
Photodynamic therapy (PDT) is a promising thera�

peutic strategy for the treatment of superficial, in situ and

micro�invasive tumors. PDT is based on the administra�

tion of tumor�localizing chemicals (photosensitizers) with

successive non�ionizing illumination of the tumor bed.

PDT induces localized tumor destruction via the photo�

chemical generation of cytotoxic singlet oxygen (1O2).

Two principal mechanisms should be considered in PDT�

mediated tumor eradication: direct tumor cell damage via

necrotic or apoptotic pathway and microvascular injury.

The ability of PDT to generate apoptotic cells is

acknowledged to be an important factor in the PDT treat�

ment efficacy. The PDT�induced apoptotic response is

characterized by a rapid cytochrome c release from the

mitochondria leading to the inhibition of respiration [1],

the activation of caspase�3, which is a key player in the

execution phase of apoptosis [2], and chromatin conden�

sation as early 1�2 h after irradiation [3�7]. Apoptosis has

been also detected in tumor bearing mice after PDT [8].

Foscan® (meta�tetra(hydroxyphenyl)chlorine;

mTHPC) is a second generation photosensitizer with

favorable photochemical and immunological properties

[9�11]. Presently, mTHPC is applied for the head and neck

cancers [12] and has been studied for basal cell carcinoma

[13] and locoregional breast cancer recurrences [14].

Despite that mTHPC has been considered as one of the

most active photosensitizers studied to date [15], there are only

a few studies on mTHPC�photosensitized modalities of cell

death. Two recent studies of Chen et al. [3, 16] reported the

rapid release of cytochrome c, chromatin condensation, and

DNA cleavage shortly after mTHPC photosensitization of two

leukemic cell lines, thus assuming an extensive apoptosis.

The present article focuses on the mitochondrial

events after HT29 cells photosensitization with mTHPC.

Early events of apoptosis were assessed by a light dose

response analysis of cytochrome c release from mito�

chondria, depolarization of the mitochondrial mem�

brane, activity of caspase�3, and the binding of the fluo�

rescent conjugate Ca2+�dependent protein Annexin�V

(Ann�V) on membrane externalized phosphatidylserine.
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Abstract—Apoptosis induced by photodynamic therapy (PDT) is considered to be an important factor defining the treatment

outcome. Nevertheless, the relevance of apoptotic events in overall cell death should be established for every given photosen�

sitizer. The present study addresses the contribution of Foscan® (meta�tetra(hydroxyphenyl)chlorine; mTHPC) photosensi�

tized apoptosis in overall cell death in a model of cultured HT29 adenocarcinoma cells. Early events of cell death were assessed

by the evaluation of mitochondrial response to mTHPC�mediated PDT, cytochrome c release and membrane depolarization.

Apoptosis was measured through the activity of caspase�3 and the binding of the fluorescent conjugate Ca2+�dependent pro�

tein Annexin�V on membrane externalized phosphatidylserine at 2, 4, and 24 h post�PDT. Immediately after mTHPC�PDT,

from 28 to 57% cells exhibited cytochrome c release concomitantly with mitochondrial membrane depolarization for light

doses inducing more than 90% overall cell death. The maximum of caspase�3 activation (12�fold more than control) was

reached 24 h after irradiation at fluence inducing 90% cell death (LD90). The corresponding measurement of apoptotic cells

(12% of Annexin�V bound cells) confirmed the mild and delayed apoptotic response of HT29 cells to mTHPC�PDT.
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MATERIALS AND METHODS

Chemicals. mTHPC was kindly supplied by Biolitec

Pharma Ltd. (UK). mTHPC stock solution was in

methanol. Further dilution was performed in phenol red

free RPMI 1640 medium supplemented with 2% fetal calf

serum to reach a final mTHPC concentration of 1.5 µM.

Phycoerythrin�conjugated Annexin�V (PE–Ann�V), cas�

pase�3 fluorogenic substrate DEVD�7�amino�4�trifluo�

romethylcoumarin (AFC), and caspase�3 inhibitor

DEVD�CHO were obtained from BD Pharmingen (USA).

SYTOX®Green was provided by Molecular Probes (The

Netherlands). RPMI 1640 medium, glutamine/peni�

cillin/streptomycin, trypsin�EDTA, and phosphate�

buffered saline solutions (PBS) were purchased from Life

Technologies (USA). Fetal calf serum (FCS) was supplied

from Costar France (France). All other chemicals were

obtained from Sigma Chemical Co. (USA).

Cell culture. HT29 human adenocarcinoma cells

were maintained in RPMI 1640 medium supplemented

with 10% heat�inactivated FCS, 1% penicillin (10,000 IU),

streptomycin (10,000 µg/ml), and 1% of 200 mM gluta�

mine. Cells were kept at 37°C in a 5% CO2 humidified

atmosphere, trypsinized, and reseeded into fresh medium

every 7 days. Four days before treatment, 3·104 cells/ml

were seeded in a 25�cm2 flask.

Photodynamic treatment. Logarithmically growing

HT29 cells were incubated with 1 µg/ml mTHPC solu�

tion in RPMI supplemented with 2% FCS for 3 h. After

two consecutive washings, cells were irradiated (650 nm)

at fluences ranging from 0.06 to 1.92 J/cm2.

Clonogenic assay. Cells were collected from the 25�cm2

flask immediately after PDT and seeded in triplicate into

6�well plates according to a technique previously

described [17]. Briefly, a layer consisting of 1 ml of 0.5%

molten agar (Bacto agar, Difco, USA) in culture medium

was poured in each well. Over this bottom layer, 103 cells

were plated in 1 ml culture medium containing 0.3% agar.

Cultures were incubated at 37°C with 5% CO2 in air for 14

days. Colonies composed of more than 50 cells were

counted with an automatic image analysis program

AnalySiS 3.1 (AnalSys, France).

Measurements of the membrane potential ∆∆ΨΨm. The

green fluorescent probe 5,5′,6,6′�tetrachloro�1,1′,3,3′�
tetraethylbenzimidazolylcarbocyanine iodide, JC�1

(Molecular Probes), exists as a monomer at low mem�

brane potential and, at higher potentials, JC�1 forms red

fluorescent aggregates. The use of this probe in the meas�

urement of ∆Ψm after PDT has been described previously

[18]. Trypsinized cells (5·105 cells) were centrifuged at

400g, the cell pellet was resuspended in 1 ml medium

containing 1 µl of JC�1 (final concentration 5 µg/ml),

and the resulting suspension was measured by flow

cytometry (FACSCalibur) after a 15�min incubation at

37°C. Aggregate fluorescence (λex 488 nm, λem 590 nm),

detected in fluorescence channel FL2 with a 585 ± 42 nm

band pass, can easily be separated from monomer fluores�

cence (λex 488 nm, λem 527 nm) detected in fluorescence

channel FL1 with a 530 ± 30 nm band pass.

Measurements of cytochrome c release. Cytochrome

c release was estimated by labeling digitonin�permeabi�

lized cells with APO2.7 phycoerythrin (PE)�conjugated

monoclonal antibody (Beckman Coulter, France) [19].

Trypsinized ((0.5�1)·106) cells were permeabilized with

0.1 µg/ml digitonin for 20 min at 4°C, washed, and

labeled with PE�APO2.7 (dilution 1 : 5) for 15 min at

room temperature. After washing, cells were measured by

flow cytometry using excitation at 488 nm and fluores�

cence emission at 585 ± 42 nm (FL2).

Quantification of caspase�3 activity. For each exper�

imental point, cells obtained from three flasks or sphe�

roids obtained from three Petri dishes were collected by

scraping and added to the supernatant. After centrifuga�

tion, the pellet was washed twice in PBS and stored at

–20°C until use. The dry pellet was resuspended in 1 ml

lysis buffer composed with 10% sucrose, 20 mM Hepes,

0.1% Chaps, 2 mM dithiothreitol, 1 mM EDTA, 1 µg/ml

pepstatin, 1 µg/ml leupeptin, and 100 µg/ml phenyl�

methylsulfonyl fluoride (PMSF), pH 7.4. The cell lysate

was incubated on ice for 30 min, sonicated twice for 10 sec,

and centrifuged (10 min, 10,000g). The supernatant

(800 µl) was incubated with 200 µl (6 µM) of highly spe�

cific caspase�3 substrate—DEVD�AFC (Asp�Glu�Val�

Asp (DEVD) conjugated with 7�amino�4�trifluo�

romethylcoumarin (AFC))—in lysis buffer at 37°C for 1 h.

The specificity of caspase�3 activity was verified in the

reaction of enzymatic activity inhibition by adding

0.05 µM DEVD�CHO for 2 h. The released fluorescent

product was measured spectrofluorimetrically (λex/λem

400/450�550 nm; Perkin�Elmer L225 9051, USA). The

obtained data were normalized per 1 mg protein. Protein

concentrations were estimated in cell lysates by using the

Bio�Rad assay. The final results were expressed as the

ratio between the experimental and the control (drug, no

light) normalized values.

Apoptotic cell fractions assessed by flow cytometry.
The use of fluorescein isothiocyanate�labeled Annexin�V

(FITC–Ann�V) and propidium iodide (PI) to evaluate

apoptotic and necrotic cells, respectively, in suspension of

growing cells is now a common practice [20]. A modifi�

cation of this method was employed in the present study.

Namely, an overlap in fluorescence bands between PI (λem

620 nm) and mTHPC (λem 650 nm) was avoided by stain�

ing of necrotic cells by SYTOX®Green probe (λem

523 nm). High�affinity nucleic acid probe SYTOX®Green

easily penetrates cells with compromised plasma mem�

branes and does not cross the membranes of living cells.

Apoptotic cells were measured by labeling of membrane

externalized phosphatidylserine with PE–Ann�V (λem

575 nm). Culture medium containing floating cells and

trypsinized cells were centrifuged and counted.

SYTOX®Green (40 nM) in 100 µl RPMI 1640 was added
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to 105 cells for 15 min at 4°C. Cells were then washed with

RPMI and resuspended in 100 µl binding buffer (10 mM

Hepes, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4), and 5 µl

of PE–Ann�V was added for 15 min at 4°C. Before flow

cytometry analysis, the cell suspension was diluted with

400 µl binding buffer. Fluorescence emission of

PE–Ann�V and SYTOX®Green after 488 nm laser excita�

tion was detected in channel FL2 (585/42 nm bandpass)

and channel FL1 (530/30 nm bandpass), respectively, on

a FACSCalibur flow cytometer using a compensation set�

ting (FL2�%FL1, 45%).

RESULTS

Photoinduced cytochrome c release and mitochondri�
al membrane depolarization. Figure 1 displays the fluence

dependent cytochrome c (cyt c) release and alterations of

∆Ψm immediately after irradiation. These data are plotted

with the photocytotoxicity curve. At fluences above 0.64 J/

cm2, that induced more than 90% cell death, we observed

a progressive increase in the number of cells exhibiting

both the leakage of cyt c and loss of ∆Ψm. At the highest

fluence applied, cyt c escaped from mitochondria of

about 50% of cells with a concomitant dissipation of the

mitochondrial membrane potential.

Assessment of PDT induced apoptotic features in
monolayer HT29 cell line. Caspase�3 activation is consid�

ered as a key element in the apoptosis execution program.

The post�PDT kinetics of caspase�3 mediated proteolyt�

ic cleavage of DEVD motif were assessed at fluences cor�

responding to 60% (LD60), 90% (LD90), and 97% (LD97)

cell photokilling as measured by clonogenic assay. An

increase in enzymatic activity of caspase�3 was observed

during the whole 24 h post�PDT incubation period with

the better caspase�3 activation (ten� and twelve�fold

above the level of untreated cells) for the lower fluences of

0.24 and 0.64 J/cm2 (Fig. 2). For these fluences, a cas�

pase�3 activity reached a maximum 24 h after PDT. The

kinetic profiles were however different. A sharp increase

in caspase activity within the first 4 h followed by its slight

variations was registered for the fluences corresponding to

LD90 and LD97, whereas the lowest fluence demonstrated

a progressive increase in enzymatic activity. The addition

of 0.05 µM DEVD�CHO for 2 h completely inhibited the

enzymatic reaction (data not shown).

Disruption of the membrane phospholipid asymme�

try with subsequent externalization of phosphatidylserine

has been identified as one of the early and prominent fea�

tures of apoptosis. Quantification of cells with membrane

phosphatidylserine externalization was assessed by flow

cytometry techniques. About 3% of control cells (drug,

no light) were labeled with PE–Ann�V. Following treat�

ment, a maximum of apoptotic cells was registered 24 h

post�PDT whatever fluence used (Fig. 3). Similar to cas�

pase�3 activation, we did not observe a relationship

between number of apoptotic cells and light fluences.

DISCUSSION

Neoplastic tissues respond universally to PDT under

appropriate conditions (high sensitizer concentration and

light dose). However, the modalities of cell death provid�

ed by photodynamic treatment are still under investiga�

tion. Both apoptotic and necrotic cell death have been

Fig. 1. Post�irradiation effect on mitochondrial membrane

depolarization (1), cytochrome c release (2), and loss of clono�

genicity (3) in mTHPC photosensitized HT29 cells. Data were

obtained immediately after irradiation. The percentages of

cells exhibiting the loss of clonogenicity were counted 15 days

after PDT. Results are the mean ± SEM of at least three inde�

pendent experiments.
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Fig. 2. Relative expression of protease activity in mTHPC pho�

tosensitized HT29 cells. Cells were exposed to 1.5 µM mTHPC

for 3 h and irradiated at 0.24 (LD60, 1), 0.64 (LD90, 2), or 1.92

J/cm2 (LD97, 3) of red light (λ = 652 nm). At the indicated

times after PDT, cells were collected and lysed and 800 µl of

protein extract were incubated with DEVD�AFC as described

in “Materials and Methods”. Data are shown as the mean ±

SEM from at least three independent experiments.
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implicated in examples of photocytotoxicity with differ�

ent sensitizers and cell lines.

Mitochondria play a key role in the pathways to cell

death either by mitochondria proteins involved in the

apoptotic process or by the loss of functionality resulting

in ATP depletion [21]. Thus, mitochondrial damage is

suspected to be the major cause of photocytotoxicity [22].

The earliest events that occur within seconds after PDT

are the release of cyt c from the mitochondrial intermem�

brane space to the cytosol simultaneously [7, 23, 24], as

observed in our study, or independently [18, 19] from the

dissipation of the ∆Ψm.

Compared with the nearly complete release of cyt c

about 15 min post phthalocyanine 4 (PC 4) photosensiti�

zation [4], mTHPC�PDT did not induce a massive

release of cyt c immediately after irradiation (Fig. 1). This

result suggests that mitochondria are probably not the

primary lethal target of mTHPC�PDT. It is assumed that

the initial cell photodamage sites are very close to those of

singlet oxygen formation and strictly related to the distri�

bution of the photosensitizer in the cell. Our previous

studies performed in adenocarcinoma cells indicated a

diffuse intracellular distribution of mTHPC fluorescence

outside the nucleus with a strong preference for endoplas�

mic reticulum and Golgi apparatus [25, 26].

Apoptosis was evaluated by measuring the caspase�3

activity and by the binding of Ann�V on externalized

phosphatidylserine after mTHPC photosensitization.

Several characteristics are noticeable in the post�PDT

activation of caspase�3 (Fig. 2). First, the level of cas�

pase�3 activation (about 12�fold above the control level)

is consistent with values reported in a response to PDT in

adherent cell lines such as HCT�116, HeLa, MCF�7c3

[5, 27, 28], and is considerably lower compared to PDT�

treated lymphocytic cells (more than 100�fold above the

control level) [4, 6, 29]. This difference could arise from

highly expressed constitutive caspase�3 in lymphocytic

cells [2] and could partially explain an extreme sensitivity

Fig. 3. Time course of apoptosis in response to PDT in HT29

cells. Cells were exposed to 1.5 µM mTHPC for 3 h and irradi�

ated at 0.24 (LD60, 1), 0.64 (LD90, 2), or 1.92 J/cm2 (LD97, 3)

of red light (λ = 652 nm). At the indicated times after PDT, the

cells were collected, stained with PE–Ann�V, and analyzed by

flow cytometry. Data are shown as the mean ± SEM from at

least three independent experiments.
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of leukemic cells to apoptotic cell death opposite to

human tumor adherent cell line. Further, the lowest level

of DVDase activation at the highest fluence applied could

be indicative of the inhibiting of apoptotic process in

favor of necrosis [6, 30]. The rapid shift from apoptotic to

necrotic death may arise from an excess of oxidative dam�

age [15, 31, 32], and/or the complete abrogation of cellu�

lar energy metabolism [33]. Another particularity

observed in our study is the delayed activation of caspase�

3 (4�24 h) that is not consistent with typical for PDT

rapid apoptotic program execution. The moderate cas�

pase activation and delayed apoptosis following PDT was

demonstrated in Bcl�2 or Bcl�xL transfected HeLa and

HL�60 cells photosensitized with verteporfin (BPD�MA)

[34]. Since HT29 cells were reported to contain high lev�

els of Bcl�xL protein [35], the latter might exert a repres�

sive role on the apoptotic process induced by mTHPC

photosensitization in HT29 cells.

The quantification of apoptotic cells by Ann�V bind�

ing on membrane externalized phosphatidylserine reveals

a maximum of 12% of apoptotic cells 24 h after mTHPC

photosensitization (Fig. 3). These results are consistent

with the delayed and low activation of the caspase�3 men�

tioned above.

In conclusion, we have demonstrated that mito�

chondrial membrane damage is strongly implicated in an

apoptotic cell death mediated by mTHPC�PDT. Figure 4

outlines the central role played by mitochondria in pho�

todynamic�induced apoptotic pathway.
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