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Abstract: 5-Aminolevulinic acid (ALA)-based photodynamic therapy (PDT) has the poten-
tial to kill cancer cells via apoptotic or necrotic signals that are dependent on the generation
of intracellular reactive oxygen species (ROS). Celecoxib is an anti-inflammatory drug that
induces intracellular ROS generation. We investigated whether the combined application of
celecoxib and ALA-PDT improved the efficacy of PDT in human cholangiocarcinoma cells
and in tumor bearing mice. In vitro, combined treatment of celecoxib and ALA-PDT increased
phototoxicity and intracellular ROS levels after irradiation with 0.75 J/cm? when compared to
ALA-PDT alone. Even though ROS levels increased with 0.25 J/cm? of irradiation, it did not
influence phototoxicity. When heme oxygenase-1, a defensive protein induced by oxidative
stress, was inhibited in the combined treatment group, phototoxicity was increased at both
0.25 J/em? and 0.75 J/ecm? of irradiation. We identified the combined effect of ALA-PDT and
celecoxib through the increase of oxidative stress such as ROS. In vivo, about 40% tumor
growth inhibition was observed with combined application of ALA-PDT and celecoxib when
compared to ALA-PDT alone. The combined application of ALA-PDT and celecoxib could
be an effective therapy for human cholangiocarcinoma. Moreover, use of a heme oxyge-
nase-1 inhibitor with PDT could play an important role for management of various tumors
involving oxidative stress.

Keywords: celecoxib, aminolevulinic acid, reactive oxygen species, photodynamic therapy,
human cholangiocarcinoma

Introduction

Photodynamic therapy (PDT) with photosensitizers is an effective therapeutic method
for various benign or malignant tumors.!® 5-Aminolevulinic acid (ALA) is frequently
used with PDT because ALA can be interconverted to a potent photosensitizer, pro-
toporphyrin IX (PpIX), via the heme biosynthetic pathway in mitochondria.* ¢!
Excitation of a photosensitizer by irradiation with a suitable light source can produce
a significant amount of reactive oxygen species (ROS).”!° ROS elicit DNA and cell
membrane damage through lipid peroxidation/alterations in membrane fluidity. The
damage to cellular organelles, such as mitochondria and microsomes, can be harnessed
to increase the death of tumor cells.!'"'*

The clinical use of ALA has been hampered by its highly hydrophilic character,
which makes penetration into the hydrophobic interior of cell membranes very
difficult.’> Approaches that have been explored to overcome this barrier in the use
of ALA-PDT include the addition of hydrophobic moieties or enhancers to ALA, or
coupling of ALA to a carrier.!> '8
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In a previous study, we demonstrated the success of ALA-
PDT in inhibiting human cholangiocarcinoma (HuCC-T1)
cells through increased intracellular ROS levels.” This
result prompted interest in the importance of intracellular
ROS in enhancing the efficacy of ALA-PDT, which led to
the consideration of celecoxib in combination with ALA-
PDT. Celecoxib is a new generation nonsteroidal anti-
inflammatory drug that selectively inhibits cyclooxygenase-2
activity. It is an effective drug for the treatment of pain and
inflammation.?*?' Recent studies have shown that celecoxib
inhibits the progression of colon tumors in human and ani-
mal models, inhibits the growth of several other tumor cell
types, such as breast cancer, osteosarcoma, and gastric cancer
in vitro, and induces mitochondrial ROS in human umbilical
vein endothelial cells.!274!!

In this study, we investigated whether or not the combined
application of celecoxib and ALA-PDT could elevate the
phototoxic effects against HuCC-T1 cells in comparison to
ALA-PDT alone. Attention was paid to heme oxygenase-1
(HO-1) protein, which is an inducible protein against oxidative
stress. HO-1 confers cytoprotection against oxidative injury
and cellular stress both in vitro and in vivo."'*? To our knowl-
edge, the effect of the combined application of ALA-PDT and
celecoxib has not been reported. We also investigated whether
or not the combined therapy effect was promoted by oxidative
stress via the inhibition of HO-1 expression.

Methods and materials

Chemicals

ALA, 2’,7’-dichlorofluorescein diacetate (DCFH-DA),
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT), propidium iodide (PI), PpIX, secondary anti-
body, and protein kinase C (PKC) inhibitor were purchased
from Sigma-Aldrich (St Louis, MO, USA). Celecoxib was
purchased from LC Laboratories (Woburn, MA, USA) and
was prepared by dissolving in DMSO. HO-1, B-actin anti-
body, and HO-1 shRNA or control shRNA small hairpin RNA
(shRNA) was obtained from Santa Cruz Biotechnology (Dal-
las, TX, USA). Fluorescein isothiocyanate (FITC)-annexin
V was obtained from BD (Franklin Lakes, NJ, USA). Cell
culture materials, MitoSOX, Mitotracker, Lipofectamine®
2000, and Opti-MEM I* were purchased from Invitrogen
(Carlsbad, CA, USA).

Cell culture

HuCC-T1 cells were obtained from the Health Science
Research Resources Bank (Osaka, Japan). Human embryonic
kidney cells (HEK 293T) were purchased from the American

Type Culture Collection (Manassas, VA, USA). All cells
were propagated for less than 6 months after resuscitation.
The experiments were performed when cells reached 80%
confluence in the culture plate. HuCC-T1 and HEK 293T
cells were routinely propagated in RPMI (Gibco, Carlsbad,
CA, USA) and Dulbecco’s Modified Eagles Medium (Gibco),
respectively, supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 pg/mL streptomy-
cin at 37°C in a humidified atmosphere of 5% CO,:95% air
according to a previous procedure.? Cells were subcultured
every 3 days and trypsin-EDTA (0.05% trypsin and 0.02%
EDTA) was used.

Cytotoxicity

For the cytotoxicity test of ALA or celecoxib, HEK 293T cells
were seeded into a 96 well plate (1 x 10* cells/well). HEK
293T cells were starved before ALA or celecoxib treatment
for 24 hours in starvation medium containing 0.1% FBS.
After washing with phosphate buffered saline (PBS), the cells
were treated with 0.5-5 mM ALA and 10-50 uM celecoxib
in serum-free medium for 4 hours. The cell viability was
measured by MTT assay. Briefly, the cells were treated with
fresh medium containing MTT solution (final concentration
0.5 mg/mL) and incubated further for 4 hours. Then, 10%
sodium dodecyl sulfate containing 0.01 M hydrochloric acid
was added into each well in equal volumes as the medium and
incubated for 18 hours. Absorbance was measured at a wave-
length of 570 nm using an Infinite M200 PRO microplate
reader (Tecan, Grodig, Austria).

Photodynamic therapy

To observe phototoxicity, HuCC-T1 cells (1 x 10* cells/
well), in a 96 well plate, were incubated with 100 UL of
serum-free media containing various concentration of ALA
in the absence or presence of celecoxib for 4 hours. After
that, light emitting diode (LED) lamps at 635 nm were used
for irradiation (SH Systems, Gwangju, Republic of Korea).
The PDT instrument consisted of 270 LED lamps and the
light intensity was measured by a photoradiometer (Delta
Ohm, Padova, Italy). The cells were irradiated with a fluence
0f 0.25 or 0.75 J/cm?, and then the medium was replaced by
growth medium containing 10% FBS. After further incuba-
tion for 24 hours, cell viability was measured by a standard
MTT assay as described above.

PpIX location and accumulation
HuCC-T1 cells (1 x 10* cells/well), in a 96-well plate, were
incubated with serum-free medium containing various
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concentration of ALA and/or celecoxib for 4 hours. The
medium was discarded and the cells were washed twice
with PBS. Cells were lysed with a Lipa buffer (GenDEPOT,
Barker, TX, USA). PpIX accumulation in cells was mea-
sured by fluorescence intensity using the aforementioned
Infinite M200 PRO microplate reader at an excitation wave-
length of 485 nm and an emission wavelength of 635 nm.
PpIX standard was measured using PpIX compound for
analysis of PpIX accumulation in cells. PpIX production
was corrected for protein content. The protein assay was
performed using a commercial bicinchoninic acid (BCA)
protein assay kit according to the manufacturer’s instruc-
tions (Pierce Pharmaceuticals, Rockford, IL, USA). Cells
treated with ALA (3 mM) and/or celecoxib (10 uM) were
stained using Mitotracker (100 nM) to identify accumu-
lation and location of PpIX. A model FV1000 confocal
microscope (Olympus Corporation, Tokyo, Japan) was set to
490/516 or 485/635 nm of excitation/emission wavelengths
for detection of Mitotracker or PpIX, respectively.

Flow cytometry

The cells were treated with ALA and/or celecoxib in serum-
free medium for 4 hours. After that, the cells were irradiated
with a fluence of 0.25 or 0.75 J/cm? at 635 nm. They were
collected and washed with PBS. The collected pellets were
resuspended with binding buffer (10 mM HEPES, pH7.4,
150 mM NaCl, 5 mM KCl, 1 mM MgCl,, and 1.8 mM CaCl,)
containing FITC-annexin V (1 ng/mL) to stain apoptotic cells
and were further incubated for 30 minutes. Ten minutes prior
to the termination of incubation, PI (10 pg/mL) was added to
stain necrotic cells in the dark. The cells were immediately
analyzed with a FACScan flow cytometer (Becton Dickenson
Biosciences, San Jose, CA, USA).

ROS measurement

After irradiation, ROS generation from PpIX-accumulated
HuCC-T1 cells was measured by the 2°,7’-dichlorofluores-
cein (DCF) method.* In the assay, the fluorogenic substrate
2", 7’-dichlorofluorescein diacetate (DCFH-DA), a cell per-
meable dye, is oxidized to highly fluorescent DCF by ROS,
which is used to monitor the intracellular generation of
ROS. The cells were treated with ALA and/or celecoxib for
4 hours in phenol red free RPMI medium (Gibco). DCFH-
DA was added to the medium to a final concentration of
20 uM and incubated at 37°C for 30 minutes. After irradia-
tion with a fluence of 0.25 or 0.75 J/cm? at 635 nm, ROS
generation was measured by fluorescence at an excitation
wavelength of 485 nm and emission wavelength of 535 nm

using a microplate reader. The ROS data were expressed
as a percentage of control. The control cells were treated
with DCFH-DA and irradiated with a fluence of 0.25 J/cm?
at 635 nm.

ROS generation in mitochondria was observed by confo-
cal microscopy using MitoSOX (FV1000, Olympus, Center
Valley, PA, USA). HuCC-T1 cells were seeded on a cover
glass that was positioned in a 6 well plate. Cells were treated
with ALA (3 mM) and/or celecoxib (10 uM) in serum-free
medium for 4 hours. After that, MitoSOX was added to the
cells for 10 minutes before irradiation with a fluence of
0.75 J/em? at 635 nm. The cells were washed with PBS, fixed
with 4% paraformaldehyde, and mounted on a glass slide.
The cells were observed by confocal microcopy. The confocal
microscope was equipped with a 460480 nm excitation filter
and a 610 nm filter for detection of MitoSOX.

Western blot

The cells were lysed on ice with a Lipa buffer (GenDE-
POT) for 30 minutes. Cell lysates were centrifuged at
13,000 x g for 20 minutes at 4°C. The supernatant was
collected and the protein concentration was determined
by a BCA protein assay kit. Equal amounts of protein
(50 ng) were resolved using 4%—15% gradient sodium
dodecyl sulfate polyacrylamide gel electrophoresis and then
transferred to a polyvinylidene fluoride membrane (Milli-
pore, Billerica, MA, USA). The membrane was incubated
with HO-1 or B-actin primary antibody overnight at 4°C,
washed with PBS, and incubated with a horseradish per-
oxidase-conjugated mouse secondary antibody for 1 hour
at room temperature. The immunoblots were visualized
by chemiluminescence horseradish peroxidase substrate
(Pierce Pharmaceuticals).

shRNA plasmid transfection

HO-1 shRNA plasmid is a pool of three target specific
lentiviral vector plasmids each encoding 19-25 nucleotides
(plus hairpin) shRNAs designed to knock down gene
expression. Cells (5 x 103 cells/well) were seeded in a 96 well
plate. Cells were transfected with HO-1 or control shRNA
using Lipofectamine® 2000. shRNA was diluted in 50 uL
Opti-MEM I®. The final concentration of RNA was 33 nM
in each well. Lipofectamine® 2000 was diluted 1 uL in 50 uL.
Opti-MEM I® and incubated for 5 minutes. Then, the two
prepared reagents were mixed and incubated for 20 minutes.
These complexes were added to each well containing cells
and medium. Experiments were carried out 24 hours after
transfection.
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Xenograft mouse induced
by HUCC-T1 cells

Four week old male BALB/c nude mice were purchased
from Orientbio, Inc (Seongnam, Republic of Korea).
HuCC-T1 cells (1 x 107 cells/well) in 100 UL of serum-free
medium were subcutaneously injected into the backs of
mice as described.”® After 3 weeks, when the tumors had
attained an average diameter of approximately 6 mm, ALA
(100 mg/kg) and/or celecoxib (5 mg/kg) were used to treat
the tumors (n = 8 each). The drugs, in a 50 L volume, were
directly injected into each tumor area.?*! At 4 hours after
treatment, mice were irradiated with a fluence of 2 J/cm?.
Tumor volumes and body weights were measured every
3—4 days from 2 weeks after PDT. Tumor volumes were
calculated by the formula (length)? X (width/2).

Immunohistochemistry

Tumors were dissected 42 days after PDT. These tumors were
fixed in 4% formalin, embedded in paraffin, and sectioned
at a thickness of 4 um. After being deparaffinized, sections
were stained with hematoxylin-eosin (H&E) or were used
for terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) with 3,3’-diaminobenzidine (DAB) as
the chromogen, to observe morphology or identify apoptotic
cells in tumor tissues, respectively. Nuclear counterstain-
ing was carried out with hematoxylin. All animals were
treated and handled according to the Recommendations
for the Handling of Laboratory Animals for Biomedical
Research and complied with the Committee of the Safety and
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Handling Regulations for Laboratory Animal Experiments
in our Institute.

Statistical analysis

All experiments were performed at least in triplicate. All data
are expressed as the mean + standard error of mean (SEM)
of the independent experiments. Statistical analysis was per-
formed by ANOVA followed by Tukey’s post hoc test.

Results
Dark toxicity in combined treatment
of ALA and celecoxib

Prior to investigation of dark toxicity, the cytotoxicity and
anticancer activity of celecoxib was tested in HEK 293T
and HuCC-T1 cells, respectively. When HEK 293T cells
were treated with =25 UM celecoxib for 4 hours, no cyto-
toxicity was evident and cell survival exceeded 95% of the
control (Figure 1A). Cytotoxicity of ALA (0.5-5 mM) was
not exhibited in HEK 293T cells (Figure S1). Anticancer
activity of celecoxib was not evident in HuCC-T1 cells
treated with =25 uM celecoxib (Figure 1B). To confirm
dark toxicity, various concentrations of ALA (0.5, 1, and
3 mM) in the absence or presence of celecoxib (10, 25,
and 50 uM) were used to treat HuCC-T1 cells for 4 hours
in the dark. As shown in Figure 1B, cell survival was not
affected by a single treatment of ALA without irradiation.
Furthermore, when celecoxib was applied along with ALA to
HuCC-T1 cells without irradiation, cell survival was affected
only by celecoxib.
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Figure | Cytotoxicity of celecoxib and dark toxicity of 5-aminolevulinic (ALA) acid and/or celecoxib.

Notes: (A) HEK 293T cells were starved for 24 hours in medium containing 0.1% fetal bovine serum. The cells were treated with various concentrations of celecoxib for
4 hours in medium containing 0.1% fetal bovine serum. Cell survival was determined by the MTT assay. (B) HUCC-T| cells were treated with various concentrations of ALA
and/or celecoxib for 4 hours in serum-free medium without light. Cell survival was measured by the MTT assay. Error bars represent mean £+ SEM.
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PpIX production by combined treatment

of ALA and celecoxib

PpIX accumulation in HuCC-T1 cells, induced by a 4 hour
treatment with ALA and/or celecoxib, was observed by
fluorescence intensity. As shown in Figure 2A, the amount
of intracellular PpIX increased according to the ALA dose.
When 0.5 mM or 1 mM ALA was applied with various
concentrations of celecoxib, PpIX production decreased
with increasing celecoxib concentration. The accumulation
of PpIX in the presence of 3 mM ALA was not affected
by the existence of celecoxib (Figure 2B). For this reason,
ALA concentration was fixed at 3 mM in later studies.
PpIX location was identified in subcellular mitochondria
(Figure 2C).

Cell death induced by combined
treatment of ALA-PDT and celecoxib

As shown in Figure 3A, the low intensity of light (0.25 J/cm?)
did not affect cell survival following increasing celecoxib con-
centration combined with ALA. Cell survival exceeded 95%,
even in the presence of 3 mM ALA and 25 uM celecoxib.
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Atadose of 0.75 J/cm?, cell death was successfully induced.
When the cells were cotreated with 3 mM ALA and 10 or
25 UM celecoxib, cell survival decreased (66% * 5.6% and
62% £ 5.7%, respectively) when compared with the ALA
only treated group (87% + 1.2%). These results indicate that
combined treatment of celecoxib and ALA-PDT can induce
stronger cell phototoxicity than ALA-PDT alone under a
suitable light intensity.

ROS generation by combined treatment

of ALA-PDT and celecoxib

As shown in Figure 3B, 3 mM ALA could successfully
induce ROS production. ROS generation at a light intensity
0f0.25and 0.75 J/cm? was 318% + 8.7% and 431% £ 15.0%,
respectively. A single treatment of celecoxib (10 or 25 uM)
induced very low ROS generation. ROS generation was
increased markedly in the cotreated group when compared to
ALA alone, regardless of the light power. Especially, it was
elevated when 3 mM ALA was applied to HuCC-T1 cells in
combination with 10 uM celecoxib (490% % 18.9%) or 25 uM
celecoxib (572% * 11.7%) at 0.75 J/cm?, ie, ROS generation

PpIX

Merge

Celecoxib ALA

ALA + cele

Figure 2 Protoporphyrin IX (PpIX) accumulation with treatment of 5-aminolevulinic acid (ALA) and/or celecoxib.

Notes: (A) HuCC-T1 cells were treated with various concentrations of ALA and/or celecoxib for 4 hours in serum-free medium without light. Cells were then lysed and PpIX
was analyzed using a microplate reader (485/635 nm). PplX production was corrected for protein content. Data are represented as mean * SEM. (B) Photomicrographs exhibited
PpIX accumulation by ALA (3 mM) and/or celecoxib (10 uM). (C) PplX interconverted by ALA (3 mM) was located in mitochondria when stained with Mitotracker (100 nM).

Abbreviations: ALA, 5-aminolevulinic acid; PplX, protoporphyrin IX.
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Figure 3 Cell death and reactive oxygen species (ROS) levels after photodynamic treatment (PDT) with 5-aminolevulinic acid (ALA) and/or celecoxib.

Notes: HUCC-T| cells were treated with ALA (3 mM) and/or celecoxib (10 or 25 M) for 4 hours in serum-free medium. (A) After irradiation, the cells were incubated
for 24 hours in growth medium containing 10% fetal bovine serum. Cell survival was determined by the MTT assay (error bars represent + SEM). (B) The ROS level was
measured immediately after irradiation. (C) Cells were treated with ALA (3 mM) and/or celecoxib (10 iM). MitoSOX was used to observe ROS generation in mitochondria
by confocal microscopy. After irradiation, cells were incubated for 10 minutes at 37°C with MitoSOX (5 uM) and washed with phosphate buffered saline. Cells were fixed
with 4% paraformaldehyde and mounted on a slide glass. (D) HuCC-T| cells were treated with ALA (3 mM) and/or 10 UM celecoxib for 4 hours. Propidium iodide and
annexin V were used to detect early apoptosis and necrosis of HuCC-T| cells. After irradiation, cells were collected immediately and washed with phosphate buffered saline.
The collected pellets were stained with propidium iodide and fluorescein isothiocyanate-annexin V and analyzed with a FACScan flow cytometer. Error bars represent = SEM;
* denotes P < 0.05; ** denotes P < 0.01; and *** denotes P < 0.001.

Abbreviations: ALA, 5-aminolevulinic acid; cele, celecoxib.

was significantly affected by the light dose and combined drug APO ptos is and necrosis induced

treatment. We also observed ROS generation in mitochondria b)’ combined treatment of ALA-PDT

using MitoSOX, which stains ROS only in the mitochondria. and celecoxib

As shown in Figure 3C, MitoSOX staining was intense with  As shown in Figure 3D, early apoptotic cells were increased in
the combined treatment of 3 mM ALA and 10 UM celecoxib  the combined application (23.6% or 31.4%) when compared
at 0.75 J/em? when compared to ALA or celecoxib alone. with the ALA single treatment (10.2% or 11.7%). The com-
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bination of 3 mM ALA and 10 uM celecoxib increased early
apoptosis by 25% at 0.25 J/cm? and by 30% at 0.75 J/cm?,
respectively. In contrast, the number of necrotic cells did
not significantly increase with the treatment condition or
light intensity.

HO-1 expression induced by combined

treatment of ALA-PDT and celecoxib

The highest expression of HO-1 in HuCC-T1 cells was
obtained at 4 hours after irradiation (Figure S2A). This time
point was used for subsequent experiments. HO-1 expres-
sion gradually increased until a maximum was reached with
3 mM ALA-PDT, but its expression decreased with 5 mM
ALA-PDT (Figure S2B). Celecoxib did not induce HO-1
expression regardless of irradiation (Figure 4). ALA-PDT
induced higher HO-1 expression after irradiation with
0.25 or 0.75 J/em? when compared with expression levels
produced in the dark (Figure 4). At a light intensity of 0.25
or 0.75J/cm?, HO-1 expression increased depending on
ALA concentration until a maximum was reached at 3 mM
(Figure S2). HO-1 expression was significantly affected by
the combined ALA-PDT application when compared to ALA
alone. It was dependent on light intensity and celecoxib
concentration, even though treatment solely with celecoxib
did not affect HO-1 expression (Figure 4). When 3 mM
ALA and 10 uM celecoxib were applied in combination
to HuCC-T1 cells, HO-1 expression increased 5.1 fold at
0.25 J/cm? and 8.5 fold at 0.75 J/cm?, when compared to the
dark condition. In particular, the combination of celecoxib

and ALA influenced HO-1 expression even without irradia-
tion (Figure 4).

Effects of HO-I inhibition with combined
treatment of ALA-PDT and celecoxib

We investigated whether or not phototoxicity with the
combined application of 10 uM celecoxib and 3 mM ALA-
PDT could be enhanced by inhibition of HO-1 expression.
For HO-1 inhibition, we considered a PKC inhibitor, also
known as HO-1 inhibitor or shRNA plasmid.*? A 10 uM
concentration of the PKC inhibitor effectively inhibited the
expression of HO-1 that had been induced by the combina-
tion of celecoxib and ALA at a 0.25 or 0.75 J/cm? light dose
(Figure 5A). HO-1 expression was reduced by 67% and
51% at 0.25 and 0.75 J/cm?, respectively. After irradiation,
cell survival was significantly decreased due to inhibition of
HO-1 expression by the PKC inhibitor (Figure 5B and C).
This phenomenon was clearly observed at a light dose of
0.25 J/em?. Cell death increased almost three fold when
compared to the combination treatment.

HO-1 shRNA plasmid also suppressed the expression
of HO-1 induced by the combined treatment of the drugs at
0.25 or 0.75 J/em? (Figure 6A). In this case, cell death was
increased markedly by HO-1 inhibition in comparison with
the uninhibited group, regardless of light intensity (Figure 6B
and C). When 3 mM ALA and 10 uM celecoxib were used
to cotreat HuCC-T1 cells, including shRNA plasmid, early
apoptosis in cells transfected with HO-1 shRNA plasmid
increased from 26% to 37% at 0.25 J/cm? and from 34% to

0.00 J/em?  0.25 J/cm? 0.75 J/cm?
Celecoxib(uM) 0 10 25 0 10 25 0 10 25
HO-1

ALA(mM) O 1

== =" P-actin

3 0o 1 3 0 1 3

~ HO-1

ALA (3 mM) + celecoxib (uM)

B-actin
0.01 0.02 0.03 0.00 0.32 025 0.00 0.19 0.31

0 10 25 0

10 25 0 10 25

— — o — —

HO-1

B-actin
0.00 0.12 028 0.17 062 0.85 028 1.02 148

Figure 4 Heme oxygenase-1 (HO-I) expression induced by treatment with 5-aminolevulinic acid (ALA) and/or celecoxib.

Notes: HUCC-TI cells were treated with ALA and/or celecoxib for 4 hours in serum-free medium. After irradiation, these cells were incubated for 4 hours in growth
medium containing 10% fetal bovine serum. Cells were collected and washed with phosphate buffered saline. The pellets were lysed and HO-1 expression was analyzed by
immunoblot. The protein amount was corrected for by B-actin. The intensity of western band was obtained by calculating HO- /B-actin using the Image | program. Available

at: http://rsbweb.nih.gov/ij/. (n = 3).
Abbreviations: ALA, 5-aminolevulinic acid; HO-I, heme oxygenase-|.
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Figure 5 Effects of heme oxygenase-1 (HO-1) inhibition by a protein kinase C (PKC) inhibitor.

Notes: HUCC-T| cells were treated with a single or combined application of 5-aminolevulinic acid ([ALA] 3 mM), celecoxib (10 uM), and PKC inhibitor (10 uM) for 4 hours
in serum-free medium. (A) After 4 hours of irradiation, cell extracts were subjected to immunoblot analysis. The intensity of western band was obtained by calculating HO-
1/B-actin using the Image ] program (n = 3). (B) After irradiation, these cells were incubated for 24 hours in growth medium containing 10% fetal bovine serum. Cells were
washed with phosphate buffered saline and stained with hematoxylin-eosin solution (n = 3). (C) Cells were washed with phosphate buffered saline, trypsinized, and counted

(n = 6; data are represented as mean + SEM). * denotes P < 0.05.

Abbreviations: ALA, 5-aminolevulinic acid; cele, celecoxib; HO-1, heme oxygenase-|; PKC, protein kinase C.

42% at 0.75 J/cm? when compared to cells transfected with
control shRNA plasmid (Figure 6D).

Tumor growth inhibition by combined
treatment of ALA-PDT and celecoxib in
xenograft mice induced by HUCC-T1 cells
The effect of combined treatment with ALA-PDT and cele-
coxib was investigated in tumor bearing mice. Tumors were
treated with either single or combination PDT after injection
of'the drugs with ALA (100 mg/kg) and celecoxib (5 mg/kg).
As shown in Figure 7A and B, combined treatment with ALA
and celecoxib markedly decreased tumor volume 62 days

after HuCC-T1 cell injection when compared with a single
treatment. The tumor volume was decreased by approxi-
mately 60% or 40%, respectively, in the combined treatment
(314 £ 72 mm?®) with a suitable light dose in comparison to
no treatment (937 = 314 mm?®) or treatment with ALA alone
(495 £ 137 mm?). The body weights of mice did not show a
significant difference (Figure S3A). Morphology of tumor
tissues and apoptotic cells in tumor tissues were observed
by H&E and TUNEL staining, respectively. The tumor cell
density showed an apparent difference between the single and
combined treatment groups (PDT after injection combined
with ALA and celecoxib). Tumor cells in the combined
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Figure 6 Effects of heme oxygenase-| (HO-1) inhibition by HO-I small hairpin RNA (shRNA).

Notes: HUCC-T| cells were transfected with control shRNA or HO-1 shRNA. Twenty-four hours after transfection, cells were treated with 5-aminolevulinic acid ([ALA]
3 mM) and/or celecoxib (10 M) for 4 hours and irradiated with 0.25 or 0.75 J/cm? (A) Cell extracts were subjected to immunoblot analysis. The intensity of western band
was obtained by calculating HO-I/B-actin using the Image | program (n = 3). (B) Cell survival was determined by the MTT assay. (C) Cells were washed with phosphate
buffered saline and stained with hematoxylin-eosin solution (n = 3). (D) The collected pellets were stained with propidium iodide and fluorescein isothiocyanate-annexin V
and analyzed by flow cytometry. The right graph of panel D shows flow cytometry results for combined treatment with ALA and celecoxib (n = 3). Data are represented as

mean * SEM. * denotes P < 0.05; ** denotes P < 0.01; and *** denotes P < 0.001.

Abbreviations: ALA, 5-aminolevulinic acid; cele, celecoxib; HO-1, heme oxygenase-1; shCTR, control shRNA; shHO-1, HO-I shRNA.

treatment group exhibited a more sparse appearance than that
observed with the single treatment, whereas tumor tissues
in the nontreatment group showed the densest morphology
(Figure 7C). No difference in apoptosis was evident between
the single and combined treatment groups. TUNEL positive
cells were not detectable as PDT was performed 21 days after
HuCC-T1 injection. The tumor was dissected 41 days after
PDT (Figure S3B).

Discussion

ROS generation is crucial in ALA-PDT against cancer.
Accumulation of ROS in substantial concentrations damages
cellular DNA and/or membranes, and induces cell death.*'4
We have previously reported that ALA-PDT could effectively

inhibit HuCC-T1 cell survival via increased production of
intracellular ROS." To further improve the effect of ALA-
PDT on HuCC-T1 cells, we sought to boost ROS levels after
PDT. Celecoxib is considered to be a good additive drug
candidate for boosting intracellular ROS levels.

When HEK 293T or HuCC-T1 cells were treated with
3 mM ALA for 4 hours, cytotoxicity or dark toxicity was
not significantly affected (Figure 1). Interestingly, PpIX
generation during 1 mM ALA treatment was affected by the
presence of celecoxib, and consequently PpIX production
decreased (Figure 2A). However, the generation of PpIX
observed at 3 mM ALA treatment was unaffected by the
presence of celecoxib. The precise reason for the effect of
celecoxib is unknown, but it could be due to the effect of

International Journal of Nanomedicine 2013:8

submit your manuscript

2181

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kim et al

Dove

A
1400 -

—_ —e— Vehicle
mE 1200 4 ALA

€ 1000/ ™ Celecoxib
;’ —O— ALA + celecoxib
£ 800

3

O 600 A

>

S 400

£ PDT
2 200 1

Celecoxib

ALA + cele
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tumor tissues was observed by hematoxylin-eosin in tissue sections (n = 3). Error bars represent £ SEM and * denotes P < 0.05.

Abbreviation: ALA, 5-aminolevulinic acid; cele, celecoxib.

celecoxib on some of the key enzymes involved in PpIX
generation. This possibility will be investigated in future
studies.

Considering the above reasons, we fixed the ALA
concentration at 3 mM and observed the effect of 10 or
25 uM celecoxib in ALA-PDT. When HuCC-T1 cells were
cotreated with 3 mM ALA and 10 or 25 uM celecoxib for
4 hours, the intracellular ROS levels and early apoptotic
signals after irradiation increased in proportion to the cele-
coxib dose at light intensities of both 0.25 and 0.75 J/cm?
(Figure 3B and D). However, the phototoxicity values dif-
fered when compared with the apoptotic signal (Figure 3A
and D). Even though ROS and early apoptotic signals were
increased at the light intensity of 0.25 J/cm?, cell survival
was not affected after the combined treatment (Figure 3A).
Conversely, cell death increased by about 30% when treated
with the combination of 3 mM ALA and 10 or 25 uM
celecoxib at the light intensity of 0.75 J/cm?, compared to
treatment with ALA alone. These results provide a clear
indication that the combination of ALA and celecoxib could
successfully enhance the ALA-PDT effect under a suitable

light intensity. For effective anticancer therapy using PDT,
sufficient ROS generation or adequate light power would
be required.

Although ROS generation or early apoptotic signals were
induced successfully in the treatments with the combina-
tion of ALA and celecoxib after irradiation at 0.25 J/cm?,
cell death was not observed. These results suggest that a
protective mechanism was activated when cells encountered
oxidative stress. HO-1 is an inducible stress protein that
confers cytoprotection against oxidative injury and cellular
stress, both in vitro and in vivo."!° Furthermore, it has been
reported that HO-1 protein expression was elevated by ALA-
PDT, and phototoxicity increased when HO-1 expression was
suppressed.'?? Therefore, the expression of HO-1 after PDT
treatment was investigated in HuCC-T1 cells.

Celecoxib did not affect the expression of HO-1 regard-
less of light intensity (Figure 4). HO-1 expression was
also not observed in HuCC-T1 cells treated with celecoxib
alone for 4 hours. This could be because the concentration
of celecoxib (25 uM) during incubation for 4 hours is not
sufficient to induce cell death (Figure 1A). In contrast, ALA
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treatment induced HO-1 expression in irradiated cells. In par-
ticular, cells cotreated with ALA and celecoxib significantly
increased HO-1 expression, which increased with increasing
celecoxib concentrations or light intensity. These results
once again indicate that treatment with the combination of
celecoxib and ALA-PDT increase the oxidative stress more
than celecoxib or ALA-PDT alone at strong light intensity.
We hypothesized that the effect of the combination would
be further enhanced by inhibition of HO-1 expression, ie,
oxidative stress to HuCC-T1 cells through ALA-PDT and
celecoxib could be further enhanced when defensive mecha-
nisms, such as HO-1 expression against oxidative stress, are
blocked.

To confirm the defensive function of HO-1 against
ALA-PDT generated oxidative stress, HO-1 expression
was suppressed using Sn-, Co-, and Zn-PpIX, which are
HO-1 inhibitors.**3% Unfortunately, we could not obtain
satisfactory results from the HO-1 inhibition experiments
(Figure S4). Therefore, the PKC inhibitor, which is also a
HO-1 inhibitor,*>** and HO-1 shRNA, was used for inhibiting
HO-1 expression in HuCC-T1 cells (Figures 5 and 6). Even
though the PKC inhibitor is not specific or selective, it is a
good inhibitor of HO-1 expression.?>* Both the PKC inhibi-
tor and the HO-1 shRNA plasmid could successfully inhibit
HO-1 expression, which increased after PDT using the com-
bined treatment of ALA and celecoxib (Figures SA and 6A).
Cell death also increased due to both the PKC inhibitor and
HO-1 shRNA treatment with the combination depending on
the light intensity (Figures 5B and C, 6B and C). Therefore,
these results confirmed that the combination of ALA-PDT
and celecoxib generated high levels of oxidative stress
through which cell death was elevated. Defensive mecha-
nisms such as HO-1 expression protect HuCC-T1 cells, and
decrease the phototoxicity in ALA-PDT with celecoxib.

Finally, the effect of the combined treatment of ALA-
PDT and celecoxib on tumors induced by HuCC-T1 cells on
the backs of mice was investigated. As shown in Figure 7A
and B, the combined treatment of ALA and celecoxib inhib-
ited tumor growth more than a treatment of ALA-PDT or
celecoxib alone. After the combined drug treatment, tumor
tissues were morphologically sparser in appearance than
those with the single treatment (Figure 7C). Although the
combined treatment was injected only once and incubated
for short times in mice xenografts, it still inhibited tumor
growth effectively.

In conclusion, the effect of ALA-PDT could be
increased by addition of celecoxib, through augmentation
of oxidative stress. Therefore, combined treatment of ALA-

PDT and celecoxib would be a potential therapy for treating
cholangiocarcinoma. In addition, use of a HO-1 inhibitor with
ALA-PDT could play an important role in the management
of various tumors.
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Figure S| 5-aminolevulinic acid (ALA) cytotoxicity in HEK 293T cells.

Notes: HEK 293T cells were starved for 24 hours in medium containing 0.1%
fetal bovine serum. The cells were treated with various concentrations of ALA for
4 hours in medium containing 0.1% fetal bovine serum. Cell survival was determined
by the MTT assay. Error bars represent + SEM.

Abbreviation: ALA, 5-aminolevulinic acid.
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Figure S2 Heme oxygenase-l (HO-I) expression according to time and
5-aminolevulinic acid (ALA) dose after photodynamic therapy.

Notes: (A) HuCC-TI cells were treated with ALA (0.5 mM) and incubated for
4 hours. After irradiation with a light intensity of 0.25 J/cm? these cells were
incubated for 0, |, 4, 6, and 24 hours in growth medium containing 10% fetal bovine
serum. (B) Cells were treated with various ALA concentrations (I, 2, 3, and 5 mM).
After irradiation with 0.25 or 0.75 J/cm?, they were incubated for 4 hours in growth
medium containing 10% fetal bovine serum. The cells were collected and washed
with phosphate buffered saline. The pellets were lysed and HO-| expression was
analyzed by immunoblot. The protein amount was corrected for by B-actin. The
numerical value of bottom was obtained by calculating HO-1/B-actin using the
Image ] program (n = 3).

Abbreviations: ALA, 5-aminolevulinic acid; PDT, photodynamic therapy;
HO-1, heme oxygenase-1.

Figure S3 Body weight and apoptotic cells after treatment with 5-aminolevulinic acid (ALA) photodynamic therapy (PDT) and/or celecoxib.
Notes: Developed tumors were treated directly with ALA (100 mg/kg) and/or celecoxib (5 mg/kg). (A) The body weights of mice were measured every 3—4 days from
2 weeks after PDT (n = 8; error bars represent + SEM). (B) At 42 days after PDT, apoptotic cells in tumor tissues were observed by terminal deoxynucleotidyl transferase

dUTP nick end labeling staining (n = 3).
Abbreviation: ALA, 5-aminolevulinic acid.
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Figure S4 Effect of heme oxygenase-1 (HO-I) inhibition by Zn-, Co-, and Sn-
protoporphyrin X, and HO- | inhibitor.

Notes: HuCC-T| cells were treated with 5-aminolevulinic acid ([ALA] | mM) and/or
HO-1 inhibitors (2.5 uM). After incubation for 4 hours, cells were irradiated with
a light intensity of 0.25 J/cm?. At 4 hours after irradiation, cells were collected and
washed with phosphate buffered saline. The pellets were lysed and HO-| expression
was analyzed by immunoblot. The protein amount was corrected for by B-actin.
The numerical value of bottom was obtained by calculating HO- 1/B-actin using the
Image ] program (n = 3).

Abbreviations: ALA, 5-aminolevulinic acid; HO-I, heme oxygenase-l; PplX,
protoporphyrin IX.
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