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Abstract Background/purpose: Photodynamic therapy (PDT) is a therapeutic alternative for
malignant tumors that uses a photosensitizer. This study examined whether synthesized Pheo-
phorbide a (Pa) -PDT induced apoptosis and autophagy involving endoplasmic reticulum (ER)
stress in oral squamous cell carcinoma (OSCC) cells.
Materials and methods: Human OSCC cells were treated with Pa-PDT, and cell proliferation
was examined by MTT assay. Apoptosis and autophagy were measured using Western blot anal-
ysis. ER stress was examined using RT-PCR and Western blot analysis. In vivo murine OSCC an-
imal model were treated with intratumoral (IT) Pa-PDT, and investigated the therapeutic
effect.
Results: Pa-PDT significantly inhibited the proliferation of human OSCC cells in a dose-
dependent manner. Pa-PDT induced intrinsic apoptotic cell death and also induced autophagy.
Pa-PDT induced ER stress which was observed as demonstrated by the up-regulation of the ER
stress marker. Inhibition of the ER stress pathway using 4-phenylbutyric acid (PBA) decreased
CHOP and induced inhibition of cell deaths. In addition, the inhibition of ER stress enhanced
Pa-PDT mediated autophagy. IT Pa-PDT significantly inhibited the tumor growth and induced
apoptosis, autophagy and ER stress in vivo OSCC cells transplanted model.
Conclusion: This study showed that synthesized Pa-PDT induced ER stress trigger apoptosis and
apoptotic cell death pathways in OSCC cells. The inhibition of ER stress declined Pa-PDT
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to this work.
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mediated cytotoxicity with an increase of autophagy. These results may provide Pa-PDT exerts
anti-tumor effects through ER stress pathway in OSCC cells and may provide a basis for devel-
oping Pa-PDT targeting ER stress as a therapy for OSCC.
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Photodynamic therapy (PDT) is a method that causes
membrane damage and oxidative stress in cells through
light irradiation of the photosensitizer, which leads to cell
death eventually causing tumor destruction.1 PDT is a
nonsurgical alternative for the treatment of several dis-
eases and a potent treatment option for patients suffering
from early oral cancer and advanced head and neck can-
cer.2,3 The photosensitizer is one of the important compo-
nents of determining PDT efficacy. Many new compounds
have been synthesized to improve some limitation of the
first photosensitizer Photofrin such as poor water solubility,
lack of absorption in long wavelength, and takes a long time
to be excreted from the body.4,5 In particular Pheophorbide
a (Pa), one of the products derived from chlorophyll
degradation, has attracted widespread attention in recent
years as a non-invasive and highly selective approach for
cancer treatment. Recently, You et al. synthesized Pa by
removing magnesium ion from chlorophyll-a and hydrolysis
with 80% TFA.6

Endoplasmic reticulum (ER) stress can affect cellular
stability, leading to viral infections, oxidative stress,
decreased ER calcium levels, and abnormal protein
folding.7,8 ER stress activates a signaling pathway called
the unfolded protein response (UPR).9 Three ER-related
mechanisms have been found to be responsible for
mediating the UPR of eukaryotes (i.e. activating tran-
scription factor 6 (ATF6), inositol-requiring enzyme 1
(IRE1), PKR-like ER kinase (PERK)).9,10 These mechanisms
are governed predominantly by the intensity of ER stress
which can switch between pro-survival and pro-death
signaling. However, no clear conclusion has been
reached on the correlation of ER stress and apoptosis or
autophagy especially in the case of PDT-induced cell
death.

Oral squamous cell carcinoma (OSCC) is the most
common of oral cancer and there is a need to develop
alternative therapeutic strategies for OSCC because
existing cancer treatment strategies such as surgery, ra-
diation, and chemotherapy have limitations in their
application due to damage to healthy tissue, dysfunction,
and cosmetic problems caused by facial deformation.11,12

In this study, the therapeutic effect of action of PDT using
synthetic photosensitizer Pa was examined in the OSCC
cell line as well as the mechanism of action. Our results
showed that, in OSCC cell lines, Pa-PDT induces apoptosis
via the ER stress pathway, while the ER stress affects
autophagy as well.
1723
Materials and methods

Preparation of synthesized pheophorbide a

Pa was synthesized according to the procedure described
previously.6 Briefly, the removing of a Mg2þ ion from
chlorophyll-a and hydrolysis with 80% TFA to afford Pa as a
fine powder.

Cell culture and reagents

The human OSCC cell lines, FaDu and YD-10B cells were
purchased from Korea Cell Line Bank (KCLB, Seoul, Korea).
The murine OSCC cell lines, AT-84 cells were provided by
Dr. E. J. Shillitoe (State University of New York, Upstate
Medical University). The FaDu cell line was cultured in MEM
medium (Welgene, Inc., Daegu, Korea) and the YD-10B and
AT-84 cell line was cultured in RPMI 1640 medium (Wel-
gene). The cells were maintained as monolayers at 37 �C in
culture medium containing 10% heat-inactivated fetal
bovine serum (FBS; Gibco, Rockville, MD, USA) and 1%
penicillin ⁄ streptomycin (Gibco) in an atmosphere con-
taining 5% CO2 ⁄ air. ER stress inhibitor PBA were purchased
from sigma-aldrich (Darmstadt, Germany). The general
mechanism of 4-PBA is that the hydrophobic regions of the
chaperone interact with exposed hydrophobic segments of
the unfolded protein.13

Photodynamic treatment

The cells were incubated in a serum-free culture medium
with Pa for 2 h. After washing, the cells were exposed with
a light dose of 1.25 J ⁄ cm2 performed using a light-emitting
diode (LED; Philips Luxeon Lumileds, San Jose, CA, USA).
This source emitted light at wavelengths 613e645 nm. A
peak at 635 nm measured with a Delta Ohm DO 9721
quantum photo-radiometer and thermometer data logger
(Model DO9721, Padua, Italy) was characterized as 35 mW/
cm2.

MTT assay

The cells were seeded in a 12-well plate and incubated
overnight. After Pa-PDT treatment for 24 h, 0.5 ml of cell
culture medium and 50 ml of 3-(4,5-dimethylthiazol-2-yl)-3-
5-diphenyltetrazolium bromide solution (MTT; AMRESCO,
Fountain Pkwy, Solon, OH, USA) (0.5 mg ⁄ ml in PBS) were
added to each well. After 4 h of incubation at 37 �C, the
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medium was removed and formazan crystals were dissolved
in 1 ml of dimethyl sulfoxide (DMSO) at room temperature
for 10min with gentle agitation. The absorbance was
measured at 595 nm using Microplate Autoreader ELISA
(TECAN, Männedorf, Switzerland), and all experiments
were performed in triplicate.

Western blot analysis

Western blot analysis were performed as described previ-
ously.14 Antibodies were as follows: cleaved caspase-3,
cleaved caspase-7, caspase-7, PARP, Beclin1, ATG5,
ATG12, LC3B (Cell Signaling, Danvers, MA, USA), and Bcl-2,
p-IRE1a, p-PERK, ATF6, Bip, CHOP, caspase-12, and actin
(Santa Cruz Biotechnology, CA, USA). Finally, the mem-
branes were visualized with the enhanced chem-
iluminescence (ECL) kit (Amersham, Cardiff, UK) using the
LAS-3000 Image Reader of Luminescence Image Analyzer
(FUJIFILM Life Science, Tokyo, Japan). The protein levels
were quantified using Multi gauge V3.0 software program
(FUJIFILM Life Science) and were normalized to the
expression of the actin levels.

Reverse transcription-polymerase chain reaction
(RT-PCR)

Total RNA was extracted from cells using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA). 1 mg of total RNA was
reverse transcribed into complementary DNA (cDNA) and
2 ml cDNA was amplified by using the Superscript� One-step
RT-PCR with platinumⓇ Taq kit (Invitrogen). The following
primer sets were used: Human CHOP (F: 50-AAACA-
GAATCGGGTCCACTG -30, R: 50-TGTGACCTCTGCTGGTTCTG-
30); GAPDH (F: 50-CCAAGGTCATCCATGACAACTTTG-30, R: 50-
GTCATACCAGGAAATGAGCTTGACA-30). The cycling condi-
tions were as follows: The amplifications were performed
at 94 �C 3 min, 35 cycles after an initial denaturation at
94 �C 30 s, annealed at 55 �C 30 s, extended at 72 �C 30 s,
and extended at 72 �C 10 min in all primers. PCR products
were then electrophoresed on a 1.5% agarose gel and
visualized using a gel documentation system (Bio-rad,
Hercules, CA, USA).

Detection of acidic vesicular organelles (AVOs)

Acridin orange stained were performed as described pre-
viously.14 Briefly, the Pa-PDT treated cells were stained
with acridine orange (1 mg ⁄ ml; SigmaeAldrich) for 15 min.
The samples were washed twice with PBS and then exam-
ined under a fluorescence microscope (Opinity, China).

Animals and intratumoral Pa-PDT for in vivo study

AT-84 cells were used for in vivo experiments previously
established by Pang et al.15 Male immunocompetent C3H
mice of 5 weeks of age (Samtaco, Sungnam, South Korea)
were inoculated subcutaneously on the right flank with 1ｘ
107 AT-84 cells. 1 week later the tumor inoculation, Pa was
administered intratumorally with 10 mg/kg body weight.
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After 2 h, PDT was performed using a LED with a light dose
of 100 J/cm2. The growth of the tumors was monitored
daily during the following 2 weeks. Animal care and all
experiments were conducted under protocols approved by
the Animal Care and Use Committee at Wonkwang Univer-
sity, Department of Dentistry.

Histopathology, TUNEL assay, and
immunohistochemistry

The animals were euthanized on day 14 and the tumors
were carefully removed and fixed in 10% formalin over 24 h.
Preparation for paraffin blocks was performed as described
previously.16 From each block, prepared 4-mm-thick sec-
tions were stained with hematoxylin and eosin (H&E) for
histological examination. Apoptotic cells were detected the
terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) method using an Apoptosis
Detection Kit (Millipre, Billerica, Ma, USA) according to the
manufacturer’s protocol. For immunohistochemistry, the
sections were incubated in 3% H2O2 in methanol for 10 min
to remove endogenous peroxidase and blocked with 1% BSA
in PBS for 1 h. The sections were then incubated with PCNA
(Dako, Carpinteria, CA, USA), LC3B, Beclin1 (Cell Signaling,
Danvers, MA, USA), and p62, CHOP, p-PERK, ATF6 (Santa
Cruz Biotechnology, CA, USA) overnight at 4 �C. After
washed three times with PBS, avidin-biotin peroxidase
complex (ABC) method (Vector, Burlingame, CA, USA), and
peroxidase activity was evaluated with 3,30-dia-
minobenziding (Vector, Burlingame, CA, USA). Finally, the
sections were counterstained with hematoxylin.

Statistical analysis

Data are expressed as the mean � SD of at least three in-
dividual experiments. Statistical comparisons between
groups were performed using two-tailed Student’s t-test
(Excel, Microsoft). Statistical significance was set at
*p < 0.05; ))p < 0.01; )))p < 0.001.

Results

Pa-PDT inhibited cell proliferation in human OSCC
cells

The effect of Pa-PDT on cell proliferation was assessed in
FaDu and YD-10B cells using MTT assay. The cells were
treated Pa-PDT with various doses (0.05, 0.1, 0.2 and
0.5 mM) for 24 h. Pa-PDT significantly inhibited the prolif-
eration of human OSCC cells in a dose-dependent manner.
In FaDu cells, Pa doses of 0.05e0.5 mM with light resulted in
cell growth inhibition rates of 36.7e86.5%, respectively
(Fig. 1A). Similarly, Pa-PDT also induced significant cyto-
toxicity in YD-10B cells in a Pa-dose-dependent manner
(Fig. 1B). The IC50 value for Pa-PDT was 0.1 mM in FaDu and
YD-10B cells. There was no significant decrease in cell
proliferation due to Pa or light alone in either cell line (data
not shown). These results demonstrated that Pa-PDT exerts
an anti-proliferative effect on human OSCC cells.



Figure 1 The effects of Pa-PDT on proliferation in human OSCC cells. (A and B) FaDu and YD-10B cells were preincubated with
various Pa concentrations (0.05e0.5 mM) for 2 h and then illuminated (1.25 J/cm2). The levels of cell proliferation were measured
using an MTT assay at 24h after Pa-PDT treatment. The percentage of viable cells was calculated as the ratio of treated cells to the
control cells. The data are reported as the mean � SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
compared with the control group.
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Pa-PDT induced apoptosis and autophagy

To determine whether Pa-PDT induces apoptosis, the
expression levels of apoptosis-related proteins were
measured by Western blot. As shown in Fig. 2A, Pa-PDT
induced the decrease of Bcl-2 and caspase-7 and the in-
crease of cleaved caspase-3, the activated form of caspase-
3. Pa-PDT also increased the level of PARP cleavage, which
is known as important hallmark of apoptosis by caspases
Figure 2 Apoptosis and autophagy analysis of Pa-PDT treated hu
Pa-PDT treated cells. (B) Expression of autophagy-related protein
with Pa-PDT for 24 h at indicated concentration. The total cell lysa
followed by Western blot analysis and chemiluminescent detectio
bodies; Bcl-2, caspase-7, cleaved caspase-3, PARP, Beclin1, ATG5
comparison to the actin levels.
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activation in both cell lines. These results indicated that
Pa-PDT induced caspase-dependent apoptosis in human
OSCC cells. Induction of autophagy by Pa-PDT was next
determined by assessing the levels of Beclin1, ATG5, ATG12
and LC3B-I/II, which play a crucial role in autophagy, in
human OSCC cells using Western blot. Pa-PDT dose-depen-
dently increased the levels of Beclin1, ATG5 and LC3-II,
whereas the expression of ATG12 was not significant
expression in human OSCC cells (Fig. 2B). This finding
man OSCC cells. (A) Expression of apoptosis-related proteins in
s in Pa-PDT treated cells. FaDu and YD-10B cells were treated
tes were prepared and the protein was subjected to SDSePAGE
n. Western blot analysis was performed using a series of anti-
, ATG12 and LC3B. The protein levels were normalized by a
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indicated that Pa-PDT induced not only apoptosis, but also
autophagy in human OSCC cells.

Pa-PDT induced ER stress in human OSCC cells

This study next assessed whether Pa-PDT induces ER stress
in human OSCC cells. The ER stress response to Pa-PDT was
examined using RT-PCR, and marked induction of CHOP
expression was observed in Pa-PDT treatment (Fig. 3A).
Western blot was next performed to confirm the expression
levels of ER stress-related proteins. As shown in Fig. 3B, the
protein expression levels of CHOP and caspase-12 also
increased in Pa-PDT treatment. Pa-PDT increased protein
expression levels of p-IRE1a, p-PERK, ATF6, and Bip
compared with the control group (Fig. 3C). These results
showed that Pa-PDT induced ER stress in human OSCC cells.

Inhibition of ER stress by PBA in Pa-PDT treated
cells

We determined whether ER stress inhibitor PBA could
inhibit Pa-PDT-induced ER-stress in human OSCC cells. The
levels of ER stress-related expression were examined using
RT-PCR and Western blot. As shown in Fig. 4A, PBA effec-
tively inhibited Pa-PDT-induced CHOP expression in human
OSCC cells. The protein levels of CHOP and caspase-12
expression were also inhibited by PBA in Pa-PDT treated
FaDu and YD-10B cells (Fig. 4B). Cell viability was next
examined using MTT assays in Pa-PDT treatment with and
without PBA. Pa-PDT with PBA treatment significantly
recovering cell viability when compared with Pa-PDT
without PBA in both FaDu and YD-10B cells (Fig. 4C).
These results showed that ER stress induced by Pa-PDT was
related with human OSCC cells death.
Figure 3 Induction of ER stress in Pa-PDT-treated human OSCC c
cells. mRNA was isolated and RT-PCR was performed. The PCR pr
normalized by comparing to the GAPDH. (B) Expression of ER stres
stress-induced cell death-related proteins in Pa-PDT treated cells
indicated concentration. Cell lysates were subjected to Western blo
ATF6 and Bip. The protein levels were normalized by comparing to
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Involvement of ER stress in Pa-PDT induced
apoptosis and autophagy

To investigate potential cross-talk between ER stress and
the induction of apoptosis and autophagy in response to Pa-
PDT, we next examined whether ER stress inhibitor PBA
could regulate Pa-PDT-induced apoptosis or autophagy in
human OSCC cells. The levels of apoptosis-related proteins
expression were examined using Western blot in Pa-PDT
treatment with PBA. As shown in Fig. 5A, Pa-PDT-induced
cleaved caspase-7 and PARP cleavage were inhibited by
PBA in FaDu and YD-10B cells. The result showed that the
inhibition of ER stress plays a vital role in Pa-PDT induced
apoptosis. We next examined the expression levels of a key
autophagy protein, LC3B, during treatment with the ER
stress inhibitor PBA using Western blot. Pretreatment of
cells with the ER stress inhibitor PBA significantly increased
Pa-PDT-induced expression of LC3B proteins in FaDu and
YD-10B cells (Fig. 5B). The autophagy response to PBA in Pa-
PDT-treated cells was next confirmed using acridine orange
staining. Within acidic vesicles by autophagy, acridine or-
ange becomes protonated and trapped within the organelle
and forms aggregates that emit bright red fluorescence.17

As shown in Fig. 5C, Pa-PDT increased the intensity of red
fluorescence in both cells. Additionally, pretreatment of
1 mM PBA strongly increased the formation of Pa-PDT-
induced AVO. These results indicated that ER stress is
involved in Pa-PDT-induced autophagy in human OSCC cells.

In vivo study on IT Pa-PDT on AT-84 cells bearing
CH3 mice

Effect of IT Pa-PDT on tumor growth in vivo was examined
using mice inoculated with AT-84 cells. IT Pa-PDT
ells. (A) The mRNA expression levels of CHOP in Pa-PDT treated
oducts were separated on 1.5% agarose gels and values were
s-related proteins in Pa-PDT treated cells. (C) Expression of ER
. FaDu and YD-10B cells were treated with Pa-PDT for 24 h at
t analysis using antibodies; CHOP, caspase-12, p-IRE1a, p-PERK,
the actin levels.



Figure 4 Inhibition of ER stress by 4-phenylbutyrate (PBA) in Pa-PDT-treated human OSCC cells. The cells were treated with Pa-
PDT for 24 h in the presence or absence of PBA (1 mM). (A) The mRNA expression levels of CHOP in Pa-PDT and PBA co-treated cells.
mRNA was isolated and RT-PCR was performed. The PCR products were separated on 1.5% agarose gels and values were normalized
by comparing to the GAPDH. (B) Western blot analysis was performed using ER stress-related proteins antibodies (CHOP, caspase-
12) in cells co-treated with Pa-PDTwith PBA. The protein levels were normalized by a comparison with the actin levels. The relative
ratio in expressed protein was assessed by scanning densitometry. The data are reported as the mean � SD of three independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the Pa-PDT treated group. (C) Cell viability was determined by MTT
assay after co-treated with Pa-PDT and PBA. The percentage of viable cells was calculated as the ratio of treated cells to the
control cells. The data are reported as the mean � SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
compared with the Pa-PDT treated group.

Figure 5 Regulation of apoptosis and autophagy by the inhibition of ER stress in Pa-PDT-treated human OSCC cells. The cells were
treated with Pa-PDT for 24 h in the presence or absence of PBA (1 mM). (A) Expression of apoptosis-related proteins in cells co-
treated with Pa-PDT with PBA. (B) Conversion of LC3B, the autophagy marker protein after co-treated with Pa-PDT and PBA.
Cell lysates were subjected to Western blot analysis using antibodies; cleaved caspase-7, PARP and LC3B. The protein levels were
normalized by a comparison with the actin levels. The relative ratio in expressed protein was assessed by scanning densitometry.
The data are reported as the mean � SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with the
Pa-PDT treated group. (C) The effect of PBA on Pa-PDT-induced acidic vesicular organelle (AVO) formation. After Pa-PDT treatment
with PBA, acridine orange (1 mg/ml) was added to the living cells for 30 min and the cells were visualized under a fluorescence
microscope (200 � magnification).
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significantly decreased tumor volume compared to the
control group (Fig. 6A). Solid SCC tumor growth was
observed in control group, whereas cell death with nuclear
pyknosis and various small nuclear fragments was observed
in IT Pa-PDT treated group (Fig. 6B). The positively stained
cells for PCNA (cell proliferation marker) were strong
staining detected in control group, whereas markedly
decreased in IT Pa-PDT treated group. The number of
apoptotic TUNEL-positive cells were increased in IT Pa-PDT
treatment, compared to those in the control group
(Fig. 6B). We next examined the expression of autophagy
and ER stress-related protein in tumor sections using
immunohistochemistry. LC3B and Beclin1 were detected in
the cytoplasm of tumor after IT Pa-PDT, whereas the p62
was strongly induced in the control and its expression was
inhibited by IT Pa-PDT treatment (Fig. 6C). The expression
of CHOP, p-PERK and ATF6 were strongly detected in IT Pa-
PDT treated group compared to control group (Fig. 6D).
These results showed that IT Pa-PDT also induced
apoptosis, autophagy and ER stress in vivo tumor model,
consistent with the results of in vitro experiments.
Discussion

PDT was reported to inhibit cancers through different cell
death pathways, and its effectiveness is dependent on the
Figure 6 Effect of IT Pa-PDT on tumor growth, apoptosis, autoph
oral cancer cells were treated with IT Pa-PDT. (A) Relative tumor
treated controls. Tumor volume was measured every 2 days and
longest diameter, and b is the shortest diameter of the tumor. The
**p < 0.01, ***p < 0.001 compared with the control group. (B) H&
performed on paraffin sections from the tumor. Immunohistochemic
paraffin sections from the tumor using antibodies; LC3B, Beclin1
magnification of 400 � .
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types of cancer cell lines and photosensitizers.18e20 The
action mechanism of PDT on photosensitizers might depend
on the subcellular localization and molecular targets and
the tumor cell type. The present study was designed to
investigate the underlying mechanisms of newly synthe-
sized Pa-PDT induced ER stress and cell death on OSCC
cells.

Pa-PDT significantly inhibited cell proliferation of OSCC
cells in a dose-dependent manner. We next evaluated the
mode of cell death by Pa-PDT. PDT can lead to cell death
via the apoptosis pathway. The decrease in Bcl-2 proteins
led to the activation of caspase-3 ⁄ -7 and PARP cleavage in
Pa-PDT-treated cells. It suggests induced apoptotic cell
death through mitochondria-dependent intrinsic pathway.

Autophagy is a homeostatic cellular recycling mecha-
nism, but recently attracted the interest in the field of
cancer research because it is designated as programmed
cell death type II.21,22 It is suggesting that autophagy fea-
tures both the promotion and antagonization of
apoptosis.23 The two major proteins associated with auto-
phagy are LC3 and Beclin1.23 Among these, Beclin1 plays a
tumor suppressor and is a essential mediator of autophagy,
while LC3-II interacts with adaptor proteins for degradation
of cellular components in the autophagolysosome.23,24 In
the course of autophagy, LC3-II is yielded by the combina-
tion of phosphatidylethanolamine in the presence of ATG5/
ATG7/ATG12.25 We next examined whether Pa-PDT induces
agy and ER stress in vivo model. C3H mice bearing AT-84 murine
volumes of the mice treated with IT Pa-PDT and the vehicle-
calculated by the formula: V Z (ab2)/2, in which a is the

data are reported as the mean � SD of five animals. *p < 0.05,
E staining, immunohistochemistry for PCNA, TUNEL assay were
al study for autophagy (C) and ER stress (D) were performed on
, p62, CHOP, p-PERK, ATF6. Photographs were taken under a
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autophagy in OSCC cells. The results showed that Pa-PDT
dramatically increased the levels of autophagy-related
protein (Beclin1, ATG5, LC3B). Previous study identified
that autophagy contributes to Pa-PDT-induced cell growth
inhibition in human oral cancer cell line YD-10B cells.14

ER stress has been reported as another factor inducing
apoptosis in addition to the extrinsic death receptor-
induced pathway and the intrinsic/mitochondrial-
mediated pathway.26 The UPR is triggered in response to
the accumulation of misfolded proteins in the ER. Our data
showed that Pa-PDT activated the UPR through increases
the expression levels of Bip, p-IRE1a, p-PERK, ATF6,
demonstrating ER stress induction. If the ER stress is pro-
longed, or ER function is perturbed, damage may be caused
in cells and lead to apoptosis.27 In this study, Pa-PDT
treatment induced upregulated CHOP and caspase-12
expression in FaDu and YD-10B cells and strongly induced
the expression levels of CHOP, p-PERK and ATF6 in AT-84-
inoculated tumor tissue in vivo. Therefore, these results
indicate the involvement of UPR signaling in Pa-PDT
induced apoptosis.

In this work, ER stress in both autophagic and apoptotic
processes were studied with regards to possible upstream
pathways. In some previous studies, the involvement of the
ER stress pathway in the regulation of autophagy and
apoptosis has been reported.28,29 We investigated whether
Pa-PDT-induced ER stress leads to the activation of the
apoptotic pathway. FaDu and YD-10B cells were treated
with Pa-PDT in the presence or absence of PBA, specific
inhibitors of the ER stress process. Pa-PDT with PBA treat-
ment has significantly induced cell viability compared to
Pa-PDT-alone treatment. This demonstrates that Pa-PDT
leads to apoptosis mediated by ER stress, thus inhibiting
OSCC cell growth. Moreover, autophagy of OSCC cells
induced by Pa-PDT was promoted by ER stress inhibition.
Autophagy is known to play a key role in ER stress relief and
homeostasis recovery.30 In this study, autophagy maintains
cellular homeostasis by alleviating Pa-PDT-induced ER
stress, it is thought that elevated levels of stress induce cell
damage by apoptotic mechanisms. Interactions between ER
stress and autophagy and apoptosis-related proteins have
been found, but the regulatory mechanisms require further
study.

In conclusion, we demonstrated that synthesized Pa-PDT
induces ER stress in OSCC cells. This study also confirmed
the involvement of ER stress in Pa-PDT induced apoptosis
and autophagy. Therefore, Pa-PDT is a potential therapy for
human oral cancer, and co-treatment with targeting ER
stress may represent a novel treatment strategy against
OSCC.
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