Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/04/11
For personal use only

Free Radical Research, February 20103 44(2): 155-170 informa

healthcare

Verteporfin-photoinduced apoptosis in HepG2 cells mediated by
reactive oxygen and nitrogen species intermediates

JENG-FONG CHIOU"2,YU-HUEI WANG?, MEI-JIE JOU?, TSAN-ZON LIU?,
& CHIA-YANG SHIAU!

LGraduate Institute of Medical Sciences, School of Medicine, National Defense Medical Center, PO Box 90048-518, Taiper, Taiwan,
2Cancer Center and Department of Radiation Oncology, Taipei Medical University and Hospital, Taipet, Taizvan,
and > Department of Physiology and Pharmacology, Chang Gung University, Kwei-Shan, Taoyuan, Taiwan

(Received 10 May 2009; revised 28 September 2009)

Abstract

Photodynamic therapy (PDT) is a rapidly evolving treatment modality with diverse usages in the field of cancer therapy.
Most of PDT is based on free radical-mediated photo-killing of cancer cells. This study aimed to elucidate the detailed cas-
cade of events that lead to apoptotic cell death of HepG2 cells resulting from the photodynamic effect (PDE) of verteporfin.
PDE of verteporfin could rapidly provoke hyper-oxidative stress and caspase activity. Glutathione (GSH) depletion and
lipid peroxidation phenomena could simultaneously be evoked. The membrane integrity was decreased and permeability
as reflected by the depolarization of the mitochondrial membrane potential (A¢, ) increased, resulting in a sudden influx of
cytosolic calcium into the mitochondria. Altogether, it is suggested that these events serve as the final arbitrator to initiate the
lethal apoptotic process of HepG2 cells under PDE. In addition, the data are consistent with the notion that GSH depletion

is an effective strategy to sensitize cancer cells to undergo apoptosis.
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Introduction

Photodynamic therapy (PDT) is a rapidly evolving
modality for the treatment of neoplastic and non-
neoplastic diseases. PDT relies on the availability of
certain photosensitizing agents, usually porphyrins
and porphyrin-related macrocycles, to absorb light
and convert this energy into cytotoxic molecules for
the purpose of eradicating cancer cells efficaciously.
However, it has been documented that the first gen-
eration of photosensitizers exhibit cellular toxicity
even without photo-irradiation, known as ‘dark toxic-
ity’. To remedy this drawback, second generation
photosensitizers are being developed, which ideally
possess minimal dark toxicity and to beare rapidly
cleared from normal tissue. The benzoporphyrin
derivative monoacid ring A (verteporfin) is such a

second-generation photosensitizer that has several
characteristics favourable for utilization in PDT [1].
This agent, is chemically pure, in contrast to porphy-
rinmaterials like photofrin, which isare a mixture, and
can be activated with light of wavelength 690 nm,
which is long enough to allow good theoretical
penetration of light theoreticallyinto the deeper tissue
layers required for therapy.

The mitochondrion, due to its pivotal role in arbi-
trating cell apoptosis [2—4], has been considered as a
novel pharmacological target for various clinical
applications including cancer therapy [5-7]. It has
been documented that mitochondrial dysfunction
can lead to mitochondrial membrane potential depo-
larization and ATP depletion, which then enhances
the leakage of electrons from the respiratory chain,
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leading to the formation of more reactive oxygen spe-
cies (ROS), which will in turn damage mitochondria
further. This self-perpetuating vicious cycle may play
a critical role in induction of more harmful mitochon-
drial ROS (mROS) and singlet oxygen formation.
Recently, Peng et al. [8] demonstrated that verte-
porfin mainly localizes in the mitochondria of intact
C6 glioma cells. Following laser-irradiation at 690 nm
onof C6 glioma cells, ROS productioned was mainly
found concentrated in the mitochondria and apop-
totic cell death was also detected afterwardsubse-
quently. However, the detailed cascade of events
leading to the final occurrence of apoptotic cell death
remain to be delineated. Thus, it will be of interest to
clarify the underlying mechanism of action instigated
by the photodynamic effect of verteporfin and to dis-
sect the possible early upstream events that may lead
to the final demise of the cells. Specifically, several
important questions need to be addressed: (1) besides
documented ROS production [9-16], can the PDE
of verteporfin also generate reactive nitrogen species
(RNS), such as nitric oxide (NO)?; (2) what are the
early upstream events that result from mROS accu-
mulation and can the generated mROS provoke intra-
cellular glutathione (GSH) depletion and lipid
peroxidation?; (3) can the PDE of verteporfin simul-
taneously elicit an alteration of calcium (Ca 2%)
homeostasis? If yes, could this phenomenon serve as
a trigger for apoptotic cell death of HepG2, a cell line
highly resistant to chemotherapy and radiation ? In
this study, these questions have been addressed were
using a probe-based confocal imaging technique,
which allows the observation of evoked phenomenon
at the single cell level and in real time.

Materials and methods
Cell culture

HepG2 cell, a hepatoblastoma subline, was used for
this study. All cells were grown in medium consisting
of Dulbecco’s modified Eagle’s medium (Life Tech-
nologies, Grand Island, NY) supplemented with 10%
(v/v) foetal bovine serum (FBS), at 37°C in a CO,
humidified incubator. The cells were plated onto glass
coverslips coated with poly-L-lysine for fluorescent
measurement (Model No. 1, VWR Scientific, San
Francisco, CA).

Chemicals and fluorescent dyes

Verteporfin was provided by Quadra Logic Technolo-
gies Inc. (Vancouver, BC, Canada). Verteporfin was pro-
tected from light and maintained at 4°C until use. All
fluorescent dyes were purchased from Molecular
Probes Inc. (Eugene, OR) and chemicals were obtained
from Sigma (St. Louis, MO). Loading concentrations

of fluorescent probes were as follows: mitochondrial
fluorescent dye: Mitotracker green (Mito G) 100 nM;
ROS fluorescent dye: 6-carboxy-2’,7’-dichlorodihy-
drofluorescein diacetate (DCF-DA) [17,18],500 nM;
calcium mobilization detective dyes: RHOD-2/AM
(thod-2) 1.5 uM and FLUO-4/AM (fluo-4) 2 uM.
Lipid peroxidation detecting probe: C,,-BODIPY
581/591 119], 10 mM; GSH depletion detection probe:
chloromethyl fluorescein diacetate (CMF-DA) [20],
25 uM; mitochondrial membrane potential dye:
tetramethylrhodamine methyl ester (TMRM), 500
nM and the ratiometric indicator 5,5’,6,6’-tetra-
chloro-1,1°,3,3’-tetraethylbenzimidazolylcarbocya-
nine iodide (JC-1), 1 uM; fluorescent probes were all
loaded at room temperature for 20-30 min. After
loading, cells were rinsed three times with HEPES-
buffered saline (140 mM NaCl, 5 mM KCIl, 1 mM
MgCl,, 2 mM CaCl,, 10 mM glucose, 5 mM HEPES,
pH 7.4). Cells loaded with DCF-DA required an
additional 3040 min of incubation after the dye
loading to allow intracellular deacetylation of the
ester form of the dye. All experiments were performed
in HEPES-buffered saline.

Photosensitization protocol of verteporfin in HepG2 cell

For the photosensitization experiments, a stock solu-
tion of verteporfin at 1 mg/mL in phosphate buffer
saline (PBS) was prepared and stored at 4°C until
use. Cells were incubated with verteporfin at 0.5 ug/
mL or 5 pg/mL in HEPES for 30 min at 37°C and
then exposed to a Coherent 690 nm diode laser with
laser power of 15 mW. Laser irradiation strength of 5
J (5 min and 30 s) was applied. To investigate the
cellular distribution of verteporfin, cells were treated
with 5 pg/ml verteporfin. To allocateconfirm its loca-
tion in the mitochondrion, verteporfin and Mito G
were co-loaded for incubation with cells. Confocal
images of verteporfin and Mito-G were collected
simultaneously.

Confocal imaging microscopy

Confocal fluorescence images were obtained using a
Leica SP2 MP (Leica-Microsystems; Mannheim,
Germany) fibre coupling system equipped with a
Ti:Sa-Laser system equipped with an Ar/Kr laser
and filters specific for FITC (Exi: 488 nm; Emi:
530/30 nm) and TRITC (Exi: 543 nm, Emi: 590
nm) (model: Millenia/Tsunami; Spectra-Physics;
Mountain View, CA) providing pulse repetition rate
at 82 MHz, laser pulse width of 1.2 ps, spectral
bandwidth of 1 nm and object pulse width of 1.3
ps). A wavelength of 800 nm with an average laser
power of 600 mW was selected for illumination. The
size of the pinhole was set at 5% open to provide
confocal imaging and less marked photo bleaching
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effects. During fluorescence imaging, the illumina-
tion light was reduced to a minimal level by selecting
suitable neutral density filters (3%) according to the
real situation of different probes in control experi-
ments to prevent the photosensitizing effect from the
interaction of light with fluorescent probes. All
images were processed and analysed using Leica
QWin software (Leica Imaging Systems Ltd., Cam-
bridge, UK). Intensity levels were analysed from the
original images and graphed by using SigmaPlot and
Image J software.

Flow cytometry

A Becton-Dickinson FACS-Calibur flow cytometer
was used; 10% cells were recorded and fluorescence
intensities were measured on a logarithmic scale. The
flow data were analysed by CellQuest software.

Fluorescence detection of intracellular ROS and RNS
with confocal microscopy

Intracellular ROS was detected using DCF-DA
which has been reported to be less sensitive to light
and have better cell retention as compared to classic
ROS probes such as dichlorofluorescein, upon fluo-
rescent measurement. The non-fluorescent DCF-DA
is oxidized by intracellular ROS to form the highly
fluorescent DCF. Fluorescent images of DCF were
obtained without or solely with 690 nm laser irra-
diation or under treatment with verteporfin alone or
with both verteporfin and laser irradiation. To mea-
sure the production of intracellular NO, cells were
cultured in poly-L-lysine coated slides in 3-cm cul-
ture dishes. After reaching 80% cell density, cells
were incubated with 2 uM DAF-FM diacetate in
HEPES for 30 min in the dark. The cells were then
mounted on the stage of a Leica SP2 laser scanning
confocal microscope. The cells were randomly
selected and imaged. Pre-treatment with N-acetyl
cysteine (NAC) at 20 uM for 2-h was carried out
when required.

Measurement of mitochondrial membrane

potential (Ays, )

Ay was measured with the fluorescent lipophilic
cationic dye tetramethylrhodamine methyl ester
(TMRM, 500 nM) and the ratiometric indicator
5,5°,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimida-
zolylcarbocyanine iodide (JC-1, 1 uM) that accumu-
lates within mitochondria, depending on the Ay .
Before the PDT of verteporfin, cells were stained
with TMRM or JC-1 for 15 min and ~ 100 cells were
randomly selected for fluorescence confocal imaging.
Pre-treatment with N-acetyl cysteine (NAC) at 20
UM for 2-h was carried out when required.
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Fluorescence detection of lipid peroxidation with confocal
microscopy

C,,-BODIPY>8591, a lipophilic fluorescent probe,
was measured to estimate the extent of lipid peroxida-
tion occurring during the PDE of verteporfin. Per-
oxidation of C,;-BODIPY?>#>°! was accompanied by
a shift in fluorescence from red to green and the rel-
ative value of non-oxidized probe was analysed and
presented as the ratio of red:(red + green) fluores-
cence as detected by using confocal microscopy. The
cells were loaded with 10 mM C, -BODIPY>81/591
in dimethyl sulphoxide (DMSO; final concentration
0.1%) for 30 min at 37°C in the dark. Red and green
fluorescence were determined and analysed by a Leica
SP2 MP confocal imaging microscopy system.

Imaging and quantification of GSH content in sub-
cellular compartments

Chloromethyl-fluorescein-diacetate (CMF-DA), con-
taining a mild thiol reactive chloromethyl reactive
group, is colourless and non-fluorescent. This probe
is primarily conjugated to the abundant tripeptide
glutathione by glutathione S-transferase. Once inside
the cell, cytosolic esterases cleave off the acetate
groups and then the chloromethyl group reacts with
intracellular thiols, transforming the probe into a cell-
impermeant fluorescent dye-thioether adduct. In this
experiment, cells were loaded with 25 uM CMF-DA
for 30 min at 37°°C to measure the level of intracel-
lular GSH before and after the PDE of verteporfin by
a Leica SP2 MP confocal imaging microscopy sys-
tem. In CMF images, GSH was calculated from areas
based on a MTR distribution from the same cell.
Intensity values were analysed per pixel from the cyto-
solic, the mitochondrial and the nuclear area of the
cells by Leica QWin software.

Fluorescence detection of mitochondrial and cytosol
calcium with confocal microscopy

HepG?2 cells were dually stained with 1.5 uM rhod-2
and 2 uM fluo-4 to detect mitochondrial and cytoso-
lic calcium, respectively. Fluorescent images of rhod-2
and fluo-4 were obtained before and after the treat-
ment with only 690 nm laser irradiation, verteporfin
alone or the combination of both verteporfin and
laser-irradiation.

MTT assay

HepG2 cells were plated at 3 x 10> per well in a
6-well plate and incubated for 2 days at 37°C in a
humidified incubator containing 5% CO,. When the
viability of HepG2 cells under PDE of verteporfin
were measured, 1 ml of 0.5 mg/ml MTT salt per well
was added to and incubated for 3 h. Afterwards, the
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supernatant of each well was discarded and 0.5 ml
DMSO added and then further incubated for
another 30 min. Absorbance can be read at 550 nm
in a Beckman DU-640 spectrophotometer. The
viability was calculated as percentage of that of
HepG2 cells without PDE; 1 mM of EGTA was
added when PDE of verteporfin was carried out in
the absence of calcium.

Visualization of cytochrome c release

After PDE of verteporfin, HepG2 cells were fixed
with 4% paraformadehyde at the indicated time point.
Cytochrome ¢ was detected by using SelectFX
Alexa Fluor 488 Cytochrome ¢ Apoptosis Detection
Kit (Invetrogen, Molecular Probes, CA) according to
the manufacturer’s instructions. The distribution of
cytochrome ¢ was recorded and analysed using a
Leica SP2 MP confocal microscopy system.

Measurement of caspase 3/7 activity

The activity of caspase 3/7 was detected before and
after the photosensitization protocol by using the Apo-
ONE Homogeneous Caspase-3/7 assays kit according
to the manufacturer’s instructions (Promega Corpora-
tion, Madison, WI). The fluorescence intensity repre-
senting the level of activated caspase 3/7 was determined
at a maximum emission 521 nm in a Molecular
Devise SPETRA MAX GEMINE XS fluometer.

Apoptotic DNA ladders and TUNEL assay

Apoptotic DNA ladders were analysed using the
ApoAlter LM-PCR™ Ladder Assay Kit from Clon-
tech (Palo Alto, CA), which specifically amplify nucleo-
somal ladders generated during apoptosis. Briefly,
cellular DNA was extracted and treated with RNase
A and Proteinase K. The LM-PCR assay was per-
formed according to the user manual (15 PCR cycles);
15 ul of each PCR product was electrophoresed on a

1.2% agarose/EtBr gel at 6 V/cm for ~ 2.5 h and DNA
was detected by ethidium bromide under UV light.
Apoptotic cell death was also confirmed by using an
Apo-BrdU i situ DNA Fragmentation Assay Kit
(BioVision, Mountain View, CA). In TUNEL assay
(terminal dUTP nick-end labelling), the terminal
deoxynucleotidyl transferase (TdT) in assay in situ
transfers BrdUTP to the free 3’-OH of cleaved DNA
of apoptotic cells. The BrdU-labelled cleavage sites
were then visualized by reaction with fluorescein-con-
jugated anti-BrdU monoclonal antibody. After the
incubation period, cells were washed twice with PBS,
fixed for 1 min with ice-cold ethanol/acetic acid (1:1)
solution and then washed three times with PBS. The
fixed cells were permeabilized in ice-cold 0.2% Triton
X-100 detergent for 5 min and then washed three
times with PBS. Finally, the photomicrographs were
obtained with Leica SP2 MP confocal microscopy.

Statistical analysis

Data were presented as mean and standard deviations
from at least three independent experiments and
analysed using student’s z-test. A p-value of less than
0.05 was considered as statistically significant.

Results

Verteporfin is a mitochondrially-directed photosensitizer
that rapidly generates ROS and RNS was lyed

Prior to testing the PDE of verteporfin on HepG2
cells, we first evaluated the localization of this
photosensitizer using Mitotracker Green (Mito G).
As evident from Figure 1, the fluorescence of verte-
porfin (red) and Mito G (green) were found to super-
impose to a significant extent quite much (Figure 1)
, attesting that verteporfin is a mitochondrially-
directed photosensitizer. Next, we set out to clarify
whether or not the probes used for detection of ROS
(DCF-DA) and RNS (DAF-DA) in our studies could
produce background fluorescence. In this regard, we

Figure 1. Evidence that verteporfin is a mitochondrion-directed photosensitizer. HepG2 cells were co-incubated with Mitotracker Green
and verteporfin. It was shown that both fluorescence co-localized at mitochondria. (A) Fluorescence image of Mitotracker Green (green
fluorescence). (B) Fluorescence image of verteporfin (red fluorescence). (C) Merged image of the green and red fluorescence which clearly
demonstrates that verteporfin is a mitochondrion-targeted photosensitizer.
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Figure 2. Verteporfin coupled with laser irradiation (690 nm) enhanced mROS formation in HepG2 cells. (A) Cells were stained with
DCEF (1 uM) in the dark and subjected to irradiation with or without pretreatment of NAC at 20 uM for 2-h. Note that irradiation was
selectively performed only in the confined green box area as indicated. (B) The fluorescence intensities were quantified and represented
using bar graphs. Prior to laser irradiation, the auto-oxidation of DCF probe within the green box area was minimal indicating that the
background fluorescence of the probe was too low to be able to be detected by DCF probe. (C) The magnified image. IR, irradiation.

performed photoirradiation experiments in a selected
area confined by a green box (Figures 2A and 3A).
As shown in Figure 2A (left), when HepG2 cells were
treated with verteporfin and stained with DCF-DA
without laser photoirradiation, the green fluorescence
of DCEF, an indication of probe being oxidized by ROS,
was essentially minimal. This result indicates that DCF-
treated cells generated insignificant background fluo-
rescence in the absence of photoirradiation. However,

when the same selected area received photoirradia-
tion, we observed a obviousmarked increase in green
DCEF fluorescence. This phenomenon indicates that
a significant amount of ROS was generated following
photoirradiation. Without verteporfin, photoirradiation
itself did not induce ROS (data not shown). Interest-
ingly, when these cells were pre-treated with NAC,
a known ROS scavenger, we found that a significant
amount of the DCF fluorescence could be suppressed
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(Figure 2B). These data further confirm the notion
that the DCF fluorescence detected after PDE
of verteporfin is truly derived from ROS oxidized
DCEF. It is worth noting that the DCF fluorescence
generated after PDE of verteporfin was found to be
confined around the perinuclear region superimpos-
ing the localization of mitochondria (Figure 2C).
This, along with the mitochondrially-directed nature
of verteporfin, provides evidence that ROS produced
following PDE of verteporfin indeed arose mainly
from mitochondria (referred to as mROS). The
detection of nitric oxide (NO) generated after PDE
of verteporfin on HepG2 cells was performed in
an analogous manner to the experimental protocol
used for ROS measurement. HepG2 cells were
stained with a non-fluorescent DAF-DA probe
(5 uUM) in the dark and subject to photoirradiation
in the presence of verteporfin (5 ug/ml) in a selected
area confined by the green box. Prior to receiving
photoirradiation, it was shown that verteporfin-
treated HepG2 cells exhibited only a minimal
amount of DAF fluorescence, as seen in Figure 3A
(left).

However, immediately after these cells received
photoirradiation, a markedly increased amount of
DAF fluorescence (oxidation of DAF probe by NO)
could be detected. Without verteporfin, photo-
irradiation itself did not induce NO (data not shown).
However, pre-treatment of verteporfin-incubated
HepG2 with NAC (20 uM), an effective NO scaven-
ger, resulted in a nearly complete suppression of
green fluorescence arising from the DAF probe. These
data demonstrate that PDE of verteporfin could
also generate RNS, which localized mainly in the
perinuclear area, resembling the localization of
mitochondria (Figure 3C).

PDE of verteporfin on Hep G2 cells can provoke
mtracellular GSH depletion

GSH is not synthesized in the mitochondria and
must be synthesized in the cytosol and transported
into mitochondria by a specific transporter. It was
therefore anticipated that GSH reserves in the mito-
chondria might be limited. Consequently, GSH
levels in the mitochondria might be rapidly depleted
when excessive mROS/mRNS production surpassed
the GSH-mediated antioxidative capacity of this
organelle.

As revealed in Figure 4A, the PDE of verteporfin
could indeed trigger time- and dose-dependent GSH
depletion, as reflected by the rapid loss of CMF-GSH
derived green fluorescence. Notably, more than 90%
of mitochondrial GSH (mGSH) was found to be
depleted 10 min after HepG2 cells were exposed to
the PDE of verteporfin. This GSH depletion arising
from the PDE of verteporfin was confirmed by flow
cytometric analysis (Figure 4B).

The PDE of verteporfin on Hep G2 cells can induce
lipid peroxidation

Phospholipid components of cellular membranes are
a highly vulnerable target due to the susceptibility of
its polyunsaturated fatty acid side-chains to free rad-
ical attack. Therefore, it was of interest to explore if
PDE of verteporfin can also elicit lipid peroxidation
in HepG2 cells. For this study, we utilized 4,4-diflu-
oro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-
s-indacene-3-undecanoic acid (C,,-BODIPY >815°1)
as a probe [19,20]. Peroxidation of this probe was
accompanied by a shift in fluorescence from red to
green. The ratio of red:(red + green) fluorescence as
detected by the confocal microscopic imaging was
presented to reflect the non-oxidized probe remain-
ing. Our data indicates that PDE of verteporfin could
also evoke lipid peroxidation of HepG2 cells in a
time- and dose-dependent fashion (Figure 4C). Flow
cytometric results also correlated concordantly with
the results obtained by the confocal imaging method
(Figure 4C (c-3)).

PDE of verteporfin on the mitochondrial function

Mitochondrial function was studied by imaging mito-
chondrial morphology, mitochondrial membrane
potential variation and the opening of the mitochon-
drial permeability transition pore (MPTP). Mito-
chondrial membrane potential (Ay ) was detected
using either JC-1 or tetramethyl rhodamine ethyl
ester (TMRM) (Figure 5).

JC-1 measured both high (J-aggregated red fluo-
rescence) and low (monomer green fluorescence)
mitochondrial membrane potential. As indicated in
Figure 5A, confocal JC-1 imaging demonstrated
that Ay in control HepG2 cells was heterogeneous.
Both high (red fluorescence) and low (green
fluorescence) mitochondrial membrane potentials
were detected (Figure 5A (a-1 and a-2)). Soon
after PDE of verteporfin, a large and abrupt depo-
larization of Ay was noted, as reflected by an
instantaneous and nearly complete loss of both
high and low mitochondrial membrane potentials
(Figure 5A (a-3 and a-4)). In addition, we also
confirmed the occurrence of Ay changes induced
by the PDE of verteporfin by using the TMRM
probe. As indicated in Figure 5B, time-lapse tracing
of TMRM fluorescence intensities revealed that
the initial ascending phase represented the quench-
ing effect of TMRM fluorescence after photoirra-
diation was initiated. As the depolarization of Ay
continued, TMRM completely detached from the
mitochondrial membrane and diffused away as
reflected byand subsequently a time-dependent
descending phase was observed. This was a true
reflection of the depolarization of mitochondrion
(Figure 5B).
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Figure 3. Verteporfin coupled with laser irradiation (690 nm) generated nitric oxide (NO) in HepG2 cells. (A) Cells were stained with
DAF (5 uM) in the dark and subjected to irradiation with or without pretreatment of NAC at 20 uM for 2-h. Note that irradiation was
selectively performed only in the confined green box area as indicated. (B) The fluorescence intensities were quantified and represented
using bar graphs. Prior to irradiation, the auto-oxidation of DAF probe within the green box area was minimal, indicating that the
background fluorescence of the probe was too low to be detected by DAF. (C) The magnified image.

PDE of wverteporfin on the calcium homeostasis of
HepG?2 cells

We utilized a double probe approach for localizing
Ca?* in various compartments of the model cells,
namely: fluo-4 for cytosolic Ca?* (cCa?*) and the
acetyl methyl ester form of rhodamine-based
indicator (rhod-2-AM) for mitochondrial Ca?*
(mCa?"). The latter probe is a cationic compound,

which preferentially accumulates in mitochondria
through a potential-driven uptake. In the resting con-
dition, the rhod-2 probe was incapable of eliciting
fluorescence because the mCa?* concentrations were
too low (100-150 nM). Conversely, if a drastic influx
of excessive cCa?' into mitochondria surpassed a
threshold concentration (~ UM range), the fluores-
cence of rhod-2 probe would be strongly emitted in
a dose-dependent manner.
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Figure 4. The PDE of verteporfin-induced intracellular GSH depletion and lipid peroxidation in Hep G2 cells. (A) Cells were stained
with CMF-DA (25 uM) in the dark and subjected to irradiation in the presence of verteporfin (5 pug/ml). a-1, confocal images immediated
after irradiation, 1 and 10 min. Bar = 10 pm, a-2, fluorescent level of a-1 graphed using SigmaPlot and Image J software, (B). The GSH
depletion was further confirmed by a flow cytometric system (b-1) and the degree of discrepancy was assessed by bar graphs as indicated
in b-2. (C) The PDE of verteporfin induced lipid peroxidation of HepG2 cells was detected by using a lipophilic fluorescence probe, C,;-
BODIPY (c-1), the degrees of peroxidation were assessed by bar graphs as indicated in c-2. This lipid peroxidation phenomenon was

further confirmed by a flow cytometric system, as indicated in c-3.

As indicated in Figure 6A, PDE of verteporfin not
only triggered an increase of cCa?* mobilization, but
was also capable of evoking mCa?* overload as a
result of a sudden influx. The fluorescence intensity
of rhod-2 primarily appeared in the perinuclear
region, consistent with mitochondrial localization. In
addition, magnified confocal images revealed that the
PDE of verteporfin could also cause an alteration of
mitochondrial morphology, as evidenced by a shift

from an elongated thread-like shape to an oval-like
contour, indicating the presence of markedly swollen
mitochondria (Figure 6B).

MTT viabiliry assay of HepG2 under PDE

As seen in FfFigure 6C, the cell viability of HepG2
cells exposed to PDE was diminished markedly.
Without photoirradiation, verteporfin did not affect
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Figure 5. Measurement of mitochondrial membrane potential during the PDE of verteporfin on Hep G2 cells by the confocal imaging
system. (A) JC-1 measured both high (J-aggregate red fluorescence) and low (monomer green fluorescence) mitochondrial membrane
potential. Prior to PDE of verteporfin (a-1 and a-2), soon after photoirradiation (a-3 and a-4). (B) Cells were stained with TMRM
(500 nM) in the dark and subjected to irradiation without or with pre-treatment of NAC at 20 uM for 2-h (> 100 cells were counted

and analysed).

HepG2 cell viability too much in contrast to
that of PDE of verteporfin. Deprivation of medium
calcium by using EGTA at 1 mM dramatically
reduced the mitochondrial content of calcium
(data not shown). However, PDE of verteporfin
could still exert a marked toxic effect on HepG2
cells, even with diminished mitochondrial calcium
content.

PDE of verteporfin can induce apoprotic cell death of
HepG2 cells

It was shown that cytochrome ¢ was released into
cytosol after PDE since the green fluorescent of
cytochrome ¢ did not co-localize with Mito G
(Figure7A). The aboveThis release of cytochrome ¢
was not affected in the presence of cyclosporine at
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Figure 6. Imaging on cellular calcium and its involvement of cell viability under PDE of verteporfin. (A) Both cytosolic (Fluo-4 as probe)
and mitochondrial Ca?* (Rhod-2 as probe) were stained. White bar is 10 um. (B) A time-lapse confocal image of Rhod-2 fluorescence
after the cells received PDE of verteporfin (5 J of 690 nm for 5 min and 30 s laser irradiation), showing that mitochondria were markedly
swollen resulting from a sudden influx of cytosolic Ca?* into the mitochondria (yellow arrow). White bar is 2.5 um. (C) Cell viability assay
using MTT in HEPES under PDE of verteporfin of none, 5 pg/ml, 0.5 ug/ml, 5 pg/ml plus irradiation, 0.5 pg/ml plus irradiation for lane
1, 2, 3, 4, 5, respectively (white bar chart); 1 mM EGTA was added in medium when PDE was executed under deprivation of cellular

calcium (black bar chart).

10 uM. Thus, release of cytochrome ¢ under PDE
of verteporfin was independent of mPTP opening.
Also, caspase activity was rapidly raisincreased
underas a result of PDE and diminished in the pres-
ence of the pancaspase inhibitor zZVAD-fmk at 50
and 100 uM (Figure 7B). To verify further that cell
death caused by PDE of verteporfin was apoptotic
in nature, we utilized the TUNEL assay (Figure
8A). It was seen that most of HepG2 cells stained

positivegreen and the stain co-localized with the
nucleus, which was stained with propidium iodi-
deethedium bromide. Furthermore, the DNA extr-
acted from HepG2 cells was also shown tof be
fragmented, as indicated by a ladder pattern on aga-
rose gels (Figure 87B). heof cytochrome cAlto-
gether, the data obtained unequivocally demonstrated
an apoptotic nature of HepG2 cell death evoked by
PDE of verteporfin.
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Figure 7. Imaging of cytochrome ¢ and measurement of caspase activity of HepG2 under PDE. (A) Green fluorescence derived from
anti-cytochrome ¢ antibody conjugated with FITC with or without treatment with cyclosporine A (10 uM). (B) The caspase 3/7 activity
of HepG2 under PDE was estimated with or without a pancaspase inhibitor (zVAD-fmk).

Discussion

Despite the participation of various ROS/ RNS in the
mediation of PDE-induced photo-killing effects being
well documented [11,12,21-24], the downstream
cascade of events after the initiation of free radical
production, which may be critical for the final arbitra-
tion of the lethal apoptotic cell death, has thus far
been poorly elucidated. To examine this process, we
selected verteporfin as a photosensitizer and HepG2
cells, a well-characterized drug- and radio-resistant
HCC subline, as our experimental cell model [25].
The real time confocal imaging assay demonstrated

A control

that exposure of HepG?2 cells to both verteporfin and
laser irradiation at 690 nm together rapidly provoked
the generation of ROS and NO, which were mainly
concentrated in the mitochondria (Figures 2 and 3).
These results were somewhat anticipated because we
verified through the use of Mitotracker Green that
verteporfin was in fact a mitochondrially-directed
photosensitizer (Figure 1).

Mitochondria, due to their pivotal role in arbitrat-
ing cell apoptosis, have recently been considered as a
novel pharmacological target for various clinical appli-
cations including cancer therapy [3,5-7]. In addition,

B m a2

S e,

NeecwD A
— "
s .
s

st

Figure 8. TUNEL assay and DNA ladder assay. (A) HepG2 cells were incubated in the medium containing 5 pg/ml of verteporfin for 30
min in the dark and subjected to photoirradiation with coherent 690 nm diode laser using strength of 5 J. TUNEL positive cells were
represented here by green fluorescence and the red fluorescence of propidium iodide indicated the location of nucleus. (B) Genomic DNA
of Hep G2 cells was extracted and collected 24-h after PDE of verteporfin. Then a DNA gel electrophoresis was conducted. M denotes

100 base-pair DNA marker.
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mitochondria play a major role in ROS-induced cell
injury because they themselves are the primary intra-
cellular ROS production sites [26-28], as well as the
most susceptible target of ROS [29-32]. Glutathione
(GSH) is the principal non-protein thiol and is pres-
ent up to 10 mM in many cells and thus provides a
primary defense against oxidative stress by its ability
to scavenge free radicals or to participate in the reduc-
tion of H,0, [33,34]. Furthermore, GSH, not syn-
thesized in mitochondria, must be synthesized in the
cytosol and subsequently transported into the mito-
chondria by a specific transporter [35]. It is known
that the oxidized GSSG is not exported into the cyto-
sol for its reduction to GSH [36]. Therefore, mito-
chondrial NADPH is necessary for the regeneration
of GSH from GSSG catalysed via mitochondrial
GSH reductase. Thus, the limited abundance of GSH
in mitochondria couldmay play a pivotal role against
ROS-induced oxidative stress. In this study, oOur
data indicate that PDE of verteporfin was capable of
depleting over 90% of GSH of HepG2 cells in 10
min. Since verteporfin has been proved to be a mito-
chondria-directed photosensitizer, we thus presume
that the majority of GSH exhaustion should primarily
occur in the mitochondria.

There are several pathways that can help to inter-
pret the possible mechanism(s) associated with
mGSH depletion in HepG2 cells afterinduced by
PDE of verteporfin. First, although GSH is not syn-
thesized in mitochondria, these organelles have the
capacity to concentrate cellular level of GSH to a
certain level, which might be exhausted if ROS/RNS
was strikingly produced [37,38]. In this study, we
show that the PDE of verteporfin could rapidly pro-
voke the over-production of nitric oxide (NO), as
reflected by the observation that the principal intensity
of green fluorescence of oxidized DAF probe was
concentrated in the perinuclear region consistent with
the mitochondrial localization. Thus, the depletion of
mitochondrial GSH can then proceed via the initial
interaction of NO and GSH:

NO + GSH = GSNO* + H* 1

Alternatively, H,O, generated by the PDE of
verteporfin can interact with ferrous (Fe?*) or
cuprous (Cu?") ions resulting in the formation of
hydroxyl radicals (*OH) via the Fenton (reaction 2)
or Harber-Weiss (reaction 3) reaction:

H,0, + Fe 2* (or Cu 2*) = *OH + OH~ + Fe >* (2)
0, + H,0,F3**OH + OH + O, 3)

Hydroxyl radicals thus formed are capable of abstract-
ing a hydrogen atom from GSH with commensurate
formation of a thiyl radical (GS-).

*OH + GSH = H,0 + GS* (4)

The depletion of mGSH can then be effected via
the termination reaction of a pair of GS- radicals to
produce GSSG, an oxidized form of GSH.

GS* + GS* = GSSG 5)

In addition, if membrane lipid peroxidation occurs,
the formation of peroxyl radicals (ROQO-) is an inevi-
table outcome. This radical species can also abstract
a hydrogen atom from GSH with commensurate
formation of thiyl radical. Thus, it is possible that
mGSH can also be depleted via this pathway.

There are several possible deleterious effects that
may be associated with the ROS/RNS-evoked mGSH
depletion and lipid peroxidation instigated by the
PDE of verteporfin. Our data presented here are con-
sistent with the notion that GSH depletion can be an
effective strategy to sensitize cancer cells to undergo
apoptosis, as reported elsewhere in the literature
[20,39-41]. Thus, it is also conceivable that if the
membrane thiol group of essential cellular organelles
were oxidized via ROS/RNS generated by the PDT
of verteporfin, the functional consequence could be
an alteration of cellular permeability. If this event
occurs, cytosolic calcium (cCa?*) can indiscriminately
influx into mitochondria, resulting in mitochondrial
Ca?* overload. The notion that mCa®* overload is
associated with mROS formation and apoptosis has
been reported elsewhere [42]. Indeed, deprivation of
mitochondrial calcium using EGTA did reduce the
production of ROS by a certain amount (data not
shown). Furthermore, the production of mROS due
to mitochondrial dysfunction whichthat could result
from the mitochondrial membrane potential depolar-
ization and ATP depletion has also been documented
[4]. Consequently, we surmise that this self-perpetu-
ating vicious cycle can play a role in the PDE of
verteporfin-induced apoptosis of HepG2 cells in this
study. Interestingly, when mitochondria uptake exces-
sive Ca%?* (mM range or referred to as massive load-
ing) due to the oxidative membrane damages, this can
lead to a swelling phenomenon and an alteration of
morphology that may consequently contribute to the
initiation of apoptotic cell death. However, as indi-
cated by the viability assays shown in Figure 6C, the
toxic effect of PDE was not jeopardized by depriva-
tion of mitochondrial calcium using EGTA.

In summary, we have also demonstrated unequivo-
cally that depletion of glutathione, release of cyto-
chrome ¢ and activation of caspase activity together
constitute a likely upstream cascade of events that
underlie the final apoptotic death of HepG2 cells
induced by PDE of verteporfin, as manifested by
DNA ladder fragmentation and DNA breakage dem-
onstrated by TUNEL assay. These results enable a
connection between PDE of verteporfin and the ROS/
RNS-mediated occurrence of apoptotic cell death in
this cell model to be made.
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We also re-confirm that in addition to a low dark
toxicity, verteporfin is also a mitochondrially-directed
agent by using Mitotracker Green to localize the tar-
get site. As a result of these advantages, verteporfin
should be a versatile photosensitizer for future use in
combination therapeutic regimens for preferential
photo-killing of cancer cells. Importantly, we also
found that the PDE of verteporfin could preferen-
tially eradicate HepG2 cells, which have otherwise
proved to be highly resistant to chemotherapy and
radiotherapy. This observation could serve as a basis
for widening its applicability to deal with more types
of cancer cells.
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