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Abstract

In photodynamic therapy (PDT), light activates a photosensitizer added to a tissue, resulting in 

singlet oxygen formation and cell death. The photosensitizer phthalocyanine 4 (Pc 4) localizes 

primarily to mitochondrial membranes in cancer cells, resulting in mitochondria-mediated cell 

death. The aim of this study was to determine how lysosomes contribute to PDT-induced cell 

killing by mitochondria-targeted photosensitizers such as Pc 4. We monitored cell killing of A431 

cells after Pc 4-PDT in the presence and absence of bafilomycin, an inhibitor of the vacuolar 

proton pump of lysosomes and endosomes. Bafilomycin was not toxic by itself, but greatly 

enhanced Pc 4-PDT-induced cell killing. To investigate whether iron loading of lysosomes affects 

bafilomycin-induced killing, cells were incubated with ammonium ferric citrate (30 μM) for 30 h 

prior to PDT. Ammonium ferric citrate enhanced Pc 4 plus bafilomycin-induced cell killing 

without having toxicity by itself. Iron chelators (desferrioxamine and starch-desferrioxamine) and 

the inhibitor of the mitochondrial calcium (and ferrous iron) uniporter, Ru360, protected against 

Pc 4 plus bafilomycin toxicity. These results support the conclusion that chelatable iron stored in 

the lysosomes enhances the efficacy of bafilomycin-mediated PDT and that lysosomal disruption 

augments PDT with Pc 4.

INTRODUCTION

Photodynamic therapy (PDT) involves administration of a photosensitizing drug followed 

by photoirradiation with light absorbed by the photosensitizer. PDT to target cells and 

tissues results in generation of singlet oxygen (1O2) and/or other reactive oxygen species 

(ROS) that oxidize tissue lipids and proteins, resulting in oxidative stress and cell death. 

Besides the intensity of light and concentration of photosensitizer, the subcellular 

localization of a photosensitizer is also critical to determining the efficacy of the PDT 

treatment (reviewed in [1]). Photosensitizers usually target three main organelles: 

mitochondria, endoplasmic reticulum and lysosomes (1–5). PDT mediated by a 
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mitochondria-targeted photosensitizer directly dissipates the mitochondrial membrane 

potential (2) whereas, alternatively, PDT with a lysosome-targeted photosensitizer causes a 

release of lysosomal constituents (5). Due to release of lysosomal constituents, lysosome-

targeted photosensitizers seem to be more efficient in cell killing than ones targeted to 

mitochondria. Indeed, our previous studies have shown that analogs of Pc 4 that primarily 

localize to lysosomes are more effective in killing after PDT (6,7).

For our previous studies, we used Pc 4 as a photosensitizer. Pc 4 is a silicon phthalocyanine 

bearing a dimethylaminopropylsiloxy ligand on the central silicon (8). Pc 4 localizes 

primarily to mitochondria, endoplasmic reticulum and to a lesser extent lysosomes, as 

assessed by confocal microscopy (2,3). Pc 4-PDT induces apoptotic cell death that is 

mediated by formation of mitochondrial ROS leading to onset of the mitochondrial 

permeability transition, mitochondrial swelling and cytochrome c release (2).

In this study, our aim was to determine how lysosomes contribute to PDT induced by 

mitochondria-targeted photosensitizers such as Pc 4. Specifically, we focused on the role of 

lysosomal iron in PDT killing. In cells and tissues, two pools of iron exist. The first pool is 

“nonchelatable” iron that is sequestered in ferritin and structural components of proteins 

(e.g. heme, iron-sulfur complexes), which cannot be removed by iron chelators like 

desferrioxamine (DFO). The second pool is “chelatable” iron, which represents free iron and 

iron bound loosely to a wide variety of anionic intracellular molecules (9). Chelatable iron is 

accessible to DFO and other iron chelators. Chelatable iron and other transition metals such 

as copper catalyze formation of highly reactive hydroxyl radical (OH•) from H2O2 and 

superoxide (O2
•−). OH• damages DNA, proteins and membranes (10). The toxicity of iron is 

manifested by onset of the mitochondrial permeability transition (MPT) and consequent 

necrotic and apoptotic cell death of hepatocytes after exposure to a membrane permeable 

Fe3+ complex (11).

Lysosomes are a source of rapidly mobilized chelatable iron that when released into the 

cytosol is rapidly taken up by mitochondria through the calcium uniporter (12–15). Inside 

mitochondria, this iron is available to catalyze toxic ROS cascades. Therefore, we 

hypothesized that iron translocation from lysosomes to mitochondria would enhance PDT-

induced cell killing with mitochondria-targeted photosensitizers. Our results demonstrate 

that exogenous iron together with inhibition of the vacuolar proton-pumping ATPase greatly 

enhances mitochondria-targeted Pc 4-PDT-mediated apoptotic death.

MATERIALS AND METHODS

Cell culture

Human A431 epidermoid carcinoma cells were obtained from American Type Culture 

Collection. Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (complete 

culture medium) in humidified 5% CO2/95% air at 37°C.
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PDT

The phthalocyanine photosensitizer Pc 4 was obtained from Dr. Malcolm Kenney (Case 

Western Reserve University; 6). A stock solution of 0.5 mM was made in dimethyl 

formamide and diluted into complete culture medium. Cell cultures were incubated with 25 

or 50 nM Pc 4, as indicated, for 16–18 h before exposure to red light (λ = 670 nm, 350 mJ 

cm−2, 1.1 mW cm−2) at 37°C from an Intense-HPD 7404 diode laser (North Brunswick, NJ). 

Subsequently, cells were returned to the incubator prior to assays at designated times.

Clonogenic assay

Cells (330 000 per dish) were cultured in 60-mm Petri dishes for 24 h. Subsequently, cells 

were loaded with 25 nM Pc 4 for 16–18 h. One hour prior to irradiation, 50 nM bafilomycin 

was added, as indicated. Immediately after irradiation, cells were harvested by 

trypsinization. Aliquots of cell suspensions were plated onto 60-mm Petri dishes in amounts 

sufficient to yield 50–100 colonies per dish. After 14 days in complete culture medium, 

colonies were stained with 0.1% crystal violet in 20% ethanol and counted by eye.

Caspase 3/7 activity

Caspase-3/7 activity was measured using a Caspase-Glo™ 3/7 kit (Promega, Madison, WI) 

according to the manufacturer’s instructions. At indicated time points, cultured cells were 

scraped into a test tube followed by centrifugation. The pellet was resuspended and lysed 

with RIPA (150 mM NaCl, 1 mM EGTA, 1% sodium deoxycholate, 1% Triton X-100, 50 mM 

Tris-Cl, pH 7.4) buffer. Caspase-Glo™ 3/7 reagent and the lysate were mixed in 1:1 ratio, 

and luminescence was measured with a luminometer. The resulting luminescence was 

proportional to caspase activity.

Assessment of cell death

Cell death was assessed by propidium iodide (PI) fluorometry using a multiwell 

fluorescence plate reader, as previously described (16). Briefly, cells were cultured on 96-

well plates (6 000 cells per well) for 48 h in complete culture medium. Pc 4 (25 nM), DFO (1 

mM) and starch-DFO (sDFO; 1 mM) were present during the last 18 h of the incubation. 

Subsequently, medium was aspirated and changed to fresh medium supplemented with 

Insulin-Transferrin-Selenium-X reagent (Gibco; insulin [10 μg mL−1], transferrin [5.5 μg 

mL−1], selenium [6.7 ng mL−1], ethanolamine [0.2 mg mL−1]), and containing PI (30 μM), 

but omitting FBS. Bafilomycin (50 nM) and chloroquine (50 μM) were added as indicated. 

One hour after drug addition but before irradiation, PI fluorescence was measured using 

530-nm excitation (25-nm band pass) and 620-nm emission (40-nm band pass) filters. PI 

fluorescence was then measured at frequent intervals for 12 h. Between measurements, 

microtiter plates were placed in a 37°C incubator. At the end of the experiment, digitonin 

(200 μM) was added to each well to permeabilize all cells and label all nuclei with PI. 

Fluorescence was measured again to obtain a value corresponding to 100% cell death. 

Percentage viability (V) was calculated as V = 100(X − A)/(B − A), where A is initial 

fluorescence, B is fluorescence after addition of digitonin, and X is fluorescence after any 

given time. Cell viability determined by PI fluorometry is essentially the same as cell 

viability determined by trypan blue exclusion (16).
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Apoptosis was determined from nuclear morphology after PI staining in the presence of 

digitonin. At indicated time points, floating and adherent cells were collected, centrifuged 

and resuspended in PBS containing 100 μM digitonin and 30 μM PI. Digitonin permeabilizes 

the plasma membrane and allows PI to enter cells and stain all nuclei. Thus, PI staining in 

the presence of digitonin is equivalent to staining with Hoechst and DAPI, the two 

fluorescent dyes most commonly used to assess apoptosis by nuclear morphology. Apoptotic 

nuclei were scored as apoptotic based on nuclear condensation and fragmentation and 

counted with a 40× microscope objective using a rhodamine filter set and expressed as a 

percentage of total cells. At least 200 cells were counted from three different microscopic 

fields for each sample.

Mitochondrial membrane potential

Cells were cultured on 35-mm glass-bottomed Petri dishes (MatTek Corporation, Ashland, 

MA) at 150 000 cells per dish and loaded with 150 nM tetramethylrhodamine methyl ester 

(TMRM) for 30 min in culture medium. Dishes were placed in an environmental chamber at 

37°C on the stage of Zeiss LSM 510 laser scanning confocal microscope (Zeiss, Germany). 

A 63 X N.A. 1.4 oil immersion planapochromat objective was used for all experiments. 

After collecting baseline images of red TMRM fluorescence, cells were exposed to light 

(350 mJ cm−2), and images were subsequently collected over time using confocal 

microscopy (543 nm excitation, 560 nm long-pass emission). Cells in images were outlined 

using Adobe Photoshop (Version CS4) software (Mountain View, CA). Average TMRM 

fluorescence intensity of the outlined cells was then quantified followed by background 

subtraction to yield cell specific mean TMRM fluorescence intensity.

Lysosomal integrity

To assess the lysosomal integrity, cells were incubated with 0.2 mg mL−1 of Alexa-488 

dextran (10 kDa) for 18 h. Alexa-488 dextran is taken up by cells via endocytosis. 

Alexa-488 fluorescence was imaged by confocal microscopy (488 nm excitation/500–530 

nm emission). Bright green dots colocalized with lysosome-specific fluorophores (data not 

shown), such as LysoTracker Red, indicating that Alexa-488 dextran can be used as an 

endosomal/lysosomal marker.

To assess LysoTracker Red release from lysosomes, cells were incubated with LysoTracker 

Red (500 nM) for 20 min at 37°C in complete culture medium. Medium was replaced with 

fresh medium supplemented with 200 nM LysoTracker. LysoTracker Red fluorescence was 

imaged by confocal microscopy (543 nm excitation/560 nm long-pass emission).

Western blot analysis

Total cell extracts were prepared in ice-cold RIPA lysis buffer supplemented with a cocktail 

of protease inhibitors (Roche Diagnostics, Indianapolis, IN). The lysates were centrifuged, 

and the resulting supernatants were assayed for total protein content (Bio-Rad, Hercules, 

CA). Equivalent amounts of protein were diluted in sample buffer (200 mM Tris-Cl, 15% 

glycerol, 10% SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue, pH 6.8) and resolved 

on 12% SDS-PAGE. Proteins were then transferred and immobilized on PVDF membranes 

(Millipore, Bedford, MA) and probed with anti-HIF-1α (1:1 000, a gift from Dr. Faton 
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Agani, Case Western Reserve University) and antiactin (1:3 000, Sigma). Immunodetection 

was accomplished by an enhanced chemiluminescence detection system (Pierce, Rocklord, 

IL).

Statistical analysis

Data are presented as means ± SEM with n as the number (three or more) of independent 

experiments. Differences were assessed by Student’s t-test with INSTAT Software (GraphPAD, 

San Diego, CA). One-tailed tests were used to test unidirectional hypotheses. A P-value < 

0.05 was considered to be statistically significant.

RESULTS

Bafilomycin enhances Pc 4-PDT-induced cell killing

Lysosomes are a primary source for “chelatable iron,” which is free iron and iron bound 

loosely to a wide variety of anionic intracellular molecules (9). Chelatable Fe2+ reacts with 

H2O2 to generate the highly reactive and toxic hydroxyl radical (OH•). The importance of 

iron-catalyzed OH• formation in cell killing is underscored by the fact that the iron chelator, 

DFO, suppresses ROS generation and prevents the mitochondrial permeability transition and 

cell death after oxidative stress to hepatocytes (17). Bafilomycin is an inhibitor of the 

vacuolar proton-pumping ATPase (18). Consequently, bafilomycin collapses acidic 

lysosomal/endosomal pH gradients, which leads to release of lysosomal iron into the cytosol 

(12). To determine if bafilomycin sensitizes Pc 4-PDT-mediated cell killing, A431 

epidermoid carcinoma cells were loaded with 25 nM Pc 4 for 18 h followed by 1 h incubation 

with 50 nM bafilomycin. Subsequently, cells were exposed to light (350 mJ cm−2) at 37°C. 

For these experiments, we chose a concentration of Pc 4 that by itself did not induce cell 

killing after irradiation during the course of the experiment. Pc 4-PDT and bafilomycin 

alone caused no cell killing as evaluated using PI fluorometry (Fig. 1a). By contrast, the 

combination of Pc 4-PDT plus bafilomycin caused substantial cytotoxicity. Cell viability 

was 92.8 and 47.2% 12 h after Pc 4-PDT and Pc 4-PDT plus bafilomycin, respectively (Fig. 

1a). The results were confirmed with a clonogenic assay (Fig. 1b). In initial experiments, we 

performed dose-reponse studies with increasing concentrations of Pc 4 in the presence and 

absence of bafilomycin. At greater Pc 4 concentrations (50–300 nM), a similar enhancement 

of cell killing by bafilomycin occurred, except that overall cell killing was more rapid, and 

the killing curves shifted to the left (data not shown).

The PI fluorometry assay monitors failure of the plasma membrane permeability barrier, an 

event that occurs during necrosis and late stage apoptosis, the latter often named secondary 

necrosis. To determine further the mode of cell death, apoptosis and caspase 3/7 activity 

were monitored. Both caspase-3/7 activity and apoptotic death were enhanced by 

bafilomycin after Pc 4-PDT treatment. Moreover, the pan caspase inhibitor z-VAD 

completely blocked Pc 4 plus bafilomycin-induced caspase activation and apoptosis (Fig. 

1c,d). Overall, the results indicate that bafilomycin enhances mitochondria-targeted Pc 4-

PDT toxicity, but alone is nontoxic.
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Chloroquine enhances Pc 4-PDT-induced cell killing

To determine whether another agent that causes lysosomal alkalinization has the same effect 

as bafilomycin, we pretreated cells with chloroquine. Chloroquine is a weak base that 

accumulates into acidic vesicles and raises their pH (19). Chloroquine alone did not induce 

cell killing, but combined with Pc 4-PDT enhanced toxicity similar to bafilomycin (Fig. 2a). 

These results indicate that enhanced killing with bafilomycin and chloroquine after Pc 4-

PDT is initiated through a lysosomal/endosomal pathway.

Lysosomal iron augments Pc 4 plus bafilomycin-PDT-mediated cell killing

The results of Fig. 1 show that bafilomycin enhances cell killing by PDT with a 

mitochondria-targeted photosensitizer. To assess whether iron participates in cell killing 

after Pc 4-PDT, we preincubated cells with 30 μM ammonium iron (III) citrate (Fe3+) for 24 

h before Pc 4 loading. Fe3+ binds to transferrin, which is taken up by cells through receptor-

mediated endocytosis, resulting in increased lysosomal iron. After Fe3+ loading, cells were 

loaded with Pc 4 followed by bafilomycin or vehicle and light irradiation. At the low 

concentration of Pc 4 used, PDT in the absence and presence of Fe3+ caused virtually no 

toxicity (Fig. 2b). By contrast, in the presence of bafilomycin, Fe3+ nearly doubled the rate 

of Pc 4-PDT-induced killing, decreasing viability to 25% at 12 h after PDT from 47% in the 

absence of bafilomycin.

Bafilomycin enhances PDT toxicity through mitochondrial depolarization

To determine the role of mitochondrial depolarization in bafilomycin-enhanced cell killing 

after PDT, we monitored mitochondrial membrane potential from uptake of TMRM 

visualized by confocal microscopy. Bafilomycin (50 nM) and Pc 4-PDT alone caused no 

decrease of TMRM fluorescence (data not shown). After 45 min of Pc 4-PDT plus 

bafilomycin, a small portion of mitochondria depolarized (Fig. 3a,b). Subsequently, 

mitochondria further depolarized (Fig. 3b). Preincubation with Fe3+ followed by 

bafilomycin accelerated mitochondrial dysfunction and subsequent cell killing after Pc 4-

PDT with depolarization of approximately half the mitochondria after 45 min and nearly all 

mitochondria after 120 min (Fig. 3a,b). These results show that iron augments mitochondrial 

dysfunction after Pc 4-PDT.

Protection against mitochondrial depolarization by iron chelators

As previous study indicates that bafilomycin releases free iron from the lysosomes (12), we 

characterized the effect of iron chelators on mitochondrial depolarization during PDT. Cells 

were pretreated with DFO (1 mM) for 18 h before bafilomycin and subsequent irradiation. In 

the presence of DFO, mitochondrial depolarization after Pc 4-PDT plus bafilomycin 

following pretreatment with Fe3+ was subtantially decreased (Fig. 3a, Pc 4 + Baf + DFO). 

After 2 h, 57% of TMRM fluorescence was still remaining in the presence of DFO 

compared with 8% in the absence of DFO (Fig. 3b). Moreover, DFO increased cell viability 

from 25% to 75% after 12 h (Fig. 3c). sDFO (1 mM), which is taken up by endocytosis like 

Alexa-488 dextran and specifically chelates endosomal/lysosomal iron, blocked 

mitochondrial depolarization after Pc 4-PDT to an even greater extent than DFO (Fig. 3a, Pc 

4 + Baf + sDFO; Fig. 3b). sDFO also increased viability from 25% to 63% after 12 h (Fig. 
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3c). To confirm that iron chelators simply did not reverse the effect of added iron, we 

assessed the effect of DFO and sDFO on viability during Pc 4-PDT (50 nM Pc 4) plus 

bafilomycin in the absence of Fe3+. Both DFO and sDFO protected against Pc 4-PDT plus 

bafilomycin (Fig. 3d).

To determine whether bafilomycin-enhanced mitochondrial dysfunction after PDT was 

dependent on lysosomal membrane breakdown, cells were preloaded with Fe3+, Alexa-488 

dextran (10 kDa), and Pc 4 (25 nM). Alexa-488 dextran is taken up by endocytosis to label 

endosomes/lysosomes as bright fluorescent dots (Fig. 4a, Pc 4 + Fe). Subsequent 1 h 

exposure of bafilomycin did not change endosomal/lysosomal integrity (Fig. 4a; + Baf). 

After 2 h of irradiation, although mitochondrial depolarization was maximal there was no 

change in Alexa-488 dextran fluorescence (Fig. 4a, + Baf + Light; cf. Fig. 3b). To confirm 

that bafilomycin collapsed lysosomal pH gradient, cells were loaded with LysoTracker Red 

(500 nM) and subsequently exposed to bafilomycin. LysoTracker Red is a weak base and 

accumulates into acidic organelles such as lysosomes (20). Inhibition of the vacuolar proton-

pumping ATPase with bafilomycin is well established to collapse lysosomal pH gradients 

and induce lysosomal alkalinization. Release of LysoTracker Red after bafilomycin in our 

experiments serves to confirm that bafilomycin was penetrating the cells and acting as 

expected (Fig. 4b). We also loaded lysosomes with Alexa-488 dextran (10 kDa). After 1 h 

exposure to bafilomycin, lysosomes retained Alexa-488 dextran, but released LysoTracker 

Red (compare Fig. 4a with b), which shows lysosomal alkalinization without generalized 

lysosomal membrane permeabilization. In addition, imaging of Alexa-488 dextran did not 

show evidence of lysosomal swelling after bafilomycin, which would be expected as a 

colloid osmotic effect if the membrane became nonspecifically permeable to smaller 

molecular weight solutes. Indeed, nonspecific permeabilization to small or large molecular 

weight solutes has never been described for bafilomycin. Rather bafilomycin is a very 

specific and high-affinity inhibitor of the lysosomal proton pump (18).

Bright LysoTracker Red-labeled spots disappeared after bafilomycin, indicating lysosomal 

alkalinization (Fig. 4b). These results indicate that bafilomycin-enhanced mitochondrial 

dysfunction was not due to endosomal/lysosomal membrane breakdown, but rather through 

collapse of the pH gradient in these organelles, which promotes release into the cytosol of 

lysosomal chelatable iron.

Protection against mitochondrial depolarization by Ru360

Ru360 is a highly specific inhibitor of the mitochondrial electrogenic calcium uniporter (21). 

When cytosolic ferrous iron increases, the calcium uniporter translocates the iron into 

mitochondria (12,14). Ru360 (10 μM) blocked bafilomycin-induced mitochondrial 

depolarization after Pc 4-PDT following Fe3+ (Fig. 5a, Pc 4 + Baf + Ru360; Fig. 5b). Ru360 

also increased viability from 25% to 57% (Fig. 5c).

Iron chelators, such as DFO, stabilize hypoxia-inducible factor 1 alpha (HIF-1α) by 

inhibiting proline hydroxylase, an enzyme that promotes HIF-1α proteasomal degradation 

(22). As HIF-1α target genes are protective, DFO-mediated protection against PDT may not 

be due to chelation of iron per se, but rather to increased HIF-1α levels. Accordingly, we 

assessed HIF-1α protein by Western immunoblotting 18 h after incubation of cells with 
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DFO, sDFO and Ru360 without pretreatment with Fe3+. As expected, DFO and sDFO 

increased HIF-1α protein levels compared with untreated cells. However, Ru360 did not 

increase HIF-1α, although Ru360 did block mitochondrial depolarization and cell death 

after Pc 4-PDT plus bafilomycin (Fig. 6). Therefore, Ru360-mediated protection cannot be 

explained by upregulation of HIF-1α.

DISCUSSION

Our results show that bafilomycin greatly accelerates mitochondrion-specific Pc 4-PDT-

mediated cell killing. Although bafilomycin acts on lysosomes, its toxic effects were 

manifested in mitochondria by accelerated depolarization after PDT, resulting in caspase 3/7 

activation and apoptotic death. The findings indicate a cross-talk between lysosomes and 

mitochondria during PDT.

The endodomal/lysosomal compartment continuously receives iron by transferrin receptor-

mediated endocytosis and autophagic digestion of iron-containing proteins (23,24). Thus, 

lysosomes are a reservoir of chelatable, redox-active Fe2+. Fe2+ reacts with H2O2 to 

generate highly reactive and toxic OH•. The importance of iron-catalyzed ROS formation in 

cell killing is underscored by the fact that DFO suppresses ROS generation and prevents the 

mitochondrial permeability transition and cell death after oxidative stress to hepatocytes 

(12,17). During Pc 4-PDT, a large proportion of ROS formation occurs inside mitochondria 

and leads to onset of the mitochondrial permeability transition, as documented by increased 

mitochondrial dichlorofluorescein fluorescence and movement of calcein across the 

mitochondrial inner membrane (2).

Alkalinization of lysosomes/endosomes with bafilomycin enhanced Pc 4-PDT-mediated cell 

killing (Fig. 1). However, bafilomycin did not induce lysosomal membrane breakdown after 

Pc 4-PDT, as assessed by retention of 10 kDa Alexa-488 dextran with lysosomes (Fig. 3b). 

Alexa-488 dextran fluorescence is pH-independent and therefore loss of Alexa-488 dextran 

fluorescence signifies specifically lysosomal disintegration rather than a change in 

lysosomal pH. Other lysomotropic fluorophores (e.g. acridine orange, LysoTracker Red and 

LysoTracker Green) have been widely used to assess lysosomal damage after oxidative 

stress. These probes are weak bases that accumulate into acidic organelles, mainly 

lysosomes. Release of these probes from lysosomes after oxidative stress is often interpreted 

as lysosomal membrane damage and disintegration (25,26). However, after bafilomycin and 

chloroquine, lysosomes released LysoTracker Red without loss of Alexa-488 dextran 

fluorescence, signifying that lysosomal membranes remained intact (Fig. 4b).

Fe3+ forms a complex with transferrin, which binds to transferrin receptors for receptor-

mediated endocytosis, resulting in iron delivery to endosomes/lysosomes. The observation 

that preincubation of cells with Fe3+ enhanced killing after bafilomycin plus Pc 4-PDT 

treatment and that sDFO prevented this cell killing is consistent with the conclusion that 

bafilomycin mobilizes iron from lysosomes into the cytosol. Similar results were obtained in 

a recent study with HeLa cells, where FeCl3 enhanced ionizing radiation-induced killing that 

was prevented by iron chelation (27).
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Fe2+ reacts with H2O2 to form OH•, a highly reactive form of ROS (28). Bafilomycin by 

itself was not sufficient to induce mitochondrial depolarization (data not shown) or cell 

killing (Fig. 1a). Rather, mild oxidative stress induced by low dose Pc 4-PDT combined with 

bafilomycin was needed to induce mitochondrial depolarization (Fig. 3a,b). The iron 

chelators, DFO and sDFO, protected against PDT plus bafilomycin-induced mitochondrial 

depolarization and killing (Fig. 3). DFO is highly polar and poorly permeant through 

membranes, and therefore millimolar concentrations were required to protect. DFO may also 

be taken up by endocytosis resulting in its accumulation in endosomes/lysosomes (29). 

Consequently, cytoprotection with DFO may be explained by chelation of redox-active iron 

in lysosomes. sDFO also prevented PDT plus bafilomycin-induced mitochondrial 

depolarization and cell killing (Fig. 3), indicating that lysosomes/endosomes release redox-

active iron after bafilomycin and that DFO and sDFO prevent this release by chelating the 

intraluminal iron store of these organelles.

Protection by lysosomal iron chelation against mitochondrial depolarization after PDT 

suggests that mitochondrial iron uptake may be responsible for bafilomycin-enhanced 

killing. Mitochondria accumulate Fe2+, but not Fe3+, electrogenically via the mitochondrial 

Ca2+ uniporter (14). The highly specific inhibitor of calcium uniporter, Ru360, also 

protected against bafilomycin-enhanced mitochondrial depolarization during PDT (Fig. 

5a,b). Although Ru360 and iron chelators completely blocked mitochondrial depolarization, 

iron chelators were somewhat more effective in protecting against cell killing (Figs. 3 and 

5). Thus, chelation of extra-mitochondrial redox-active iron may also contribute to 

cytoprotection by iron chelators.

In Jurkat cells exposed to H2O2, iron binding to a thiol group in the active center of 

procaspase 9 inactivated the enzyme and blocked the progression of apoptosis (30). Such an 

event did not seem to be occurring in our study, as both iron chelators and Ru360 inhibited 

mitochondrial depolarization, which is upstream of caspase 9 activation. Another effect of 

iron chelators is to stabilize HIF-1α in normoxic cells (22,31). HIF-1α activates several 

protective signaling pathways that potentially could explain cytoprotection by iron chelation. 

Although DFO and sDFO did stabilize HIF-1α protein levels, Ru360 did not (Fig. 6). As 

Ru360 protected against mitochondrial depolarization similarly to DFO/sDFO, HIF-1α is 

not likely responsible for cytoprotection.

Bafilomycin is frequently used to inhibit autophagy by collapsing lysosomal pH gradient 

and thereby blocking fusion of autophagosomes with lysosomes (32). Consistently with an 

effect on autophagy, bafilomycin alone and Pc 4-PDT plus bafilomycin increased cellular 

LC-3 II protein levels as assessed by Western blotting presumably by inhibiting fusion of 

autophagosomes with lysosomes (data not shown). Thus, bafilomycin was inhibiting 

autophagic flux, which might be a reason for increased PDT killing with bafilomycin. 

However, iron chelators and Ru360 protected cells against Pc 4-PDT plus bafilomycin 

toxicity, but neither iron chelators nor Ru360 altered LC-3 II protein levels (data not 

shown). Thus, it seems unlikely that enhanced survival by iron chelators and Ru360 acts 

through enhancing autophagy. Rather, iron chelators and Ru360 prevented mitochondrial 

depolarization induced by bafilomycin during PDT (Figs. 3 and 5).
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In conclusion, we established a link between lysosomal alkalinization and mitochondrial 

depolarization during PDT (Fig. 7). Strategies to engage lysosomes in cell death pathways 

have potential to enhance tumor cell killing. Herein, our results demonstrate that strategies 

to collapse the lysosomal pH gradient without lysosomal membrane breakdown is sufficient 

to induce iron-dependent mitochondrial depolarization and subsequent cell killing. 

Lysosomal perturbation by bafilomycin effectively enhances mitochondria-mediated cell 

killing during PDT. Pc 4-PDT has completed a Phase I clinical trial for cutaneous neoplasms 

(33) and is currently in a Phase I trial for psoriasis. The results of this study suggest that 

agents that disturb lysosomal function could potentially be used clinically as an adjuvant 

treatment with mitochondria-targeted photosensitizers.
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Figure 1. 
Bafilomycin enhances Pc 4-PDT-mediated cell death. A431 cells were plated on 96-well 

plates (6 000 cells per well) and cultured for 24 h. Subsequently, cells were incubated with 

Pc 4 (25 nM) in FBS containing culture medium. After 18 h, medium was changed to fresh 

medium supplemented with Insulin-Transferrin-Selenium-X Reagent and PI (30 μM), but 

omitting FBS, followed by incubation with bafilomycin (50 nM; Baf) for 1 h, where 

indicated. Subsequently, cells were exposed to light as described in the Materials and 

Methods section. (a) Viability was assessed by PI exclusion using fluorometry. Results are 

expressed as percent viability at 0 h. Data represent three independent experiments (mean ± 

SEM) performed in quadruplicate. *P < 0.05; **P < 0.01 compared with Pc 4. (b) Cells (330 

000 cells/6-cm Petri dish) were treated and irradiated as in (a). Subsequently, cells were 
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trypsinized and plated on 6-cm Petri dishes. After 14 days, colonies were stained with 

crystal violet and counted. Results are expressed as percent colonies of light-treated cultures. 

Data represent three or more independent experiments performed in triplicate. *P < 0.05 

compared with Pc 4 (one-tailed t-test). (c) Cells were plated on 96-well plates (6 000 cells 

per well) and treated as described in (a). z-VAD (10 μM) was added, as indicated, 1 h prior to 

irradiation. Four hours after irradiation, apoptotic nuclei were scored with a fluorescence 

microscope as described in the Materials and Methods section. At least 200 cells were 

counted from three different microscopic fields for each treatment group. Results are 

expressed as percent apoptotic nuclei. Data represent three independent experiments (mean 

± SEM) performed in triplicate. ***P < 0.005 compared with Pc 4. (d) Cells were plated on 

6-well plates (120 000 cells per well) and treated as described in (a). Four hours after 

irradiation, cell lysates were prepared as described in the Materials and Methods section. 

Caspase 3/7 activity was normalized for protein content, and results are expressed as fold 

increase from light-treated cells. Data represent three independent experiments (mean ± 

SEM) performed in triplicate. *P < 0.05 compared with Pc 4 (one-tailed t-test).
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Figure 2. 
Chloroquine enhances Pc 4-PDT-induced cell killing. (a) Cells were treated as described in 

Fig. 1a. As indicated, 50 nM bafilomycin or 50 μM chloroquine was added 1 h before 

irradiation, and cell viability was monitored with PI fluorometry. Results are expressed as 

percent viability of 0 h. Data represent three independent experiments performed in 

quadruplicate. (b) Cells were cultured in medium containing 30 μM Fe3+ for 24 h, as 

indicated. Subsequently, Fe3+ was washed out and cells were incubated with 25 nM Pc 4 for 

18 h. Medium was replaced with medium supplemented with Insulin-Transferrin-Selenium-
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X Reagent and omitting FBS. Bafilomycin was added, as indicated. Cell viability was 

monitored with PI fluorometry. Data represent three independent experiments (mean ± 

SEM) performed in quadruplicate. *P < 0.05; **P < 0.01 compared with Pc 4 + Baf.
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Figure 3. 
Bafilomycin enhances Pc 4-PDT-mediated mitochondrial depolarization. (a) Cells were 

cultured on glass-bottomed Petri dishes in the presence and absence of Fe3+(30 μM), as 

indicated. Subsequently, cells were incubated with Pc 4 (25 nM) in the presence and absence 

of DFO (1 mM) or sDFO for 18 h. Cells were loaded with 250 nM TMRM and subsequently 

incubated with TMRM (50 nM) and bafilomycin (Baf, 50 nM) for 1 h before irradiation. Red 

fluorescence of TMRM was imaged with laser scanning confocal microscopy before (0 min) 

and at 60 and 120 min after irradiation. Note loss of TMRM fluorescence after Pc 4-PDT in 

presence of Baf + Fe, which was prevented by DFO and sDFO. Representative images from 

three independent experiments. (b) average TMRM fluorescence after background 

subtraction under conditions described in panel (a) was determined every 15 min for 120 

min. Results are expressed as percent TMRM fluorescence of 0 min. Data are means 

calculated from analyses of 82–100 cells per treatment group obtained from three 

independent experiments (mean ± SEM). *P < 0.05 compared with Pc 4 + Baf. (c) Cells 

were plated on 96-well plates and treated under same conditions as in panel (a). Viability 
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was monitored using PI fluorometry. Results are expressed as percent viability of 0 min. 

Data represent three independent experiments (mean ± SEM) performed in quadruplicate. 

*P < 0.05; **P < 0.01 compared with Pc 4 + Baf. (d) Cells were exposed to Pc 4 (50 nM), Pc 

4-PDT and Pc 4-PDT + Baf in the presence and absence of DFO and sDFO. *P < 0.05; **P 

< 0.01 compared to Pc 4 + Baf.
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Figure 4. 
Lysosomal membrane permeability after bafilomycin and Pc 4-PDT. (a) Cells were plated 

on glass-bottomed Petri dishes (150 000 cells per dish) in the presence of Fe3+. After 24 h, 

medium was replaced with fresh medium containing 25 nM Pc 4 and Alexa-488 dextran (10 

kDa, 0.2 mg mL−1). After 18 h, medium was replaced with fresh medium supplemented 

with ITX reagent and omitting FBS. Dishes were placed on a confocal microscope stage at 

37°C. Images were obtained after Pc 4 and Fe3+ (Pc 4 + Fe), after 1 h exposure to 

bafilomycin (+ Baf) and after 2 h exposure to light (+ Baf + Light). (b) Cells were loaded 
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with LysoTracker Red (500 nM) for 20 min. Medium was replaced with fresh medium 

supplemented with 200 nM LysoTracker Red. After collecting a baseline image, bafilomycin 

(50 nM) was added and the images were taken after 60 min (upper panel). Lower panel shows 

untreated cells imaged before and after 60 min. Images (a and b) are representative of three 

independent experiments.
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Figure 5. 
Protection against mitochondrial depolarization by Ru360. (a) Cells were cultured in 

medium containing 30 μM Fe3+ for 24 h, as indicated. Then, Fe3+ was washed out and cells 

were incubated with Pc 4 (25 nM) and Ru360 (10 μM) for 18 h. Subsequently, cells were 

loaded with TMRM and incubated with bafilomycin (50 nM) for 1 h before irradiation, as 

described in Fig. 4a. TMRM fluorescence was imaged with confocal microscopy as 

described in the Materials and Methods section. Ru360 prevented the loss of TMRM 

fluorescence after Pc 4-PDT with Baf + Fe. Representative images from four independent 

experiments are shown. (b) Average TMRM fluorescence was quantified for the 

experiments described in panel (a). Data are means calculated from analyses of 82–125 cells 

per treatment group obtained from three to four experiments (means ± SEM). (c) Cell 

viability was monitored using PI fluorometry under same conditions as panel (a) from three 

independent experiments performed in quadruplicate. *P < 0.01; **P < 0.001 compared 

with Pc 4 + Baf + Fe.
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Figure 6. 
Effect of iron chelators and Ru360 on HIF-1α protein levels. Cells were incubated with Pc 4 

(25 nM) in the presence and absence of DFO (1 mM), sDFO (1 mM) and Ru360 (10 μM) for 18 

h, and cell lysates were subjected to Western blotting. Cells were also exposed to hypoxia 

(0.5% O2) for 6 h as a positive control. Actin was used as a loading control. Blots are 

representative of three independent lysates.

Saggu et al. Page 22

Photochem Photobiol. Author manuscript; available in PMC 2015 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Proposed model for interplay between lysosomes and mitochondria during PDT.
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