the context of photodynamic therapy (PDT), singlet oxygen (10,) was identified as a
major phototoxic element in the anti-tumor effects of hematoporphyrin derivative (HPD) in
1976.111 HPD was the first of the major clinically useful photosensitizers. Since oxygen is
required for 10, formation, it was not surprising that hypoxic regions of tumors were
insensitive to PDT.[Z As one of the effects of PDT is vascular shutdown, adjustments in
irradiation protocols that lead to only periodic interruptions of blood flow can promote
efficacy.[3] It is generally considered that 1O, is the predominant factor in photokilling,
although this may not be true for all photosensitizing agents. Foote proposed a distinction
between “type I’ and “type 11’ photochemistry.[4] In the former, a reaction between the
activated state of the photosensitizer and substrate or solvent yields radicals or radical ions.
In the latter, reaction occurs at oxygen to form either 10, or other reactive oxygen species
(ROS).

Another view was expressed by Vidoczy, who proposed that Foote's definitions might be
applicable only to PDT.I5] Rodgers provided yet another view, suggesting that the
distinction was actually between electron transfer and energy transfer reactions.[®! In the
case of the porphyrin/phthalocyanine structures commonly used in PDT, O, is the only
biological molecule with a 1Ag state that can behave as an energy acceptor. PDT effects are
further complicated by ROS downstream from 10,, as summarized by Girotti.[”! These
include the superoxide anion radical (*O,7), the OH radical ("OH), hydrogen peroxide
(H205) and lipid peroxides. In his review, Girotti considers *O,~ to be a Type | product.
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Crosstalk among the species adds further complication, e.g., ascorbate can interact with 10,
to produce H,0,.[8] Moreover, reactive nitrogen species (RNS) can be formed as a
byproduct of interactions between nitric oxide and ROS.[°]

2. ROS and RNS Detection

Identification of the different ROS associated with photodynamic action is not a simple
matter. An unambiguous method is electron spin resonance (ESR) spectroscopy, but this
technique does not readily lend itself to studies in biological cultures, and the necessary
equipment is not found in most laboratories. One common approach involves the use of
fluorescent probes that are supposed to light up when confronted with specific reactive
species. Considerable specificity is often claimed for these probes, but they are generally not
nearly as selective as advertised.

Among the more common probes for ROS is reduced dichlorofluorescein (H,DCF).
Oxidation to DCF yields a green fluorescence. This agent is often provided as the diacetate
to promote cellular uptake, with the acetates later cleaved by the action of intracellular
esterases. The specificity of HoDCF is quite broad, with a spectrum that includes

H,0,, *OH, *0,~, ONOO~, OCI- and 10,. Self-oxidation is also observed in the presence of
light.[20] Our experience with this and other probes is described later in this review.

Dihydrorhodamine 123 (DHR) is often used as a probe for H,0,,[11] but is also sensitive

to *0,~112] and the peroxynitrite anion (ONOO").I13] Dihydroethidium (DHE) is often
claimed to be a selective fluorescent probe for *O,~ formation,[24] but the fluorescence
emission spectrum must be monitored to distinguish between the probe oxidation product
produced by superoxide and that produced by the OH radical. HPLC analysis is sometimes
needed to confirm the identity of the ROS.[1%] Tang's group described a naphthofluorescein
derivative that fluoresces in the presence of *0,~.[16] Use of this probe might be
compromised by the fact that naphthofluoresceins are nonpolar and difficult to work with in
aqueous environments. Moreover, fluorescence emission from naphthofluorescein is highly
pH dependent with a pKj; of ~7.5. This will complicate fluorescence measurements,
especially if the probe accumulates in subcellular regions of low pH. The sensitivity of
Tang's test for “OH also appears suboptimal since it relies on production of *OH via the
Fenton reaction which is quite inefficient. Maeda's approach to superoxide detection resulted
in a substantially greater response to *O, than to *OH, using a probe based on a
nitrobenzenesulfony! ester structure.[17] This reagent also becomes fluorescent in the
presence of thiol-containing compounds. Although this is noted in the report, in a critical
test only a 50 M concentration of glutathione (GSH) was used, which is perhaps 1% of the
expected intracellular GSH concentration.

Sites of photodamage can be assessed by fluorescent probes specific for mitochondrial
membrane potential (MitoTracker Orange), lysosomal integrity (LysoTracker and
LysoSensor), the endoplasmic reticulum (ER-Trackers) or membrane integrity (propidium
iodide or trimethylamino-diphenylhexatriene).[*8] There is also a probe said to report on
lipid oxidation: C-11-BODIPY,[29] which appears to provide qualitative rather than
quantitative data.

Of the probes we have examined, the most specific appears to be aminophenoxyxanthene
benzoic acid (APF),[21] a product developed for detection of “OH.[201 APF can, however,
also respond to 10,.[21] A summary of studies relating to probe specificity in a cell-free
system is shown in Figure 1. Procedures generally followed the experimental approach
outlined by Setsukinai et al.,[10] except that Fe(NH,)SO,4 was substituted for Fe(ClOg4), in
the Fenton reaction. Horseradish peroxidase (10 pgmL~1) was present where specified. It is
noteworthy that most of the probes were highly responsive to “OH and that addition of
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horseradish peroxidase markedly promoted probe oxidation in most cases. Included in this
survey was the probe 4-amino-5-methylamino-2”,7”-difluorofluorescein (DAF). Although
intended as a probe for *NO,[221 DAF can also be oxidized by *OH. A probe for 10, has
recently appeared designated as ‘Singlet Oxygen Sensor Green’ (SOSG). This is said to be
cell impermeable, but recent reports have indicated that SOSG can be accumulated by cells
and that it can yield 10, upon irradiation.[23]

In addition to the report by Girotti cited above,[] there are many reviews on the general
topic of fluorescent probes.[24] In the context of PDT, some additional factors need to be
considered. The photosensitizers also fluoresce, so care needs to be taken that the
fluorescence of the photosensitizer is not confused with the fluorescence of the probe.[2%]
Studies in cell culture or cell-free systems will necessarily neglect important elements of
PDT, such as the effects of NO on vascular elements during PDT.[26] A final caution is the
occasional appearance of spontaneous fluorescence that can mimic the effects of probe
oxidation without actually involving ROS formation. An example is the fluorescence that is
observed when the proapoptotic drug HA14-1 interacts with albumin in culture media.[27]
The resulting fluorescence emission spectrum is an almost exact duplicate of that of DCF,
and was interpreted in one study as evidence that adding HA14-1 to growth media initiated
production of ROS.[28]

3. Effects of ROS Formed during PDT

PDT is intended to kill malignant cells; this can take the form of either apoptotic or necrotic
death.[2%] The latter often occurs when PDT conditions are sufficient to cause massive
plasma membrane and organelle membrane damage, and destroy/inactivate the enzymatic
processes (e.g., caspases) involved in the apoptotic program.[301 In PDT protocols the
apoptotic program is commonly initiated by photosensitizers that accumulate in, and
subsequently cause photodamage to, organelles such as mitochondria, lysosomes, and the
endoplasmic reticulum (ER). In particular, photosensitizing agents that target mitochondria
and the ER upon illumination often photodamage organelle-associated anti-apoptotic
members of the Bcl-2 family (i.e., Bcl-2, Bcl-X, ),[1293M inhibit the activity of the ER
SERCA2 pump,[31:32] and activate Bax.[323] Such effects result in the release of ER calcium
stores, Bax-mediated permeabilization of mitochondria, release of pro-apoptotic
mitochondrial factors such as cytochrome ¢ and apoptosis-inducing factor, and the
subsequent activation of procaspases that selectively cleave certain proteins and results in
the apoptotic phenotype. Photodamage to late endosomes/lysosomes can cause their
permeabilization and the release of lysosomal hydrolases.[33] Depending upon the extent of
their release such hydrolases can cause either necrosis or apoptosis. With regards to the
latter, apoptosis is mediated by lysosomal cathepsin-mediated cleavage of the pro-apoptotic
prote[iglgtl?])id, and subsequent permeabilization of mitochondria by the cleavage product
tBid.

Macroautophagy (hereafter referred to as autophagy) is a process whereby the cytosol and
entire organelles become encapsulated in a double-membrane cytosolic vesicle termed the
autophagosome. Eventual fusion of the autophagosome with the lysosome forms an
autolysosome and results in the proteolytic breakdown and recycling of what was the
autophagosome and its contents.[34] Autophagy is induced by different types of stress, and
appears to play a major role in maintaining cellular homeostasis. While autophagy is
generally considered to be a survival pathway, it can also be a death mode if the process
becomes excessive. Recent studies have documented the induction of autophagy in a variety
of cell types following light activation of the photosensitizers mTHPC, Pc 4, hypericin,
NPe6, CPO and BPD.[31 The contribution of autophagy to the eventual fate of cells in PDT
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protocols is variable. In some situations it appears to support cell survival,[31:3%] whereas in
others it seems to contribute to cell death.[31.36]

Although type 11 PDT reactions produce predominantly 10,, a variety of secondary ROS
species including *O,~, HyO5, and *OH are also generated. Two important questions are
whether the different ROS species have similar effects, and to what extent they contribute to
the cytotoxicity observed in PDT protocols. Although an early study by Weishaupt et al. did
not characterize the role of putative secondary ROS species in HPD-sensitized cells,
trapping studies with 1,3-diphenylisobenzofuran clearly indicated that rapid removal of 10,
markedly attenuated HPD cytotoxicity.[37] Similarly, studies by Kochevar et al.
demonstrated that the 10, generated by photoactivation of rose bengal could induce the
apoptosis of cultured cells, whereas radical species derived from rose bengal could not.[38]
Interestingly, rose bengal radicals, but not 10,, were very efficient at inducing lipid
peroxidation. With regard to a role for *O,~ in PDT, treatment with 2-methoxyestradiol has
been reported to increase the efficacy of PDT in tumor-bearing mice, an effect attributed to
its inhibition of superoxide dismutase (SOD).[39] Inhibition of SOD activity would indeed be
expected to result in higher levels of *O,~ . However, Fridovich has demonstrated that 2-
methoxyestradiol does promote *O,~ formation but not by a mechanism involving SOD
inhibition.[40] Price et al. have reported the generation of H,0, following the irradiation of
cultures preloaded with the photosensitizer BPD.[#1] In these studies the cytotoxicity of
BPD-PDT was enhanced through the inhibition of catalase using 3-aminotriazole, which
facilitates the accumulation of H,0,. Conversely, the cytotoxicity of BPD-PDT was
significantly reduced in cells in which peroxisomal levels of catalase had been
augmented.[41] The mechanism by which PDT induces autophagy is not known. However,
several non-PDT studies have shown that exogenously added *O,~ or H,O5 induces
autophagy in cultured cells.[42] Detailed mechanistic studies by Chen have suggested

that *O,™ is principally responsible for the induction of autophagy,[423 but in this report it
was assumed that reduced DCF is specific for hydrogen peroxide and DHE for the
superoxide radical. As was demonstrated above, this is an oversimplification of the response
pattern of these probes.

A new photosensitizer termed WST11 has been developed[43] that has the unusual property
of producing mainly *O,~ and *OH but not 10, upon irradiation.[43°] It has been reported
that both *O,~ and H,0, can lead to the initiation of autophagy.[42] Formation of H,0,

from *O,~ can occur spontaneously and is also catalyzed by SOD. In preliminary studies, we
observed that irradiation of WST11-treated murine hepatoma 1c1c7 cells elicited an
autophagic response. This effect can also occur when the photosensitizing agent is BPD,[350]
which is known to produce significant levels of 10, upon irradiation.[44] However, while
autophagy appears to serve a cytoprotective function when elicited by BPD,[350] the same
effect was not observed with WST11. These results will be reported in detail elsewhere.
Although WST11 is currently being used to target the tumor vasculature,[43! the efficacy of
an agent that does not produce significant levels of singlet oxygen is a novel result that may
suggest new pathways for drug development.

4. Chemistry of Nitric Oxide and RNS

Nitric oxide (nitrogen monoxide, *NO) is a small, nonpolar, highly diffusible, and relatively
stable free radical. It is an important signaling molecule and influences a diverse range of
physiological processes including vasodilation, neurotransmission, angiogenesis, tumor
metastasis, and antimicrobial and antitumor activities. It is generated by a family of enzymes
termed the nitric oxide synthases (NOS). This family includes two constitutively expressed
and calcium/calmodulin-dependent isoforms that were initially identified in neuronal tissue
(nNOS) and endothelial cells (eNOS). A third isoform is neither calcium-dependent nor
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constitutively expressed, but can be induced by a variety of stressors, and is therefore termed
inducible NOS (iNOS). Isoform expression and tissue activity/content vary among cell
types, and can be influenced by a variety of factors.

Although reasonably stable for a radical species, nitric oxide is not inert. In particular, it
reacts with *O,~ at diffusion-controlled rates (~4-16 x 10° M~1s~1) to form ONOO~ .[45]
This rate is several-fold faster than that of the enzymatic dismutation of *0,~ by SOD.[46]
Hence, *NO is a far better scavenger of “O,~ than SOD. Because of its reactivity, many of
the cytotoxic properties of *NO are often attributed to ONOO~. However, at physiological
pH a considerable percentage of ONOO~ is in equilibrium with peroxynitrous acid
(ONOOH,; pK; = 6.8). Both species can participate in one- and two-electron oxidation
reactions with susceptible biomolecules.[46:47] For example, CO, readily reacts with
ONOO™ to form carbonate (CO3"™") and nitrogen dioxide ("NO,) radicals, both of which are
potent, short-lived oxidants.[”] In the case of ONOOH, this species can facilitate direct two-
electron oxidation of thiols to produce NO,~ and sulfenic acid derivatives, which are
subsequently converted to disulfides (e.g., glutathione and cysteine disulfides).
Alternatively, ONOOH can undergo homolytic fission to generate *OH and *NO- radicals,
which play a role in the initiation of lipid peroxidation. In addition, *NO, can participate in
the diffusion-controlled nitration of proteins, lipids and DNA.[47]

5. Generation of Nitric Oxide in PDT Protocols

Numerous investigators have used a variety of techniques to document increased generation
or accumulation of RNS following illumination of cultured cells or tissues that had been
preloaded with the photosensitizers Photofrin,[48] 2-butylamino-2-demethoxyhypocrellin
B,[4%1 aminolevulinic acid (ALA),[% or Verteporfin.[52 The methods used for assessing
RNS generation in the above studies included: 1) monitoring of the fluorescence generated
following *NO oxidation of 4,5-diaminofluorescein;[49:502.0] 2) measurement of the *NO
metabolites nitrite or nitrate;[48:50¢.51] 3) ESR spin-trapping of *NO;[4% and 4)
immunological detection of protein-associated nitrotyrosines.[2] In many of these studies,
increased production of RNS was preceded or accompanied by an increased cytosolic
calcium concentration, which would favor the activation of constitutive NOS isoforms, as
well as modest increases in constitutive NOS isoform content and/or dramatic increases in
iNOS content.

Both /n vitroand in vivo studies suggest that endogenously generated nitric oxide may play
a protective role in PDT. Specifically, /n vivo suppression of NOS activities with the
inhibitors A-nitro-c-arginine (.-NNA) or A-nitro-c-arginine methyl ester (-NAME)
markedly increased Photofrin-PDT-mediated cures of xenografted tumor lines that
constitutively expressed high levels of *NO (i.e., RIF-1 and SCCVII cells), but had only
marginal effects on xenografts consisting of tumors cells having low levels of *NO (i.e.,
EMTS and FsaR cells).[48:53] The enhancement of tumor cures by pretreatment or
cotreatment with NOS inhibitors correlated with reduced xenograft blood flow and increased
vascular leakage.[#8] Similarly, Reeves et al. reported that pretreatment of RIF-1 or EMTS
xenograft-bearing mice with .-NNA or .-NAME potentiated ALA-PDT-induced damage to
tumor and normal microvasculature, and also increased macromolecular leakage in the
RIF-1 tumors.[>4] Presumably, given the ability of *NO to easily diffuse across membranes,
elevated levels of tumor “NO may offset the effects of PDT on tumor vasculature by
maintaining sufficient vasodilation to ensure adequate blood supply to the tumor. As for the
protective effects of *NO on macromolecular leakage, permeabilization of membranes often
occurs as a consequence of membrane lipid peroxidation. *NO is quite facile at interacting
with other radicals to generate a non—free radical adduct.[46] In effect, such radical-radical
termination reactions would stop radical propagation reactions, such as those occurring
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during membrane lipid peroxidation. Indeed, Niziolek et al. have documented the ability
of "NO to terminate lipid chain peroxidation induced by protoporphyrin IX-PDT in both
model membranes and cultured cells.[>%]

Although the above studies suggest that “NO may protect tumor vasculature from damage in
PDT protocols, additional studies indicate that “NO may also directly protect tumor cells.
For example, knockdown of iNOS expression with sSiRNA and inclusion of NOS inhibitors
or "NO scavengers have been reported to enhance ALA-PDT-mediated killing of COH-BRI
breast cancer cells.[5¢] Conversely, supplementation of COH-BRI cultures with nonlethal
concentrations of the *NO generator spermine NONOate suppressed ALA-PDT-induced
necrosis.[5%] Similarly, Gomes et al. reported that incubation of human lymphoblastoid cells
with *NO donors ((2)-1-[(2-amino-ethyl)- A-(2-ammonioethyl)amino]diazen-1-ium-1,2-dio-
late or S-nitroso-A-acetylpenicillamine) dramatically suppressed PDT-induced apoptosis
when bisulfonated aluminum phthalocyanine was used as a photosensitizer.[7]

Although there is a body of literature that indicates *NO is protective in PDT protocols,
several reports suggest the opposite. The approaches employed in these latter studies
assessed the effects of either reducing or increasing cellular °NO content on PDT-induced
toxicity. With regard to the former, Lu et al. demonstrated that addition of an NOS inhibitor
or *NO scavenger to MCF7 cultures suppressed the cytotoxicity of the photosensitizer 2-
butylamino-2-demethoxyhypocrellin B in PDT protocols.[49] As for the latter approach,
Yamamoto et al. reported that overexpression of iNOS in HEK293T cells (via transfection)
markedly elevated basal *NO levels and enhanced ALA-PDT-mediated cell killing.[5%0] A
similar potentiation of ALA-PDT-mediated killing was observed in RAW264.7 cultures in
which cytokines had been used to induce iNOS prior to illumination.[5%] In this study, the
inclusion of an *NO scavenger suppressed cell killing, thus confirming the contribution

of *NO to the observed cytotoxicity. Although the RNS responsible for the cytotoxicity
observed in the above studies were not identified, there is ample experimental precedent for
assuming that it was not *NO, but rather peroxynitrite and radicals derived therefrom. Szabo
et al. have published a comprehensive review on how peroxynitrite and its derivative
radicals can contribute to the development of necrosis and apoptosis.[47]

6. Nitric Oxide and PDT-Induced Autophagy

We are currently unaware of any study that has investigated the relationship between PDT-
induced increases in *NO and the induction of autophagy. However, the addition of
exogenous *NO donors to cultured osteoblasts,[58] human mammary tumor cell lines,[®] and
cardiomyocytes[® resulted in the induction of autophagy. Although the above studies used
an exogenous source of *NO, endogenously generated “NO may also contribute to the
induction of autophagy. Yuan et al. reported that pharmacological inhibition of NOS
suppressed LPS and tumor necrosis factor—-mediated induction of autophagy in
cardiomyocytes.[5% Given these results and the ability of PDT to induce iNOS, it is
conceivable that *"NO may contribute to the induction of autophagy in PDT protocols.

7. Summary and Outlook

Reactive oxygen and nitrogen species mediate the phototoxic effects of photodynamic
therapy. Depending on the localization of the photosensitizing agent, the cell phenotype and
the reactive species produced, the immediate effects can include apoptosis, autophagy,
necrosis or combinations thereof. VVascular shutdown can also occur when /n vivo systems
are involved. The reactive species that are generated upon irradiation of photosensitizers can
vary and the effects will depend on the localization site(s) of the agent. Apoptosis is a
common response and has several advantages, including that the PDT dose needed is often
small since the apoptotic process can be triggered by a relatively low PDT dose. Autophagy

Isr J Chem. Author manuscript; available in PMC 2013 August 27.
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can serve both as a cytoprotective response and as a death mechanism, depending on several
variables. It is not yet entirely clear which pathways to cell death are more effective.
Moreover, the identification of reactive species is not a simple matter, and the information
provided by most fluorescent probes is ambiguous. As new photosensitizing agents are
developed, an examination of their localization patterns and photochemistry may aid in the
selection of optimal agents for tumor eradication.
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Figure 1.

Fluorescence exhibited by five fluorescent probes (5 M) upon treatment with different
reactive species, as described by Setsukinai et al.[10] Horseradish peroxidase (10 pgmL1)
was present where specified. The numbers shown represent the mean fluorescence emission
intensity upon excitation at 490-510 nm. In four replicate determinations, the variation was
less than +3% of these values. Inset: the same data plotted on a different scale so as to better
illustrate the lower fluorescence intensities.
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