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Abstract

Many malignant tumors use endogenous nitric oxide (NO) to promote survival, growth, and 

metastatic migration. This NO, which is typically generated by inducible nitric oxide synthase 

(iNOS), can also antagonize various anti-cancer therapies and its source is most often assumed to 

be constitutive or pre-existing iNOS. In this paper, we provide evidence (i) that many different 

cancer cells exhibit resistance to oxidative killing by photodynamic therapy (PDT), and (ii) that 

cells surviving the challenge grow, migrate and invade more aggressively, as do non-targeted 

bystander cells. Accompanying these effects are activation or upregulation of pro-survival/

progression effector proteins such as NF-κB, Akt, and Survivin. Observed in the author’s 

laboratory, these responses were not attributed to basal iNOS/NO in most cases, but rather to NO 

from enzyme that was strongly upregulated by photodynamic stress. Each of these effects and how 

they can be mitigated by inhibitors of iNOS activity or transcription, or by NO scavengers will be 

discussed. When approved for clinical use, such pharmacologic agents could improve PDT 

efficacy as well as reduce potentially negative side-effects of this therapy.
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1. Introduction

Photodynamic therapy (PDT) was introduced in the mid-1970s as an innovative new 

approach for selectively eradicating solid tumors in cancer patients with minimal off-target 

cytotoxicity [1–3]. PDT consists of three basic components: (i) a light-absorbing 

photosensitizing agent (PS), PS-exciting light in the visible-to-near infrared range, and 

molecular oxygen [2,3]. All three components (PS, light, and O2) must be engaged 
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concurrently for PDT to be effective, and light delivery via fiber optic channels localizes 

treatment to the tumor site [3]. Thus, most PS are innocuous until photo-activated. 

Consequently, unlike many chemotherapies or radiotherapies, PDT has few negative side 

effects on normal tissues. A typical photodynamic reaction involves energy transfer from PS 

in the triplet excited state to ground state O2, giving singlet molecular oxygen (1O2), a 

reactive oxygen species (ROS) [3,4]. 1O2 can kill cancer cells by (i) irreversibly oxidizing 

vital proteins, lipids or nucleic acids, or (ii) initiating death signaling cascades, many of 

which are reversible [3,4]. The hematoporphyrin oligomer Photofrin® was the first PS to 

receive FDA approval for selected clinical use in 1996, and since then has been applied for a 

variety of solid tumors, including bladder, breast, prostate, and brain malignancies [3]. In 

addition to preexisting sensitizers like Photofrin®, which are administered as such, pro-

sensitizers have been developed. A prominent example is 5-aminolevulinic acid (ALA) or an 

ester thereof, which is metabolized to protoporphyrin IX (PpIX), the active PS, via the heme 

biosynthetic pathway [5,6]. Because of pro-growth requirements, this pathway is more active 

in tumor cells than in normal counterparts. PpIX accumulates initially in mitochondria, 

making these organelles prominent targets of photodamage, which promotes apoptotic cell 

death [6].

Many cancers exhibit an innate or acquired resistance to various types of chemotherapy or 

radiotherapy [7]. It is now clear that resistance mechanisms also exist for PDT, and some of 

them are like those for other therapeutic modalities. For example, there is evidence that 

ROS-scavenging enzymes such as superoxide dismutase (SOD1) and glutathione 

peroxidase-type 1 (GPx1) are upregulated in cancer cells after a PDT-like oxidative 

challenge [8,9]. Type 4 glutathione peroxidase (GPx4) has also been shown to play a role in 

cell resistance [10]. A different mode of PDT resistance is exemplified by the ability of 

many cancer cells to export PpIX and other photosensitizers via the ABCG2 transporter, 

which has been shown to be upregulated after several rounds of PDT [11]. Another PDT 

resistance mechanism, which was discovered in the authors’ laboratory, involves nitric oxide 

generated by inducible nitric oxide synthase (iNOS/NOS2), particularly enzyme that is 

overexpressed in response to PDT stress [12].

2. Anti-PDT effects of exogenous NO: early evidence

Nitric oxide (NO) is a short-lived bioactive free radical molecule (τ <2 sec) that diffuses 

freely on its own and tends to partition into hydrophobic environments such as cell 

membranes [13–15]. NO is produced naturally by three nitric oxide synthase (NOS) 

enzymes: nNOS (neuronal), iNOS (inducible), and eNOS (endothelial), iNOS being of 

special interest vis-à-vis cancer. During an immune response, NO produced at relatively high 

steady state concentrations (0.5–1 μM) by iNOS in activated macrophages is cytotoxic and 

potentially oncogenic when it reacts with superoxide (O2
−) to give peroxynitrite (ONOO−), a 

strong oxidant [14]. However, at lower levels (0.1–0.5 μM range) NO can play a key role in 

tumor survival and progression as well as resistance to various therapeutic interventions 

[14,15].

In early studies carried out in the authors’ laboratory, we asked whether NO might 

antagonize PDT by inhibiting membrane-damaging lipid peroxidation. Studies by others had 

Girotti and Fahey Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



already shown that NO could suppress free radical-mediated lipid peroxidation in liposomes 

and lipoproteins by scavenging oxyl (LO•) and peroxyl (LOO•) radicals arising from 1-

electron reduction of lipid hydroperoxides (LOOHs) [16,17]. Rate constants for NO 

interception of these radicals were reported to be extremely high, viz. 1–3 × 109 M−1s−1 

[16]. Using high performance liquid chromatography with mercury cathode electrochemical 

detection [HPLC-EC(Hg)] to analyze membrane LOOHs, Niziolek et al. [18,19] found that 

5α-OOH, a 1O2-generated cholesterol hydroperoxide (ChOOH), accumulated linearly 

during irradiation of large unilamellar liposomes (LUVs) composed of an unsaturated 

phospholipid (POPC), cholesterol (Ch), and protoporphyrin (PpIX), the latter serving as a 

photosensitizing agent (Fig. 1A). The LUV lipid proportions mimicked those found in a 

typical mammalian cell plasma membrane. At the concentrations used, a lipophilic iron 

chelate (ferric-8-hydroxyquinoline [Fe(HQ)3]) and the reductant ascorbate (AH−) had no 

significant effect on 5α-OOH buildup over the fluence (light dose) range used (Fig. 1A). 

During 5α-OOH formation, another positional hydroperoxide of Ch (7α/7β-OOH) 

accumulated, but exponentially in this case, and in Fe/AH-dependent manner (Fig. 1B). In 

accord with previous findings [16,17], these results indicated that 1O2-derived primary 

hydroperoxides of POPC and Ch (e.g. 5α-OOH) were undergoing light-independent, 

Fe/AH-induced 1-electron reduction to free radical intermediates which triggered chain lipid 

peroxidation, as informed by 7α/7β-OOH appearance [18,19]. There was no effect of Fe/AH 

on 5α-OOH buildup, suggesting that photogeneration was much faster than reductive 

turnover; however, POPC-OOH competition for Fe/AH could also have been a factor. The 

chemical NO donor, spermine NONOate (SPNO; t1/2 ~39 min at pH 7.4, 37 °C), had no 

effect on 5α-OOH formation (Fig. 1A), but dose-dependently inhibited 7α/7β-OOH 

formation such that at 0.2 mM SPNO and above, none of this epimeric hydroperoxide was 

observed (Fig. 1B). When fully decomposed SPNO was used (from a stock SPNO solution 

kept at pH 7.4 overnight), no inhibitory effect was seen, confirming that liberated NO was 

the active agent. The non-effect of SPNO on 5α-OOH buildup ruled out any possible effect 

of the donor or NO itself on primary photochemistry in this system, e.g. quenching of 

photoexcited PpIX or of 1O2 generated by energy transfer from this PpIX [18,19]. The 

results shown in Fig. 1B are consistent with NO acting as a chain-breaking antioxidant, i.e. 

intercepting LO• and LOO• intermediates arising from 1-electron reduction of 5α-OOH and 

other primary LOOHs arising from PpIX-sensitized photooxidation of membrane lipids. In a 

subsequent study, Niziolek et al. [20] found that at light fluences >80 J/cm2 (cf. Fig. 1A/B), 

5α-OOH accumulation slowed progressively with increasing fluence, and also with 

increasing unsaturation of liposomal phospholipid. SPNO (0.4 mM) prevented this 

slowdown, allowing undiminished linear accumulation of 5α-OOH throughout irradiation 

while abolishing 7α/7β-OOH accumulation. In this case, the NO effect was found to be 

mainly due to protection of PpIX from degradation by free radical peroxidation; thus, its 

photosensitization lifetime was prolonged [20].

Chain-breaking antioxidant activity of NO could also be demonstrated at the cellular level 

[18,19]. A breast cancer subline, COH-BR1, was metabolically sensitized with PpIX by 

incubating with the precursor ALA and allowing most of the PpIX generated to diffuse from 

mitochondria, where it originates, to the plasma membrane. When these cells were irradiated 

with broad band visible light, they died mainly via propidium iodide-assessed necrosis after 
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a short lag period (Fig. 1C). Irradiation in the presence of active SPNO resulted in a 

dramatic reduction in necrotic cell death, e.g. ~32% decrease at 30 min (Fig. 1C). 

Decomposed SPNO had no protective effect, confirming that NO was the cytoprotective 

agent. Evidence from accompanying experiments indicated that the NO protection was 

predominantly due to suppression of post-irradiation chain lipid peroxidation in the plasma 

membrane of these cells [18,19]. A natural source of NO, viz. iNOS-derived NO from 

lipopolysaccharide (LPS)-stimulated murine RAW 264.7 macrophages, was also shown to 

protect cancer cells against photodynamic membrane damage [21]. The RAW cells on 

microporous inserts were activated with LPS and 15 h later (when superoxide production 

had subsided) were placed onto wells containing COH-BR1 cells sensitized with ALA-

induced PpIX as described for Fig. 1C. After a 1 h interval, the cancer cells were irradiated 

in the absence vs. presence of L-NAME, non-stimulated RAW cells serving as controls. As 

shown in Fig. 1D, COH-BR1 cells exposed to stimulated RAW cells were much more 

resistant to photokilling than controls. This resistance was lost when L-NAME was present, 

(Fig. 1D), consistent with iNOS-derived NO being the predominant mediator of the 

resistance. Evidence for NO-inhibitable chain lipid peroxidation was obtained in this system 

[21], suggesting again that this was the underlying mechanism of increased resistance to 

photokilling in the presence of NO. The action of NO as a chain-breaking antioxidant in the 

experiments of Fig. 1 A–D is illustrated in Scheme 1.

3. Anti-PDT effects of endogenous NO

The first studies on how endogenous NO might affect PDT efficacy in vivo were carried out 

about 20 years ago by two separate groups using mouse syngeneic tumors and Photofrin®-

sensitized PDT. Focusing on radiation-induced fibrosarcoma (RIF) tumors, Henderson et al. 
[22] found that PDT outcome was improved when L-NNA (a non-specific inhibitor of NOS 

activity) was administered before and after irradiation. Shortly thereafter, Korbelik et al. [23] 

found that PDT suppression of RIF and SCCVII tumors, but not EMT6 counterparts, was 

greatly improved when L-NNA or L-NAME (another NOS inhibitor) was injected 

immediately after irradiation. Importantly, the NO output of RIF and SCCVII tumors was 

much greater than that of EMT6, explaining the greater responsiveness of the former two to 

the inhibitors [23]. Similar findings were reported more recently by other investigators using 

mouse syngeneic tumors sensitized with ALA-induced PpIX [24]. The findings in each of 

these studies were attributed to competing effects of NO and PDT on the tumor 

microvasculature, i.e. NO-induced vasodilation acting in opposition to tumor ablation via 

PDT-induced vasoconstriction. Although this early work [22,23] was groundbreaking in 

identifying NO resistance to PDT in vivo, it left the following important issues unsettled: (i) 

the cellular source(s) of NO, e.g. tumor cells per se, proximal endothelial cells or 

macrophages, or possibly contributions from each, (ii) which NOS isoform was the principal 

source of resistance NO, (iii) whether the NOS/NO acted at constitutive levels or was 

upregulated by PDT stress, and (iv) the underlying mechanism(s) of NO’s anti-PDT activity.

In addressing these issues, the authors’ group discovered that several types of cancer cells 

can provide their own cytoprotective NO in response to photodynamic stress. For example, 

when breast COH-BR1 cells sensitized with ALA-induced PpIX were irradiated (fluence ~1 

J/cm2), qRT-PCR analysis revealed a 75% increase in iNOS mRNA relative to dark controls 
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4 h after irradiation, and this persisted for at least another 16 h [25,26]. Accompanying 

immunoblot analyses revealed a 2–3-fold upregulation of iNOS protein over the same time 

period. The other NOS isoforms, nNOS and eNOS, did not change from very low basal 

levels. In these experiments, the PpIX prior to irradiation was localized mainly in 

mitochondria. Relatively modest photodynamic challenges were used, resulting in only 

~25% cell death via intrinsic apoptosis after 20 h of post-irradiation incubation [25]. When 

an iNOS activity inhibitor (1400W) or a NO scavenger (cPTIO) was present throughout, or 

when COH-BR1 cells with shRNA-induced iNOS knockdown were used, a large increase in 

photosensitized apoptosis was observed [25,26]. Taken together, these findings indicated that 

NO from basal and/or stress-induced iNOS was eliciting greater stress resistance in these 

cancer cells.

More recent studies in the authors’ laboratory demonstrated that human prostate carcinoma 

cells could also exploit iNOS-generated NO for greater resistance to PDT cytotoxicity [27]. 

Pre-incubation of subconfluent PC3 cells with ALA for 30 min resulted in PpIX 

accumulation in mitochondria, as shown by the overlap of Mito-Green and PpIX 

fluorescence (Fig. 2A). When these cells were exposed to a broad band visible light fluence 

(~1 J/cm2), there was a progressive increase in immunodetectable iNOS during post-hν 
incubation, its level reaching ~8-times that of the dark control after 20 h (Fig. 2A). This 

dramatic upregulation of iNOS was reflected in a large increase in NO yield, as detected 

with the cellular NO fluorescent probe DAF-2DA. At 22 h post-hν, there was a 50-fold 

increase in fluorescence intensity over that of the dark control, and 1400W strongly inhibited 

the increase, consistent with iNOS being the major NO source (Fig. 2B). One of the earliest 

consequences of photostress-induced iNOS in PC3 cells was elevated resistance to 

photokilling. As shown in Fig. 2C, the viable fraction of ALA/light-challenged cells 

decreased progressively during post-hν dark incubation, reaching ~0.6 relative to time-0 

after 24 h. When 1400W or cPTIO was present, viability loss was significantly greater, 

indicating that NO was acting cytoprotectively [28], most likely by inhibiting apoptosis, as 

observed with COH-BR1 cells. Since pre-existing iNOS in PC3 cells accounted for only 

~10% of total iNOS at 20 h, the observed cytoprotective effect must have been mainly due to 

photostress-upregulated iNOS/NO. When viable PC3 cell count was tracked beyond the 24 h 

post-hν point, a striking effect was observed [28], viz. that surviving cells were proliferating 

faster than controls over at least two additional days, and in 1400W- and cPTIO-inhibitable 

fashion (Fig. 2C). This growth spurt was validated when photostressed and control cells 

were “normalized” to the same starting cell count [28]. To further validate endogenous 

iNOS/NO’s pro-growth effects on PC3 cells, we showed that an exogenous donor, 

DETA/NO at a starting concentration of 10 μM and half-life ~20 h at 37 °C [29] also 

stimulated cell growth significantly [28]. In addition to proliferating more rapidly, PC3 cells 

that could withstand an ALA/light challenge migrated and invaded more aggressively than 

controls, as demonstrated by gap-closure (“wound-healing”) and trans-well (Boyden-type) 

assays, respectively [28]. These responses also exhibited iNOS/NO-dependency. Accelerated 

invasion (Fig. 2D), was preceded by changes in proteins known to facilitate this process, e.g. 

activation of matrix metalloproteinase-9 (MMP-9), downregulation of MMP-9 inhibitor 

TIMP-1, and upregulation of integrins α6 and β1 [28]. Most of the above findings on PC3 
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cells could be replicated with another prostate cancer line, DU145, suggesting general 

applicability for PDT-treated prostate cancer [28].

Other studies in the authors’ laboratory have shown that iNOS/NO also plays a key role in 

enhancing resistance of glioblastoma cells to ALA/light-induced killing as well as 

stimulating migratory and invasive aggressiveness of surviving cells. PDT, particularly 

ALA-based PDT, has demonstrated considerable promise over conventional chemotherapy 

and radiotherapy in treating glioblastoma, the most difficult and lethal of all brain 

malignancies [30]. Despite PDT’s advantages for glioblastoma, limitations exist, a key one 

being that significant basal iNOS can be expressed in this malignancy, often serving as a 

marker of poor prognosis [31,32]. Using human glioblastoma U87 and U251 cells, Fahey et 
al. [33] showed that these cells, when sensitized with ALA-induced PpIX in mitochondria, 

could increase their iNOS/NO levels after irradiation. These increases were not as great as 

those in PC3 cells (Fig. 2A), but nevertheless substantial, e.g. up to 4-fold over pre-existing 

levels over a 20 h post-hν incubation period. Unlike PC3 cells, U87 and U251 cells also 

expressed significant nNOS, but its level did not change after a photodynamic challenge 

[33]. Photodynamic apoptosis of U87 and U251 cells was strongly enhanced by 1400W or 

cPTIO, implying that NO from iNOS (but not nNOS) was signaling for hyper-resistance. 

Like PC3 cells, U87 cells that survived a photochallenge, proliferated, migrated, and invaded 

more rapidly than controls, and in 1400W- or cPTIO-inhibitable fashion, again signifying 

NO involvement. One can predict from these findings that iNOS/NO would be antagonistic 

to clinical PDT against glioblastoma, and that suppressing this (see Sect. 7) could be crucial 

for improving PDT efficacy.

Recently, Rapozzi et al. [34] have also asked how NO might influence the efficacy of 

antitumor PDT. They reported that endogenous iNOS/NO can modulate pheophorbide a-

sensitized photokilling of melanoma cells in two distinct ways, depending on PDT intensity. 

For example, low level NO induced by modest photodynamic pressure signaled for 

cytoprotection via upregulation of anti-apoptotic NF-κB and Snail, but down-regulation of 

pro-apoptotic RKIP. However, higher level NO produced by greater photodynamic pressure 

signaled for less protection through down-regulation of NF-κB and Snail, but upregulation 

of RKIP [34]. Thus, an intriguing pro- versus anti-PDT signaling role for NO was revealed 

based on the level of applied PDT pressure. Of related interest is a study by Della Pietra et 
al. [35] showing that PC3 cells subjected to relatively modest photodynamic action exploit 

the NF-κB/Snail/RKIP axis and iNOS/NO to proliferate and migrate more aggressively. In 

these studies [34,35], switching from greater cytoprotection to greater cytotoxicity was 

attributed to relatively low vs. high NO steady state levels, but the underlying signaling 

mechanisms remain to be defined.

4. Signaling events leading to upregulation of pro-survival iNOS/NO under 

PDT stress

How NO might promote PDT resistance by quenching lipid-derived radicals was discussed 

in Sect. 2. However, this occurs by a chemical reaction that is effectively irreversible rather 

than by a signaling mechanism, e.g. S-nitrosation of key effector proteins [36], which is 
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typically reversible. Relatively little is known about such signaling in the context of PDT 

(see above) or any other cancer therapy for that matter. In contrast, there is considerable 

evidence on the signaling mechanisms that underlie iNOS upregulation in a cancer cell 

experiencing photodynamic stress. For iNOS induction in at least two cancer lines, breast 

COH-BR1 and glioblastoma U87, it is now clear that activation of transcription factor NF-

κB is required. As supporting evidence for ALA/light-challenged COH-BR1 cells, Bay11–

7082, an inhibitor of phosphorylation and proteasomal removal on NF-κB regulatory subunit 

IκB: (i) prevented translocation of NF-κB subunit p65 to the nucleus for transcriptional 

activity, (ii) suppressed iNOS upregulation after the photochallenge, and (iii) increased the 

extent of apoptotic photokilling [37]. These findings established a functional link between 

photostress activation of NF-κB, greater iNOS transcriptional activity, NO elevation, hyper-

resistance to photokilling, and hyper-aggressiveness of resistant cells. Evidence about 

upstream events has also been obtained. For example, the pro-tumor kinases PI3K and Akt 

underwent rapid phosphorylation-activation in ALA/light-treated COH-BR1 and U87 cells 

[37,38]. PI3K inhibitors (Wortmannin, LY294002) strongly suppressed Akt activation, NF-

κB activation, and iNOS upregulation while enhancing apoptosis [37,38]. For COH-BR1 

cells, soluble guanylate cyclase (sGC) inhibitor ODQ failed to increase ALA/light-provoked 

apoptosis, thereby arguing against NO/sGC/cGMP-mediated activation of protein kinase G, 

a pro-survival/pro-growth effector. However, pro-apoptotic Bax was upregulated and anti-

apoptotic Bcl-xL downregulated after a photochallenge, and 1400W or cPTIO strongly 

stimulated these responses, consistent with NO-mediated resistance to apoptosis [39]. More 

recent evidence on upstream signaling revealed that Akt activation, iNOS upregulation, and 

viability loss in ALA/light-treated U87 cells were all strongly inhibited by added L-

histidine, consistent with primary 1O2 generation by photoactivated mitochondrial PpIX 

[38]. Transacetylase p300 not only underwent greater Akt-dependent activation after a 

photochallenge, but greater interaction with NF-κB-p65, which exhibited greater acetylation 

at K310. Moreover, photostressed U87 cells exhibited greater inactivating disulfide 

formation in tumor-suppressor PTEN [38]. This would have favored activation of Akt and 

p300, leading to greater iNOS transcription via interaction of p65-acK310 with 

bromodomain protein Brd4 [40]. In addition, deacetylase Sirt1 was down-regulated by 

photostress, consistent with an observed increase in p65-acK310 level [38], which would 

promote iNOS transcription. These findings on two different cancer lines, COH-BR1 and 

U87, provided new mechanistic insights into how these (and by inference the other lines 

discussed) can exploit iNOS/NO to not only resist a PDT challenge, but become more 

aggressive if surviving it.

5. iNOS/NO-imposed resistance to PDT in a human tumor xenograft model

Much of the above evidence for iNOS/NO’s anti-PDT effects in vitro has been confirmed at 

the in vivo level in the authors’ laboratory [41]. Severe combined immunodeficient (SCID) 

female mice bearing human breast carcinoma MDA-MB-231 tumor xenografts were 

subjected to ALA-PDT using a 633 nm LED source for optimal light penetration into tumor 

tissue. An iNOS-specific inhibitor (1400W or GW274150) was administered immediately 

after ALA and then again at 1-day intervals after irradiation. PDT-treated mice exhibited a 

significant slowdown in tumor growth relative to light-only controls over a 12-day post-hν 
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period (Fig. 3B). More importantly, however, each iNOS inhibitor slowed tumor growth 

even more after PDT, but had no significant effect on the light-only controls (Fig. 3A). 

Western blot analyses on post-PDT tumor samples indicated that iNOS was progressively 

upregulated after irradiation, reaching ~5-times the starting level after six days (Fig. 3C). In 

contrast, light control samples showed no change in iNOS from a low starting level. In 

agreement with these results, a large 1400W-inhibitable increase in NO-derived nitrite was 

observed in post-PDT tumors compared with light controls (Fig. 3D). The fact that 1400W 
had no effect on control tumor progression (Fig. 3A), but further suppressed post-PDT tumor 
progression (Fig. 3B) suggests that basal iNOS/NO was too low for any significant pro-
tumor activity whereas upregulated iNOS/NO was highly effective in this regard. Other 

MDA-MB-231 xenograft data revealed that pro-apoptotic Bax was downregulated after PDT, 

whereas anti-apoptotic Bcl-xL Survivin, and S100A4 were upregulated, each response being 

GW274150-inhibitable, demonstrating an iNOS/NO regulatory role [41]. This was the first 

known evidence that PDT efficacy in an in vivo human tumor model can be compromised by 

endogenous iNOS/NO. It remains to be determined whether these in vivo findings will hold 

if animals with intact immune systems and bearing syngeneic tumors are used as PDT 

models. An important consideration in this case would be that myeloid-derived suppressor 

cells (MDSCs) might supply relatively high level NO that acts protectively by inactivating 

any PDT-acquired anti-tumor immunity [42]. It is important to point out that in vitro 
experiments with MDA-MB-231 cells revealed that upregulated iNOS/NO after ALA/light 

treatment not only signaled for greater resistance as observed in vivo, but also greater 

growth, migration and invasion of surviving cells [41], similar to the effects observed with 

COH-BR1, PC3, and U87 cells. Thus, the pro-tumor effects of iNOS/NO in response to PDT 

stress appear to be widely applicable.

6. NO-mediated bystander effects in PDT

Bazak et al. [43] have recently described another manifestation of how iNOS/NO can 

antagonize PDT, viz. bystander effects. In general, such effects can occur when cells 

targeted by stress-inducing physical or chemical agents send pro-death or pro-survival 

signals to non-or minimally-targeted counterparts (bystander cells). In many cases, 

bystanders make no physical contact with targeted cells, so signaling molecules simply 

diffuse through the medium from the latter to the former. The bulk of the research in this 

area has involved X-ray or gamma-ray ionizing radiation (IR), which produces a variety of 

cancer-promoting versus cancer-suppressing effects ranging from DNA damage/mutations 

and apoptotic cell death to accelerated growth and migration/invasion [44,45]. Cells targeted 

by IR have been shown to generate a variety of mobile signaling molecules, including 

cytokines, H2O2, fatty acid peroxides, and NO, the latter receiving the greatest attention for 

non-contacting cancer cells [45–49]. An interesting dichotomy in responses has been 

observed for NO; for some cell types, increased bystander proliferation has been described 

while for others, carcinogenic transformation via defective homologous recombination 

repair has been reported [46–49]. The possibility of PDT-induced bystander effects has been 

recognized for at least 20 years [50], but questions such as identity of signaling mediator(s) 

and types of responses set forth have remained largely unsettled. Bazak et al. [43] postulated 

that in any given tumor, non-uniformity in sensitizer delivery due to vascular irregularities as 
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well as non-uniformity in sensitizer photoexcitation would produce a situation in which cells 

heavily targeted by PDT might send NO-based signals to non- or only weakly-targeted 

counterparts (bystanders). A novel experimental approach was devised, based on 

impermeable silicone-edged rings to separate ALA/light-targeted cells on a culture dish 

(outside rings) from non-targeted bystanders of the same cell type (inside rings). Initial 

experiments were carried out with prostate cancer PC3 cells. Several hours after irradiation, 

the bystander rings were removed, leaving a small gap between cell populations such that 

their only contact was via mobile species traversing the medium. Bazak et al. [43] found that 

after irradiation, iNOS and NO were significantly upregulated in the bystander as well as 

targeted cell populations. cPTIO suppressed both responses, consistent with NO diffusing 

from targeted to bystander cells and driving iNOS induction in the latter. Like surviving 

targeted cells, bystanders exhibited a striking 1400W- and cPTIO-inhibitable increase in 

proliferation and migration rate, indicating that targeted cell NO was also increasing 

bystander aggressiveness. Conditioned medium from targeted cells had no significant effect 

on bystander iNOS level or growth/migration rate [43], ruling out any signaling effects of 

relatively long-lived species like NO-derived nitrite/nitrate, H2O2, and cytokines such as 

TNFα. Consistent with the enhanced bystander aggressiveness was the phosphorylation-

activation of two protein kinases (Akt and ERK1/2) and upregulation of cyclooxygenase-2 

(COX-2) - each of these associated with tumor cell persistence/progression [43]. The 

described NO-mediated bystander effects, which are the first to be recognized in the context 

of PDT, exemplify a feed-forward field effect of NO similar to that described for ionizing 

radiation [49]. Induction of such effects in PDT-surviving cells could promote tumor growth/

expansion unless mitigated pharmacologically, e.g. by inhibitors of iNOS activity or 

transcription/translation.

7. Inhibitors of iNOS activity vs. transcription as potential PDT adjuvants

Several cancer researchers have advocated pharmacologic inhibitors of iNOS enzymatic 

activity for retarding growth and metastatic expansion of malignant tumors known to exploit 

iNOS/NO for these purposes [51–54]. Such inhibitors could be used alone or in combination 

with chemo- or radiotherapeutic regimens in order to improve treatment efficacy. Based on 

the work discussed in this review, iNOS activity inhibitors might also prove beneficial for 

anti-tumor PDT at the clinical level. Although inhibitors such as L-NAME and L-NNA have 

already been successfully tested in PDT animal models [22–24], these compounds are not 

specific for iNOS and their effects could be far from optimal, given that iNOS appears to be 

the main source of pro-tumor NO after a PDT challenge. However, even if iNOS-specific 

inhibitors were considered, a major clinical concern would be whether normal physiologic 

functions of iNOS/NO might be compromised, e.g. combatting microbial infections. 

Nevertheless, at least two activity inhibitors, L-NIL [53] and GW274150 [54] have tested 

safely in clinical trials for asthma alleviation, but no cancer-related trials have been 

conducted yet.

Another possibility for reducing the negative effects of upregulated iNOS/NO after PDT 

would be to suppress its expression at the transcriptional level. Recent studies by the authors 

[40] showed that accelerated growth and migration of PDT-surviving glioblastoma cells in 
vitro could be nearly abolished by JQ1, a bromo/extra-terminal domain (BET) inhibitor of 
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the epigenetic “reader” Brd4. Brd4, along with p65-ack310, was found to play a crucial role 

in iNOS transcription [39]. This was the first evidence for targeting iNOS transcription in 

cancer cells with a BET inhibitor. JQ1 was found to suppress iNOS upregulation much more 

powerfully (i.e. at far lower concentrations) than 1400W or GW274150. It may have also 

targeted Survivin, Bcl-xL, and MMP-9 transcription, but an indirect effect via iNOS was 

also likely, since NO is known to signal for induction of these proteins [28,39,55]. BET 

inhibitors like JQ1 are undergoing clinical evaluation for a variety of malignancies, and their 

testing in conjunction with PDT is anticipated soon.

8. Summary and conclusions

PDT has many advantages over other anti-cancer therapies, but like them, it is often 

confronted with resistance mechanisms (either pre-existing or acquired) which reduce 

treatment efficacy. As is clear from this review, iNOS/NO plays a major role not only in 

PDT resistance, but also the hyper-aggressiveness of cells that survive the challenge or in 

non-challenged bystanders (Fig. 4). Although both pre-existing and stress-induced iNOS 

could be implicated in these responses, the induced enzyme plays an almost exclusive role in 

the several different cancer types discussed. Recognizing this is important because up to 

now, most therapy-based studies have considered only pre-existing (basal) iNOS and not the 

possibility of upregulation during treatment or that the latter might be more important in 

affecting treatment efficacy. Whether iNOS upregulation is unique to PDT or if other 

oxidant-based therapies might share this antagonistic response is not yet clear. Concerns 

about more aggressive and possibly more metastatic phenotypes of PDT-surviving cells 

would be alleviated through pharmacologic interventions with inhibitors of iNOS activity or 

transcription, as discussed in Sect. 7, and it is hoped that promising interventions in either of 

these categories will soon be forthcoming.
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Figure 1. 
Effect of NO on photosensitized ChOOH formation in liposomes and on necrotic killing of 

cancer cells. (A) Accumulation of 5α-OOH and (B) 7α/7β-OOH in POPC/Ch/PpIX 

(100:80:0.2 by mol) liposomes irradiated in the absence vs. presence of 1 mM ascorbate 

(AH), 0.5 μM ferric-8-hydroxyquinoline (Fe) and spermine-NONOate (SPNO): −Fe/AH (x); 

+Fe/AH (○); + Fe/AH and 20 μM SPNO (●), 60 μM SPNO (▲), 200 μM SPNO (▼), 400 

μM SPNO (■), or decomposed 400 μM SPNO (□). ChOOHs in lipid extracts were 

determined by HPLC-EC(Hg). (C) Photokilling of disseminated PpIX-sensitized COH-BR1 

cells in the absence (○) vs. presence of 400 μM SPNO (●) or decomposed SPNO (x). Light 

fluence at 30 min irradiation: 2.2 J/cm2. (D) Photokilling of COH-BR1 cells during exposure 

to non-stimulated or stimulated RAW 264.7 macrophages (15 h after LPS added) in absence 

vs. presence of 4 mM L-NAME. All values are means ± SEM (n=3). *P<0.005 vs. non-

stimulated ± L-NAME. (Reproduced from Refs. 18 and 19, with permission.)
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Figure 2. 
Upregulated iNOS/NO in ALA/light-treated prostate cancer PC3 cells; effects of iNOS/NO 

on cell resistance and on proliferation and invasion of surviving cells. Cells at ~60% 

confluency were sensitized with PIX by incubating with 1 mM ALA for 30 min in the dark. 

(A, upper panels): mitochondrial localization of PpIX. After being switched to ALA-free 

medium, cells were treated with MitoTracker Green (MTG, 0.1 μg/ml, 10 min), then 

examined by confocal fluorescence microscopy: PpIX (λex 488 nm, λem 620–650 nm); 

MTG (λex 490 nm, λem 516 nm). (A, lower panels): iNOS upregulation. AKA-treated cells 

were either dark-incubated for 20 h (ALA) or irradiated (ALA/hν, ~1 J/cm2). After 0–20 h 

of post-hν incubation, cells were lysed and analyzed for iNOS by Western blotting. 

Numbers in lower row indicate iNOS band intensity relative to β-actin and normalized to 

controls. (B): NO upregulaton. After ALA treatment, cells wither served as dark controls 

(DC) or were irradiated in absence (ALA/hν) or presence of 20 μM 1400W (ALA/W/hν). 

After 22 h in dark, all cells were treated with NO probe DAF-2DA (20 μM, 30 min), then 

examined by fluorescence microscopy (λex 488 nm, λem 650 nm). Numbers indicate 

integrated fluorescence intensity, means ± SD (n=3). (C): Resistance to photokilling and 

enhanced proliferation of surviving cells. After irradiation, cells were switched to 10% 

serum-medium; where indicated, 1400W or cPTIO was present throughout; DC, dark 

controls (ALA-only). Plotted values are means ± SEM (n=3). (D): Increased invasiveness of 
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viable cells after exposure to ALA alone, ALA/light, or ALA/1400W/light, as assessed with 

a CytoSelect® system. Plotted values are means ± SEM (n=3); *P<0.01 vs. ALA; **P<0.05 

vs. ALA/ hν. (Reproduced from Refs. 27 and 28, with permission.)
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Figure 3. 
Antagonistic effects of iNOS/NO on ALA-PDT in a tumor xenograft model. (A) Light-only 

controls: female SCID mice bearing human breast MDA-MB-231 tumors were injected i.p. 

with PBS or 1400W (10 mg/kg) in PBS; after 4 h, the mice were anesthetized, placed in 

opaque restraints with cutouts for tumor exposure, and irradiated using a 633-nm light 

source and fluence ~95 J/cm2; after irradiation, mice were reinjected with 1400W once per 

day until termination; plotted tumor volumes are means ± SEM (n=3). (B) ALA-PDT: 

Tumor-bearing mice were injected i.p. with ALA (100 mg/kg) or PBS (light-only controls), 

followed by 1400W (10mg/kg) or GW274150 (25 mg/kg); after 4 h in the dark, the mice 

were anesthetized, placed in restraints with cutouts, and irradiated as in (A); after PDT, mice 

were kept in subdued light and reinjected with each iNOS inhibitor once daily; measured 

tumor volumes are means ± SEM (n=3–6). (C) Western blots showing iNOS levels in tumor 

samples from light control and ALA-PDT mice; number below each band indicates iNOS 

intensity relative to β-actin and normalized to day-0. (D) Nitrite levels in tumor samples 

after ALA-PDT in the absence vs. presence of 1400W; values determined by Griess assay 

are means ± SEM (n=3). (Reproduced from Ref. 41, with permission.)
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Figure 4. 
Scheme showing enhanced NO-mediated proliferation, migratory, and invasive 

aggressiveness of cancer cells that withstand an ALA-PDT challenge. These responses 

pertain not only to cells that are direct targets of photodynamic action, but also to non-

targeted bystander cells, which are accessible to NO from targeted cells.
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Scheme 1. 
Lipid peroxidation induced by photogenerated 1O2 and amplified by iron-catalyzed 

reduction of lipid hydroperoxide (LOOH) intermediates. Free radical intermediates that are 

susceptible to interception/inactivation by NO are indicated.

Girotti and Fahey Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Anti-PDT effects of exogenous NO: early evidence
	Anti-PDT effects of endogenous NO
	Signaling events leading to upregulation of pro-survival iNOS/NO under PDT stress
	iNOS/NO-imposed resistance to PDT in a human tumor xenograft model
	NO-mediated bystander effects in PDT
	Inhibitors of iNOS activity vs. transcription as potential PDT adjuvants
	Summary and conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Scheme 1.

