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Background and Objectives: Photodynamic therapy
(PDT) has been proposed as an alternative approach in
overcoming multidrug resistance (MDR) phenotype. To
verify whether 5-aminolevulinic acid (ALA)-mediated PDT
is effective in MDR cells, we studied the protoporphyrin IX
(PpIX) content, intracellular localization, and phototoxicity
in human breast cancer cells MCF-7 and derived MDR
subline, MCF-7/ADR.
Study Design/Materials and Methods: The fluores-
cence kinetics of ALA-induced PpIX was evaluated by
spectrofluorometer. The phototoxicity of MCF-7 and MCF-
7/ADR cells was determined by tetrazolium (MTT) assays
and clonogenic assay. Furthermore, Annexin V and pro-
pidium iodide (PI) binding assays were performed to
analyze the characteristics of cell death after ALA–PDT.
Results:MCF-7/ADR accumulated a lower level of PpIX as
compared to parental MCF-7 cells. Significant phototoxi-
city was observed in MCF-7 and increased in a fluence-
dependent manner with LD50 around 8 J/cm2. Compared to
its parental counterpart, MCF-7/ADR cells were less
sensitive to ALA photodynamic treatment and PDT-
induced cytotoxicity did not increase in a dose responsive
manner as the concentration of ALA increased or the
fluence of light increased. ALA–PDT was less effective for
MCF-7/ADR cells than MCF-7 cells even under the
condition when these two cell lines contained the similar
amounts of PpIX.
Conclusions: These results indicate that, except for the
MDR related characteristics, MCF-7/ADR cells might
possess intrinsic mechanisms that render them less
sensitive to ALA–PDT induced phototoxicity. Lasers Surg.
Med. 34:62–72, 2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Photodynamic therapy (PDT) has been developed as a
modality for cancer treatment, which is based on the
administration of photosensitizers to induce cytotoxicity

after light irradiation [1,2]. Compared to normal tissues,
tumor tissues have higher uptake or retention of photo-
sensitizers that results in the selective eradication of tumor
cells. It has been shown that singlet oxygen and other
reactive oxygen species (ROS) are responsible for the PDT-
induced cell killing that leads to tumor ablation [1,3]. As the
primary oxidant associated with the PDT reaction is singlet
oxygen, photosensitization has been found to oxidize
cellular macromolecules including lipids, proteins, and
nucleic acids that result in cell death [4].

5-aminolevulinic acid (ALA) has been successfully used
to diagnose and treat neoplastic tissue [5,6]. ALA itself is
not a photosensitizer and serves as the biological precursor
in the heme biosynthetic pathway [7]. There are two rate-
limiting steps in the heme biosynthesis pathway. The first
step is the production of ALA from glycine and succinyl
CoA, which is regulated by heme via a negative feedback
mechanism. The second one is the conversion of proto-
porphyrin IX (PpIX, the photosensitizer) to heme. This step
is controlled by a rate-limiting enzyme, ferrochelatase (FC),
which adds a ferrous iron to PpIX. Exogenous ALA
administration short-circuits the first step of porphyrin
synthesis and leads to the accumulation of PpIX in the
tissue. It has been shown that ALA–PDT induced selective
destruction of neoplastic lesions attribute to the aberration
of heme biosynthesis, such as the reduction of FC activities,
in tumor cells [8,9].

Multidrug resistance (MDR) is one of the main obstacles
limiting the efficacy of chemotherapy treatment of tumors.
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As the basic principle of PDT is different from that of
traditional chemotherapy, PDT has been considered an
alternative approach for the treatment of neoplastic tissues
with MDR phenotype. MDR is associated with the over-
expression of certain transmembrane proteins such as P-
glycoprotein (P-gp), and MDR-associated proteins (MRP),
which are cell surface efflux pumps. These proteins can
successively purge a wide spectrum of drugs with varying
chemical structures or cellular targets from cells [10]. Some
studies showed that PDT is effective for the treatment of
MDR cells [11–14]. Meanwhile, several observations also
reported the cross-resistance to chemotherapeutic drugs
and photosensitizers like porphyrin and benzoporphyrin
derivatives [15–17]. The failure of PDT in MDR cells could
be due to an impaired accumulation of the sensitizer which
is excluded by P-gp efflux protein, or could be due to other
mechanisms that are not directly related to the P-gp
overexpression [18].

MCF-7 is a human breast adenocarcinoma cell line. MCF-
7/ADR, a multidrug resistant subline, has been derived by
continuous exposure to adriamycin (ADR) [19]. Over-
expression of P-gp was found in MCF-7/ADR and may
account for its cross-resistance to some of these drugs.
However, cross-resistance to non-MDR and non-MRP
substrates such as fluorouracil (5-FU) also exists in these
cells [20], which cannot be well explained by MDR
mechanisms known currently. In fact, multiple biochemical
alternations have been noted in MCF-7/ADR cells. There-
fore, MCF-7/ADR as well as MCF-7 cells were ideal
candidates to investigate PDT resistance. Although it has
been reported that P-gp did not mediate ALA or PpIX efflux
in certain tumor cells [13,21,22], whether drug-resistant
tumor cells show cross-resistance to ALA–PDT is still not
clear [13,22]. The objectives of this study were to investi-
gate the fluorescence kinetics of ALA-derived PpIX, PDT-
induced cytotoxicity, and cross-resistance to ALA–PDT in
MCF-7 cells and its multidrug resistant subline, MCF-7/
ADR cells.

MATERIALS AND METHODS

Cell Culture Condition and ALA Incubation

The MCF-7 wild-type human breast cancer cell line and
its derivative ADR-resistant (MCF-7/ADR) subline were
kindly provided by Dr. Kenneth H. Cowan (NCI, Bethesda,
MD). Stock culture of MCF-7 and MCF-7/ADR cells were
grown in Eagle’s MEM with non-essential amino acid
supplemented with 10% fetal calf serum (FCS). Cell
cultures were maintained at 378C in a humidified atmo-
sphere of 95% air and 5% CO2. The cells seeded in culture
plates or dishes were incubated with 1 mM ALA, which was
diluted in serum-free medium and neutralized to pH 7.2
with NaOH immediately before use.

Measurement of Protoporphyrin IX

Exponentially growing MCF-7 and MCF-7/ADR cells
were seeded at a density of 2� 105 cells in 6-cm petri-dish.
After incubation with ALA (Sigma) for 3 hours, cells were
washed with PBS, brought into a solution containing 1 M

perchloric acid (HClO4) in 50% methanol, and scraped with
a rubber policemen as described by Gaullier et al. [23]. After
5-minute incubation, cell extracts were centrifuged at
1,800g for 10 minutes to remove the cell debris. The
fluorescence of extracted PpIX was measured in the
Aminco-Bowman series 2 spectrofluorometer (SLM Instru-
ments, Urbana, IL) at an excitation wavelength of 405 nm
and an emission wavelength of 610 nm. PpIX concentration
was deducted from a standard curve of PpIX (6.25–100 ng/
ml). The protein content of the cells was determined by the
Pierce Micro BCA protein assay method, and the PpIX
content was expressed as nmole/mg protein.

Photodynamic Treatment

For photodynamic treatment, cells were seeded in 96-
well plates (�7,500 cells/well) and grown overnight in
complete medium. After incubation with 1 mM ALA for
3 hours, cells were exposed to various doses of light. The
light source was a diode laser with a 633-nm wavelength
emission of red light (CeramOptec GmbH, Germany). After
irradiation, cells were incubated with fresh complete
medium for another 24 hours until further analysis.

Cell Viability Assay

The PDT-induced phototoxicity of MCF-7 and MCF-7/
ADR cells was determined by MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrazolium bromide, Sigma) as a sub-
strate. The MTT assay is based on the activity of
mitochondria dehydrogenases, which can reduce a water-
soluble tetrazolium salt to a purple insoluble formazan
product. The amount of MTT formazan product was
analyzed spectrophotometrically at the absorbance of
570 nm. Cells exposed to ALA but not light were used as a
control. Cell survival (%)¼ (mean OD value of treated cells/
mean OD value of control cells) �100%. Each individual
phototoxic experiment was repeated for three times.

Colony-Formation Assay

For colony-formation assay, 500 cells were seeded into
60-mm culture dishes. The next day, after incubation with
ALA for 3 hours, cells were exposed to 8 J/cm2 of light. After
light irradiation, cells were washed and further incubated
with the complete medium until further analysis. Cells
exposed to ALA but not light were used as a control as
described above. After incubation for 10 days, the cells were
stained with 0.5% crystal violet in 20% ethanol, and
colonies of at least 100 cells were counted. For each
experiment, four culture dishes were performed. All
experiments were carried out in triplicate. The counted
colonies were statistically analyzed by ANOVA test.

PpIX Localization in MCF-7 and MCF-7/ADR Cells

Prior to performing the localization of cellular PpIX, cells
were seeded into Chamber Slides (Nunc, IL) and incubated
for 24 hours. On the next day, cells were incubated with
1 mM ALA for 3 hours. For the last 20 minutes of incu-
bation, cells were stained with 400 nM of MitoTracker1

Green (MTG, a well-established fluorescent mitochondria
probe, Molecular probe). Cellular PpIX and MTG fluores-
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cence were visualized under confocal spectral microscope
(Leica, model TCS SP2). The excitation source was a 488 nm
argon-ion laser. Fluorescence images of PpIX and MTG
were recorded through the control of a monochromator
under the condition of 610� 20 nm for PpIX and 530�
20 nm for MTG. All experiments were performed under
ambient light.

Analysis of Mitochondrial Membrane Potential

Prior to examining the mitochondrial membrane poten-
tial, cells were seeded into Chamber Slides and incubated
for 24 hours. On the next day, cells were incubated with
1 mM ALA for 3 hours. For the last 20 minutes of incu-
bation, cells were stained with 400 nM of MitoTracker1

Green or 10 mg/ml of 5,50,6,60-tetrachloro-1,10,3,30-tetra-
ethylbenzimida-zolylcarbocyanine iodide (JC-1; Molecular
Probes) for the examination of mitochondrial structure or
mitochondrial membrane potential, respectively. JC-1 is
generally accepted as an indicator of mitochondrial mem-
brane potential because it accumulates in mitochondrial as
multimeres, depending on the potential across the inner
mitochondrial membrane. After light irradiation, cellular
images of JC-1 multimeres or MTG fluorescence were
visualized under confocal spectral microscope (Leica, model
TCS SP2). The fluorescence photographs of JC-1 were
recorded upon excitation by a 543 nm He–Ne laser and
measured the emission at 590� 20 nm. The fluorescence
photographs of MTG were recorded upon excitation by a
488 nm argon ion laser and measured the emission at
530�20 nm. All experiments were performed under
ambient light.

Apoptosis Analysis

MCF-7 and MCF-7/ADR cells were seeded into Chamber
Slides and incubated for 24 hours prior to the study. On the
next day, after incubation with ALA for 3 hours, cells were
exposed to different doses of light. After ALA–PDT, cells
were returned to the complete medium. To examine the
apoptotic cells, cells were stained with a mixture of Hoechst
33342 and propidium iodide (PI, Sigma) or Annexin V-FITC
[fluorescein isothiocyanate] apoptosis direction kit.
Annexin V staining was performed according to the manu-
facturer’s protocol (MBL, Watertown, MA). Staining of the
cells with Annexin V-FITC and PI (Sigma) was used to
further distinguish between cells undergoing apoptosis (PI
negative) and those that were necrotic death (PI positive).
After staining, slides were mounted and sealed with nail
makeup. Images were obtained with an Olympus inverted
fluorescence microscope coupled to a Kodak digital camera.

Statistical Analysis

All experiments were repeated at least three times with
4–6 parallel measurements in different wells or dishes.
Resulting values are expressed as the relative number of
cells per well or dish compared to the control groups.
Results were averaged for experiments performed under
similar conditions and expressed as the mean�SD. The
statistical significance of differences in the results was
analyzed for statistical significance using unpaired Stu-

dent’s t-test or ANOVA test. A value of P< 0.05 was
accepted as statistically significant.

RESULTS

Accumulation of ALA Derived PpIX in MCF-7
and MCF/ADR Cells

MCF-7 and MCF-7/ADR cells were incubated with
various concentrations of ALA, and PpIX fluorescence
was determined at the end of a 3-hour incubation time,
which was found to be the maximal accumulation of PpIX.
As shown in Figure 1A, accumulation of PpIX in both cell
lines was statistically different; PpIX accumulation was

Fig. 1. A: Intracellular accumulation of PpIX in MCF-7 and

MCF-7/ADR cells. Each point represented the mean value

obtained from five independent experiments. (*) MCF-7; (*)

MCF-7/ADR. B: PpIX accumulation in MCF-7 cells (open bar)

under 0.5 mM ALA incubation, MCF-7/ADR cells (hatched bar)

under 1 mM ALA incubation. Columns, mean (n¼ 5); bars,

SEM.
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lower in MCF-7/ADR cells than in parental MCF-7 cells.
Although accumulation of PpIX in both cell lines increased
as a function of ALA concentrations, the plateau level of
PpIX was at 5 and 1 mM of ALA in MCF-7 and MCF-7/ADR
cells, respectively. The data in Figure 1B further indicate
that, under 0.5 mM of ALA incubation, MCF-7 cells
accumulated no significant difference of PpIX content as
1 mM ALA did in MCF-7/ADR cells.

Photodynamic Effects on MCF-7
and MCF-7/ADR Cells

To analyze the PDT-induced cytotoxicity, MCF-7 and
MCF-7/ADR cells were incubated with 1 mM ALA and
irradiated with various doses of light. Cellular viabilities
were estimated by MTT assay at 24 hour after light irra-
diation. As shown in Figure 2A, significant phototoxicity

Fig. 2. ALA–PDT induced cytotoxicity. A: MCF-7 (&) and

MCF-7/ADR (&) cells were incubated with 1 mM ALA and

exposed to light irradiation at different light fluence.B: MCF-7

(*) and MCF-7/ADR (*) cells were incubated with different

concentrations of ALA and exposed to 8 J/cm2 of light. Cell

viability was assessed by MTT assay 24 hours after light

irradiation. Data are mean�SEM obtained from three in-

dependent experiments.
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was observed in MCF-7 and increased in a fluence-
dependent manner with LD50 around 8 J/cm2. Importantly,
without ALA incubation, less than 5% of the cells died
under the light dose of 8 J /cm2. Compared to its parental
counterpart, MCF-7/ADR cells were less sensitive to ALA
photodynamic treatment, and PDT-induced cytotoxicity
did not increase in a fluence-dependent manner. Similar
results were also observed in the cells treated with various
concentrations of ALA. As shown in Figure 2B, MCF-7 cells
were more sensitive to ALA–PDT as compared to MCF-7/
ADR cells. The survival rate of MCF-7 cells, but not MCF-7/
ADR cells, was significantly decreased as the ALA
concentration increased.

Differential PDT-Induced Phototoxicity
Between MCF-7 and MCF-7/ADR Cells
was not Due to the Different PpIX Content

As indicated above, under the same ALA incubation
condition, the accumulation of PpIX in MCF-7/ADR cells is
lower than in parental MCF-7 cells. In this regard, it is
reasonable to assume that lower PpIX might cause the
lower cytotoxicity in MCF-7/ADR cells after light irradia-
tion. As shown in Figure 1B, under a concentration of
0.5 mM ALA, the accumulated PpIX level in MCF-7 is not
significantly different from that of 1 mM ALA in MCF-7/
ADR cells (0.21� 0.04 and 0.24� 0.05 for MCF-7 and MCF-
7/ADR, respectively; P > 0.05). However, even at the
similar level of PpIX, the cytotoxicity of MCF-7 is 20%
higher than that of MCF-7/ADR under the light dose of 8 J/
cm2 (Fig. 2B). These results suggest that the differential
ALA–PDT cytotoxicity between MCF-7 and MCF-7/ADR
cells was not due to the lower level of PpIX content.

In this study, we used MTT assay to verify the ALA–PDT
induced phototoxicity. The method is commonly used in
evaluating cells which have lost the activity of mitochon-
dria dehydrogenases after treatment. The last step of ALA
conversion to PpIX is localized at the mitochondria, which
might cause differences in timing and degree of functional
impairment after light irradiation. In addition, the rates of
cell proliferation and cell death between MCF-7 and MCF-
7/ADR cells are different after ALA–PDT. To avoid
misinterpretation of the overall death of both cell lines
using MTT assay, the clonogenic assay was performed to
assess the proliferation ability after ALA–PDT. As shown
in Figure 3, the clonogenic survival rate of MCF-7 and
MCF-7/ADR is 73.1 and 86.7%, respectively. There is a
statistically significant difference (P� 0.031 by two-way
ANOVA). This result clearly showed that MCF-7 cells were
more responsive to ALA–PDT, which is consistent with our
observation in MTT assay (Fig. 2B). These findings
indicated that the different PDT response between MCF-7
and MCF-7/ADR cells was not due to the altered content of
PpIX.

ALA–PDT Induced Mitochondrial Photodamages

Since the intracellular photosensitizer distribution plays
a decisive role in photodynamic efficacy [24,25], the
differential phototoxicity between MCF-7 and MCF-7/

ADR cells might be due to the different distribution
patterns of PpIX. To examine the localization of PpIX in
MCF-7 and MCF-7/ADR cells, fluorescence images of PpIX
were examined under confocal fluorescence microscope. As
the conversion of ALA to PpIX is mainly at mitochondria,
MitoTracker1 Green, a well-established fluorescent mito-
chondria probe, was used to localize the mitochondria. After
3-hour of ALA incubation, PpIX is mainly localized at
mitochondria as shown by the significant overlapped
images in MCF-7 and MCF-7/ADR cells (Fig. 4). These
results suggest that the subcellular distribution of PpIX in
MCF-7 and MCF-7/ADR cells is mainly localized at
mitochondria.

Due to the short diffusion distance of singlet oxygen, the
sites of direct photodamage could be correlated to the sites
of photosensitizer location [26]. In the present study, we
demonstrated that most PpIX is mainly localized at
mitochondria, suggesting that mitochondrial photoda-
mages could be induced after light irradiation. As shown
in Figure 5A, ALA–PDT induced an immediate collapse of
mitochondrial membrane potential as detected by JC-1 dye,
a mitochondrial membrane potential sensitive dye, in
MCF-7 and MCF-7/ADR cells. However, the labeling
pattern of MitoTracker1 Green (MTG) dye, which is
independent of mitochondrial membrane potential, in the
stained cells remained unchanged after ALA–PDT (Fig.
5B), suggesting that the mitochondrial organelle structure
in the ALA–PDT treated cells was reserved.

Characterization of ALA–PDT-Induced
Cell Death

As shown above, ALA–PDT causes mitochondrial photo-
damages, indicating that apoptosis could be induced

Fig. 3. Cell viability measurement via clonogenic assay.

Values shown represent the total number of colonies calculated

from control and PDT-treated plates and represent the average

values obtained from four separate plates. Compared to non-

PDT-treated cells, the average cell viability of MCF-7 and

MCF-7/ADR were 73.1 and 86.7%, respectively.

66 TSAI ET AL.



[27,28]. Apoptotic cell death is defined by the occurrence of a
stereotype phenotype including cell shrinkage, chromatin
condensation, and nuclear fragmentation. To verify the
mode of cell death, ALA–PDT treated MCF-7 cells were
stained with the DNA intercalating dye (Hoechst 33342)
to assess the apoptotic characteristic of nuclear condensa-
tion. On the other hand, the staining of nuclei with PI
was performed to detect the plasma membrane damage,
which is known to be a marker of necrosis. As shown in the
upper panel of Figure 6A, MCF-7 cells underwent nuclear
condensation as observed by Hoechst 33342 staining, but
not the staining of nuclei with PI 4 hour post ALA–PDT (8 J/
cm2). However, under the light dose of 16 J/cm2, nuclear
condensation of Hoechst 33342 staining positive cells also
stained positively for PI, suggesting that MCF-7 might also
undergo necrosis (lower panel of Fig. 6A). Annexin V has
been used to detect the externalization of phosphatidylser-
ine (PS) occurred at an early stage of apoptosis. When the
necrotic cell death occurred, the cytoplasmic membrane
permeability is increased, and both Annexin V and PI can
enter the cell and bind to intracellular PS and DNA,

respectively. Therefore, we performed a fluorescein iso-
thiocyanate (FITC)-conjugated annexin V binding assay to
confirm that ALA–PDT induced apoptosis in MCF-7 cells.
As shown in the left panel of Figure 6B, in the outer cell
membrane of PDT-treated MCF-7 cells show a clear
Annexin V staining with green fluorescence 4 hour after
light irradiation (8 J/cm2). The PI negative staining further
indicates that the cell membrane remains intact in most
MCF-7 cells (right panel, Fig. 6B). In contrast, MCF-7/ADR
did not show clear chromosome condensation or PI positive
staining 4 hour post ALA–PDT under the light dose of 8 or
16 J/cm2 (Fig. 6C).

DISCUSSIONS

In this report, we showed that 1 mM of ALA treatment
caused less accumulation of PpIX and phototoxicity
induced by light irradiation in MCF-7/ADR cells than in
parental MCF-7 cells. However, the differential phototoxi-
city could not be attributed to the different PpIX contents
in the parental and ADR resistant cells. As shown in

Fig. 4. Confocal microscopic analysis of cellular (A) PpIX and (B) MitoTracker1 Green (MTG)

fluorescence in MCF-7 cells incubated with 1 mM ALA for 3 hours, and then with MTG for 10

minutes. C: Co-localization for mitochondria. Fluorescence photographs were taken through

the control of a monochromator under the condition of 610� 20 nm for PpIX and 530� 30 nm

for MTG.
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Figure 1B, treatment of MCF-7 cells with 0.5 mM ALA and
MCF-7/ADR cells with 1 mM ALA caused no significant
difference in PpIX accumulation. However, MTT and
clonogenic assays showed that the cell viability of MCF-7
is significantly lower than that of MCF-7/ADR under the
light dose of 8 J/cm2 (Figs. 2B and 3). Furthermore, the
survival rate of MCF-7/ADR cells was not significantly
decreased as the ALA concentration or fluence increased
(Fig. 2). These results indicate that the multidrug resistant
MCF-7/ADR cells have partial resistance to ALA–PDT,
which could not be simply explained by the classical MDR
characteristics.

It has been reported that the differential phototoxicity
between resistant and parental cells might be related to the
different intracellular localization of PpIX [24,25]. As
shown in Figure 4, we found that the intracellular
localization of PpIX is no difference between MCF-7 and
MCF-7/ADR cells. In addition, mitochondrial photoda-
mages were found in both cell lines as shown by the col-
lapsed membrane potential with reserved organelle
structure following ALA–PDT treatment (Fig. 5). These
results indicate that the differential phototoxicity between
these two cell lines could not be attributed to the different
subcellular targets of PpIX.

Fig. 5. Mitochondrial fluorescence pattern in MCF-7 and MCF-7/ADR cells after ALA–PDT.

A: JC-1 labeling cells treated with light only (upper panel) or ALA–PDT (lower panel) 30

minutes post light irradiation under the light dose of 8 J/cm2 (LD50); (B) MTG labeling cells

treated with light only (upper panel) or ALA–PDT (lower panel) 30 minutes post light

irradiation under the light dose of 8 J/cm2 (LD50).
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Cellular photodamages associated with PDT have been
ascribed to cytoplasmic membrane, mitochondria, lyso-
some, endoplasmic reticulum (ER), and Golgi depending on
the photosensitizers [29]. The different subcellular locali-
zation of photosensitizer might induce different cellular
effects by either rescue response or by undergoing cell
death. In a current study, we employed ALA–PDT to
induce mitochondrial photodamages, which initiate a
greater phototoxicity in MCF-7 cells as compared to MCF-
7/ADR cells. It is interesting to compare our data with the
studies performed by Bezdetnaya’s group [14]. They
demonstrated that mTHPC-based PDT was more effective
in killing MCF-7/DXR cells, which express the MDR
phenotype. In fact, our unpublished results also indicated
that the survival rate of MCF-7/ADR cells was 30% lower

than that of MCF-7 via clonogenic assay using mTHPC as a
photosensitizer (data not shown). One possible explanation
for this contradiction might be attributed to the specific
localization of PpIX and mTHPC. Bezdetnaya’s PDT study
in MCF-7/DXR cells demonstrated that the observed
mTHPC localization was in the intracytoplasmic vesicles
in which lysosomes are resembled both in location and size
[14]. In fact, a recent report published by the same group
further indicated that ER and Golgi are the preferential
sites of mTHPC in MCF-7 cells [30]. Based on these, it is
obvious that mitochondria were not the photodamaged
target by mTHPC-based PDT due to the short lifetime and
diffusible distance of the PDT mediator, singlet oxygen. In
contrast, under our experimental condition, mitochondria
are the main photodamged targets of PpIX, which results in

Fig. 5. (Continued)
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significant toxicity in MCF-7, but not MCF-7/ADR cells,
after ALA–PDT treatment. Therefore, these results in-
dicate that the differential PDT-induced cytotoxicity
mediated by ALA and mTHPC might be related to the
targeted photosensitizer localization in MCF-7 and derived
drug resistant cells.

Bcl-2, a protein located outside the mitochondrial
membrane, has profound influences on the sensitivity of
cellular apoptosis. The protective role of Bcl-2 in PDT-
induced cell death has been shown in many reports [31,32].
As shown in Figure 6, ALA–PDT induced the occurrence
of apoptosis in MCF-7 cells but not MCF-7/ADR cells.
Accordingly, it is reasonable to assume that alterations of

Bcl-2 might be involved in the partial resistance of MCF-7/
ADR to ALA–PDT. However, Western blot analysis showed
that there is no significant difference on the Bcl-2 levels
between MCF-7 and MCF-7/ADR cells (data not shown),
suggesting that the partial resistance in MCF-7/ADR might
not be related to the abnormal protein level of Bcl-2.

In summary, this study clearly indicates that the dif-
ferential phototoxicity between MCF-7 and MCF-7/ADR
cells was not due to the different levels of PpIX or its
targets. Substantial ultrastructural changes and altered
membrane potential of mitochondria has been observed
in PDT and cisplatin cross-resistant cell line [33,34]. As
mitochondria are the main photodamaged targets in our

Fig. 6. Fluorescence photographs of MCF-7 and MCF-7/ADR

cells treated with ALA–PDT and stained with Hoechst 33342

(blue), PI (red) and annexin V (FITC labeled: green) at

indicated time post light irradiation. A: MCF-7 cells stained

with Hoechst 33342 (left panel) and PI (right panel) under

the light dose of 8 J/cm2 (upper panel) or 16 J/cm2 (lower

panel). Note positive for Hoechst 33342 staining (arrows) and

negative PI nuclei staining indicate apoptotic cells under the

light dose of 8 J/cm2. B: MCF-7 cells stained with Annexin V

(green fluorescence in the outer cell membrane, left panel)

represent apoptosis, while cells without PI-stained nuclei

(right panel) under the light dose of 8 J/cm2. C: MCF-7/ADR

cells stained with Hoechst 33342 (left panel) and PI

(right panel) under the light dose of 8 J/cm2 (upper panel)

or 16 J/cm2 (lower panel).
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present studies, further studies on the alterations of
mitochondrial characteristics and extended biochemical
pathways are under investigation.
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