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Abstract
Although the first reactive oxygen species (ROS) formed during irradiation of photosensitized cells
is almost invariably singlet molecular oxygen (1O2), other ROS have been implicated in the
phototoxic effects of photodynamic therapy (PDT). Among these are superoxide anion radical
(•O2 −), hydrogen peroxide (H2O2) and hydroxyl radical (•OH). In this study, we investigated the
role of H2O2 in the pro-apoptotic response to PDT in murine leukemia P388 cells. A primary route
for detoxification of cellular H2O2 involves the peroxisomal enzyme catalase. Inhibition of catalase
activity by 3-amino-1,2,4-triazole led to an increased apoptotic response. PDT-induced apoptosis
was impaired by addition of an exogenous recombinant catalase analog (CAT-SKL) that was
specifically designed to enter cells and more efficiently localize in peroxisomes. A similar effect was
observed upon addition of 2,2′-bipyridine, a reagent that can chelate Fe+2, a co-factor in the Fenton
reaction that results in the conversion of H2O2 to •OH. These results provide evidence that formation
of H2O2 during irradiation of photosensitized cells contributes to PDT efficacy.

INTRODUCTION
Photodynamic therapy (PDT) involves the irradiation of photosensitized cells and tissues,
leading to the formation of cytotoxic reactive oxygen species (ROS). Promotion of PDT
efficacy is expected to lead to improved tumor eradication. This can be useful, e.g. if light
penetration is impaired or the concentration of the photosensitizer is suboptimal at some tumor
loci. The anti-apoptotic protein Bcl-2 is a known target for PDT, and we previously described
the ability of Bcl-2 antagonists to promote photokilling at low PDT doses (1). PDT can also
lead to enhanced autophagy, a survival process that can offer protection from photodamage,
resulting in a “shoulder” on the dose–response curve (2). In this study, we examined the role
of H2O2 formed during PDT as a factor in the net phototoxic response. These studies were
carried out in P388 murine leukemia cells, using the photosensitizer termed “benzoporphyrin
derivative” (BPD). BPD is readily available and is known to catalyze an apoptotic response
(3) to PDT.

During the photodynamic process, a variety of ROS is produced including 1O2, H2O2 and •OH
(4). This study was designed to explore the role of H2O2 in the phototoxicity of PDT. To this
end, we used two procedures to modulate intracellular H2O2 levels during the irradiation of
photosensitized cells. Both involve altering the level of intracellular catalase activity. This
enzyme is involved in a major detoxification pathway for H2O2, catalyzing conversion of this
ROS to O2 + H2O. Catalase activity can be significantly inhibited by the irreversible antagonist
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3-amino-1,2,4-triazole (3-AT). An exogenous cell-permeable catalase derivative was used to
promote H2O2 degradation. For this purpose, we used the enzyme analog termed CAT-SKL that
efficiently traffics to the peroxisome, where catalase activity normally resides (5–7). An
estimate of the intracellular H2O2 concentration was provided by the fluorescent probe
dihydrorhodamine (DHR) (8,9), a product that is converted to a fluorescent analog upon
oxidation by H2O2. Other analytical procedures were used to monitor catalase concentrations
and activity, phototoxicity and apoptosis, a common death mode after PDT.

A reaction between H2O2 and ferrous iron results in the formation of a much more reactive
ROS species: hydroxyl radical (•OH). This reaction was first described by Fenton (10):

To examine the effect of decreased conversion of H2O2 to •OH, we used 2,2′-bipyridyl (BIP),
a product that can chelate Fe+2 (11) and thereby prevent formation of •OH via the Fenton
reaction.

MATERIALS AND METHODS
Reagents

BPD was purchased from VWR. Stock solutions (10 mM) were prepared in dimethyl formamide
and stored at 4°C in the dark. Amino acids, tissue culture media and chemicals were provided
by Sigma-Aldrich (St. Louis, MO); sterile horse serum by Atlanta Biologicals (Laurenceville,
GA); DHR and DEVD-R110 by Invitrogen (Molecular Probes; Eugene, OR). Recombinant
CAT-SKL was prepared as described before (5,12).

Cell culture
Murine leukemia P388 cells were grown in sealed flasks filled to <30% of their capacity. The
growth medium used was a modification of the ±-MEM formulation (2), supplemented with
10% horse serum, 1 mM glutamine and 1 mM mercaptoethanol. For the experiments described
here, exponentially-growing cells (7 mg mL−1, 3.5 × 106 mL−1) were incubated in growth
medium with 25 mM HEPES buffer pH 7.4 replacing NaHCO3. This modified medium, termed
FHS, permits maintenance of a near-neutral pH at high cell densities.

Photodynamic therapy
Cell suspensions were incubated for 30 min at 37°C with 2 µM BPD. After this loading
incubation, the cells were washed, resuspended in fresh medium at 15°C and irradiated. The
light source was a 600 W quartz-halogen lamp with IR radiation attenuated by a 10 cm layer
of water. The wavelength of irradiation was limited to 690 ± 10 nm by an interference filter
(Oriel, Stratford, CT). CAT-SKL or 3-AT was present during this loading incubation, if specified.

Survival measurements
Clonogenic assays were used to determine PDT efficacy. Cells were photosensitized as
described above, then irradiated (20–200 mJ cm−2). Serial dilutions of the suspensions were
then plated on soft agar in triplicate. After a 7- to 9-day growth interval, colonies were counted
and compared with untreated controls. The plating efficiency of control (untreated) cell cultures
was ~70%.
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BPD transport
Cells were incubated with a 2 µM concentration of BPD for 30 min at 37°C, then collected by
centrifugation. Samples of both the supernatant fluid and the cell pellet were dispersed in a 10
mM solution of the nonionic detergent Triton X-100 and the resulting fluorescence (695–700
nm) was determined upon excitation at 400 nm. The distribution ratio (BPD concentration in
cells/medium) was then calculated. Effects of concurrent treatment with 3-AT, BIP or CAT-
SKL were similarly assessed.

BPD localization
Cells were examined by fluorescence microscopy after incubation with 2 µM BPD for 30 min
at 37°C using 400 ± 20 nm excitation and assessing fluorescence at wavelengths >650 nm.
Where specified, 3-AT (30 mM) or CAT-SKL (1000 U) was also present.

Fluorescence microscopy
Fluorescence images were acquired using a Nikon Eclipse E600 microscope and a CoolSnap
HQ CCD camera (Photometrics, Tucson, AZ). Images were subsequently processed using
MetaMorph software (Universal Imaging, Downington, PA). A Uniblitz shutter was used to
control exposure of the stage to the excitation source. This was designed to open and close
with the camera shutter, thereby minimizing photobleaching of samples. For photographs
shown in Fig. 2, a stack of 20 images was acquired using a Prior ProScan Z-drive. These were
subject to 3-D deconvolution using AutoQuant Deblur software (Media Cybernetics Inc.,
Bethesda, MD).

Chromatin labeling
To assess apoptotic (condensed) chromatin in cell nuclei (1,2), P388 cells were incubated with
1 µM HO33342 (HO342) for 5 min at 37°C, washed once and examined by fluorescence
microscopy using 360–390 nm excitation. The system was configured to detect fluorescence
at 400–450 nm.

Fluorimetric detection of H2O2 in cell culture
P388 cell suspensions (2 × 106 cells mL−1) were incubated for 30 min at 37°C with 2 µM BPD
+ 5 µM DHR along with specified additions: 3-AT (30 mM), 1000 U of pure recombinant CAT-
SKL (provided as a solution containing 148 000 U mg−1 protein) or 2 µM BIP. The cells were
then resuspended in fresh medium, adding back 3-AT, CAT-SKL or BIP if these were initially
present, then irradiated at 20°C (690 ± 10 nm, 100 mJ cm−2). Fluorescence of the DHR
oxidation product was measured using a multi-channel analyzer using 490 nm excitation and
recording the fluorescence emission at the optimum (525 ± 3 nm).

The fluorogenic interaction between H2O2 and DHR could also be measured in real time during
irradiation using an SLM 48000 series fluorometer modified by ISS (Champaign, IL). Cell
cultures were prepared as outlined above, then resuspended in 3 mL of fresh medium in 1 × 1
× 3 cm glass cuvettes. The temperature was maintained at 20°C by a Peltier system and the
contents were gently stirred throughout. Irradiation was carried out using light from a 690 nm
diode laser (1 mW cm−2) directed at the top surface of the cuvette via a 400 μ fiber, using a
GRIN (graded-index) lens to focus the beam to a 0.9 cm diameter circle. Fluorescence emission
from oxidized DHR (525 nm) was monitored using 490 mn excitation with 2 nm slit widths
for both excitation and emission monochromators. The “slow kinetic” mode was used for data
acquisition with data points collected every 4 for 180 s. The influence of the 690 nm irradiating
light on the emission photomultiplier detector was minimized by insertion of a 550 nm low-
pass filter into the emission beam.
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DEVDase assays
Cells were incubated as outlined above, irradiated as specified, then lysed in 100 µL of buffer
containing 50 mM Tris pH 7.2, 0.03% Nonidet P-40 and 1 mM DTT. The lysates were briefly
sonicated and the debris removed by centrifugation at 10 000 g for 1 min. The supernatant fluid
(50 µL) was mixed with 40 µM DEVD-R110, 10 mM HEPES pH 7.5, 50 mM NaCl and 2.5 mM

DTT in a total volume of 100 µL. The rate of an increase in fluorescence emission, resulting
from the release of rhodamine-110 from the fluorogenic substrate (13), was measured for more
than 30 min at room temperature with a fluorescence plate reader. DEVDase activity is reported
in terms of nmol product min−1 mg−1 protein. Control determinations were made on extracts
of untreated cells. Each assay was performed in triplicate. The Lowry method was used to
determine protein concentrations.

Catalase activity
Catalase activity can be monitored by spectrophotometry. Activity is defined in terms of
conversion of H2O2 to H2O + O2, a reaction that results in the loss of H2O2 absorbance at 240
nM. One unit of catalase is defined as the amount needed to convert 1.0 mol of H2O2 to O2 +
H2O per minute at pH 7.0 and 23°C. In our initial studies, cell extracts (40 µL) were added to
quartz cuvettes containing 3 mL of 50 mM phosphate buffer pH7 and 20 mM H2O2. The initial
optical density was ~0.5. Loss of absorbance was then determined over 30 s intervals. Accurate
timing can be difficult, so we later adopted a different assay procedure. This measures the loss
of H2O2 as a result of catalase activity by assessing the absorbance of a yellow complex formed
upon the reaction between peroxide and acidified titanium sulfate (14,15). A mixture of
H2O2 + cell lysate is incubated for 30 min at room temperature. A solution of TiOSO4 in 1 N
H2SO4 is then added, with the optical density at 405 nm determined after 15 min.

Western blots
Conversion of pro-caspase-3 to the active form, along with the ability of CAT-SKL to enhance
the catalase level in cells was assessed via Western blots. After specified treatments, cells were
lysed in SDS-PAGE buffer, and the lysate heated to 100°C for 5 min. Aliquots containing 40
g of protein per well were used for Western blot analyses as described previously (2). Anti-
mouse/human antibodies to caspase-3 and catalase were obtained from BD-Pharmingen (San
Jose, CA). Actin analysis was carried out to insure equal loading of proteins. Western blot
densitometry was performed using Metamorph software (Molecular Devices, Downington,
PA). The total region was analyzed and a mean gray-scale value ± SD was determined (white
= 0, black = 255).

RESULTS
PDT dose–response information

The effect of varying the light dose on BPD-induced cytotoxicity, as assessed by clonogenic
studies, is shown in Fig. 1. This study demonstrates the fairly steep dose–response curve typical
of PDT. This figure indicates a 50% loss of viability at a light dose of ~60 mJ cm−2. Effects
of selected additions are shown in Table 1.

BPD transport
Incubation of cells with a 2 µM concentration of the photo-sensitizer BPD resulted in a drug
distribution ratio of 21.4 ± 1.5 (three determinations). This was not significantly affected by
the presence of 3-AT, BIP or CAT-SKL at concentrations specified in the legend to Table 1.
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BPD localization
The pattern of BPD localization suggests affinity for mitochondria > ER. This result is
consistent with data shown in a previously published report (16). This pattern was not altered
when cells were incubated with BPD + 3-AT or CAT-SKL (Fig. 2) or BIP (data not shown).

Effects of 3-AT and CAT-SKL in the dark
While 3-AT and CAT-SKL had significant effects on catalase activity in control cells, neither
induced activation of DEVDase. The multichannel analyzer could not detect a significant
change in levels of H2O2 in cells that were not photosensitized and irradiated (Table 1, columns
2–4) as indicated by the lack of a significant DHR oxidation to a fluorescent product.

Catalase modulation and PDT-induced effects
Using an LD90 PDT dose, we found that there was a significant degree of DEVDase activation
30 min after irradiation of photosensitized cells. This effect was enhanced by 3-AT and
impaired with CAT-SKL. The overall level of catalase activity was not significantly altered by
the photodynamic process. The presence of the ferrous iron chelating agent BID resulted in a
decrease in the level of DEVDase activity and in the LD50 light dose, suggesting a role
for •OH, derived from H2O2 in the overall pro-apoptotic effect of PDT (Table 1).

In agreement with the DEVDase values shown in Table 1, addition of CAT-SKL decreased
numbers of apoptotic nuclei observed 60 min after irradiation, while addition of 3AT had the
opposite effect (Fig. 3).

Numbers of apoptotic nuclei determined in three such fields indicated >1% in untreated cells,
58 ± 4% in cultures after PDT, 31 ± 5% in cells treated with PDT in the presence of CAT-SKL

and 88 ± 3% in cells treated with PDT + 3-AT. These differences were found to be significant
differences using the t-test (P < 0.01). Consistent with the DEVDase activity changes, CAT-
SKL offered protection from photokilling, while 3-AT had the opposite effect (Table 1).

An increase in DEVDase activity is expected to be accompanied by conversion of procaspase-3
to the active form. Western blots (Fig. 4) confirm this assumption. Using LD50 and LD90 PDT
doses, we found that 3-AT increased the conversion of procaspase-3 (32 kDa) to the active
form (17 kDa). Morphometric analysis indicated an increase in the mean density of the
caspase-3 blots: controls, 5 ± 2; PDT 60 mJ cm−2, 43 ± 12; PDT + 3-AT, 109 ± 8; PDT 100
mJ cm−2, 67 ± 4; PDT+3-AT, 150 ± 7.

Intracellular catalase activity enhanced by CAT-SKL

To confirm that treatment of P388 cells with 1000 U of CAT-SKL did indeed lead to an increase
in the intracellular level of catalase protein, we carried out a Western blot analysis (Fig. 5). A
substantial increase in intracellular catalase was observed, and there was only a slight change
when the incubation time was prolonged from 30 to 60 min. Densitometry readings for the
Western blots indicated gray-scale values of 31 ± 6 (control cells), 134 ± 12 (30 min exposure
to CAT-SKL) and 151 ± 8 (60 min exposure).

Detection of H2O2 in cell cultures
Exposure of DHR to H2O2 results in conversion of this probe to a fluorescent product, a reaction
that is greatly enhanced in the presence of peroxidases (17). The system used was not
sufficiently sensitive to detect H2O2 formation in P388 cells in the absence of PDT, but could
readily detect fluorescence produced directly after irradiation (Table 1). The fluorogenic
reaction was enhanced by the presence of 3-AT and decreased when CAT-SKL was used to
enhance the catalase concentration. BIP did not have a statistically significant effect. These
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data were obtained using a multichannel analyzer and CCD device, permitting acquisition of
fluorescence emission spectra averaged over 2 s. Fluorescence at the emission maximum (525
nm) was recorded.

Using a different detection system we monitored the fluorogenic effect of PDT on DHR
oxidation. Data shown in Fig. 6 were obtained during the irradiation of photosensitized cell
cultures, showing the effects of prior treatment with 3-AT or CAT-SKL. The fluorogenic reaction
was enhanced by treatment with 3-AT and impaired after exposure of cells to CAT-SKL. Data
were acquired as a function of time, using a photomultiplier detector in the single-photon mode.
Excitation = 490 nm; emission was monitored at 525 nm every 4 s using 0.3 s time interval for
each data point.

Statistical considerations
Analysis using the independent groups t-test indicated that differences in values shown in
columns 2–4 of Table 1 were statistically different (P < 0.01) for all values analyzed. This was
also true for data shown in Table 1 with the exception of the comparison between controls and
cells treated with BIP. Chelation of Fe+ + appears to offer a consistent protection from PDT-
induced phototoxicity and appearance of DEVDase activity, but the differences do not reach
the 90% confidence level.

DISCUSSION
The dose–response curve for BDP-PDT (Fig. 1) demonstrates that a small increase in the light
dose can result in a substantial increase in phototoxicity. From these data, we conclude that
even an apparently minor increase in PDT efficacy can therefore lead to an amplified effect
on tumor eradication. This study was designed to assess the role of alterations in H2O2
formation during PDT as a factor in the pro-apoptotic response to PDT.

Apoptosis is considered to be an irreversible process leading to cell death, and has been shown
to be a predominant form of direct cell kill after PDT (18). 1O2 is widely assumed to be the
initial toxic ROS produced during PDT. A recent report (19), using only a photosensitizer +
cytochrome c, indicated that there were oxidation products that could not be explained by the
action of 1O2 alone. While a solution containing a photosensitizer and a protein may not
accurately mimic the conditions that occur in cells or tissues, results reported in this study
indicate that even in a simple system, multiple ROS can be detected. Kochevar et al., using
HL-60 cells, reported that altering the irradiation conditions, so that the photosensitizer rose
bengal produced either 1O2 or radical species, resulted in apoptosis only under the former
conditions (20). Assuming that this phenomenon is also pertinent to the cell line and
photosensitizing agent used here, it appears that radical-initiated photodamage alone may be
insufficient to induce apoptosis, but might amplify the phototoxic effect(s) of 1O2.

Figure 3 demonstrates that the apoptotic response to PDT, as indicated by the appearance of
condensed chromatin in cell nuclei, is enhanced by the action of 3-AT and decreased when the
intracellular concentration of catalase is enhanced. Changes in the apoptotic response were
reflected in the conversion of procaspase-3 to the active form (Fig. 4). Additional studies were
carried out with BIP, a reagent that chelates Fe+2 and is therefore expected to antagonize
formation of •OH via the Fenton reaction. These data are summarized in Table 1.

The ability of the CAT-SKL preparation to augment the cellular level of catalase is demonstrated
by studies involving Western blot densitometry. In the context of these studies, it is important
to consider that CAT-SKL was specifically designed as an exogenous source of catalase activity
that would migrate to the peroxisome where this enzyme is normally found (5–7). Use of
unmodified catalase could result in the appearance of enzyme activity in the cytosol where it
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is normally not found, with possible effects on signaling pathways or other unexpected
phenomena.

Using the fluorescent probe DHR, we were able to obtain an estimate of H2O2 formation during
irradiation of photosensitized P388 cells (Fig. 5). As expected, the increase in fluorescence
intensity was impaired by the presence of CAT-SKL and enhanced in cells previously treated
with 3-AT. The fluorescence values shown in Fig. 5 were measured in a photomultiplier-based
fluorometer that permits data accrual at a single wavelength, while results shown in Table 1
were obtained with a multichannel analyzer and a CCD device. The numerical values are
therefore different.

In these studies, we observed no significant alteration in the level of catalase activity when
photosensitized cells were irradiated. This differs from results reported by Luo et al. (21) who
observed a significant decrease when keratinocytes were treated with Photofrin and then
irradiated. This result could be attributed to the fact that Photofrin is a complex mixture of
porphyrin monomers, dimers and higher oligomers that may localize quite differently than
BPD.

It has been reported that H2O2 can promote autophagy (22) via oxidation of an amino acid on
one of the proteins involved in the autophagic process. As autophagy is expected to protect
cells from low-dose PDT (2), enhanced autophagy resulting from H2O2 formation might have
been expected to decrease overall PDT efficacy, although results shown in Table 1 indicate
otherwise. Further studies using cell lines lacking the capacity for autophagy will be needed
to provide information on the potential role of H2O2-induced autophagy in the overall
phototoxic effect.

What conclusions can be drawn from these studies? Verma et al. proposed some new strategies
for the promotion of PDT effects (23). One of these involves combination therapies with a
view toward increasing susceptibility of cells to PDT. We had previously shown that concurrent
treatment with PDT + Bcl-2 antagonists resulted in enhanced photokilling (1). The present
study suggests that, in addition to the well-established effects of 1O2 on such critical targets as
anti-apoptotic Bcl-2 family proteins (24,25) and on lysosomes (26), H2O2 formed during PDT
may also play a role in photokilling. As indicated by Fig. 1, any phenomenon that produces
even a minor promotion in PDT efficacy can have a marked effect on tumor eradication.
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Figure 1.
P388 cells were photosensitized with benzoporphyrin derivative (2 µM) and irradiated at varying
light doses. Viability was determined by clonogenic assays.
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Figure 2.
Fluorescence microscopy demonstrating the localization of benzoporphyrin derivative (BPD)
in P388 cells. Cells were incubated with a 2 µM concentration of the sensitizer for 30 min at
37°C and images acquired as described in the text. a = BPD alone; b = BPD + 30 mM 3-AT; c
= BPD + 1000 U CAT-SKL.
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Figure 3.
Effects of photodynamic therapy (PDT) on P388 chromatin as indicated by HO342 labeling
using fluorescence microscopy. a = control (untreated) cells; b–d = cells 60 min after receiving
an LD90 PDT dose; c = 1000 U of CAT-SKL present; d = 30 mM 3-AT added as specified in the
text.
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Figure 4.
Activation of caspase-3 as indicated by Western blots using extracts of cells obtained 30 min
after irradiation. A, controls (no light); B–E, cells treated with 2 µM BPD and irradiated (60 mJ
cm−2: B,C; or 100 mJ cm−2: D,E). 3-AT is present in (C) and (E).
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Figure 5.
Western blots for catalase showing control levels (A) and enhanced intracellular levels of the
protein after treatment of P388 cells with CAT-SKL (1000 U/ 5 mg of cells) for 30 min (B) or
60 min (C) at 37°C.
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Figure 6.
Fluorescence of P388 cells loaded with 1 µM DHR + 2 µM BPD (with 30 mM 3-AT or 1000 U
of CAT-SKL present where specified) and irradiated at 690 nm for 360 s. During this time, the
fluorescence signal from oxidized DHR at 525 nm was acquired using 490 nm excitation with
a steady-state fluorometer. These curves represent data for a typical experiment. Essentially
the same patterns were obtained during two repetitions of this study.
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