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Abstract
Background: Oral cancer is a common cancer with a high mortality rate. While sur‐
gery is the most effective treatment for oral cancer, it frequently causes deformity 
and dysfunction in the orofacial region. In this study, methyl aminolevulinate photo‐
dynamic therapy (MAL‐PDT) as a prevention tool against progression of precancerous 
lesion to oral cancer was explored.
Methods: For in vitro studies, we evaluated the effects of MAL‐PDT on viability of 
DOK oral precancerous cells by XTT, cell morphology by TEM, and intracellular sign‐
aling pathways by flow cytometry, Western blotting, and immunofluorescence. For in 
vivo study, DMBA was used to induce oral precancerous lesions in hamsters followed 
by MAL‐PDT treatment. We measured tumor size and body weight weekly. After sac‐
rifice, buccal pouch lesions were processed for H&E stain and immunohistochemistry 
analysis.
Results: MAL‐PDT induced autophagic cell death in DOK oral precancerous cells. The 
autophagy‐related markers LC3II and p62/SQSTM1 and autophagosome formation in 
DOK cells were increased after MAL‐PDT treatment. In vivo, Metvix®‐PDT treatment 
decreased tumor growth and enhanced LC3II expression in hamster buccal pouch 
tumors induced by DMBA.
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1  | INTRODUCTION

Oral cancer is a common cancer worldwide, with a higher incidence 
in men (Gupta et al., 2016). It is commonly diagnosed at advanced 
stages with lymph node metastasis and deep invasion into local 
structures and is associated with high mortality rate (Godeny, 2014; 
Guneri & Epstein, 2014). Oral precancerous lesions may progress 
into oral cancer if not detected and treated at the precancerous 
stage. Therefore, early diagnosis and early treatment are essential 
for improving the survival rate and life quality of oral cancer patients.

Photodynamic therapy (PDT) is a minimally invasive and clinically 
approved treatment for various cancers including oral cancer (van 
Straten, Mashayekhi, Bruijn, Oliveira, & Robinson, 2017). Compared 
with surgery, the benefits of topical PDT include lack of long‐term side 
effects, less invasiveness, quick and convenient treatment time, and lit‐
tle or no scar formation (Tierney, Eide, Jacobsen, & Ozog, 2008; Wang 
et al., 2001). PDT uses a light‐sensitive compound, which adheres to 
precancerous and cancer areas (Rigual et al., 2013; Yamamoto et al., 
2013). A photochemical reaction occurs between a light excitable mol‐
ecule (photosensitizer) and molecular oxygen (Bicalho et al., 2013; Hsu, 
Yang, Chiang, Lee, & Tseng, 2012; van Straten et al., 2017). PDT may 
induce tumor cell death directly by stimulating reactive oxygen species 
(ROS) production, or indirectly by damage to tumor vasculature and ac‐
tivation of immune responses against tumor cells (Agostinis et al., 2011).

The most commonly used topical PDT drugs in clinical practice 
are 5‐aminolevulinic acid (ALA) and methyl aminolevulinate (MAL) 
(Kim, Jung, & Park, 2015). Although ALA is effective in many cancer 
types, its hydrophilic characteristic is a barrier for fusion with the 
cell membrane. MAL, a methyl ester of ALA, is a lipophilic compound 
which results in greater permeability into tissues and cells. Hence, 
MAL may enhance the intracellular accumulation of protoporphyrin 
IX (PpIX) in tumor cells (Cohen & Lee, 2016; Gaullier et al., 1997). 
However, MAL‐PDT was originally used in the treatment of skin can‐
cer (Fargnoli & Peris, 2015; Wen, Li, & Hamblin, 2017) and its effi‐
cacy in oral precancerous lesions is unclear. Therefore, in this study, 
we explored the therapeutic efficacy of MAL‐PDT in oral precancer‐
ous lesions and investigated the underlying mechanisms.

2  | MATERIALS AND METHODS

2.1 | Cell lines

DOK oral precancerous cells were cultured in DMEM supplemented 
with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml strep‐
tomycin, 2 mM glutamine, and 5 μg/ml hydrocortisone. Oral cancer 

cells (Ca9‐22) were grown in Eagle’s minimal essential medium with 
2 mM glutamine and 10% fetal bovine serum. Both cell lines were 
incubated at 37°C with 5% CO2.

2.2 | Animal model

The animal studies were approved by the Institutional Animal 
Care and Use Committee (IACUC no. 104010) of Kaohsiung 
Medical University, Taiwan. Animal experiments were approved 
by the Laboratory Animal Ethics Committee of Kaohsiung Medical 
University and were conducted in accordance with the Animal 
Research: Reporting In Vivo Experiments (ARRIVE) guidelines. 
Twenty‐three outbred male Syrian golden hamsters (Mesocricetus 
auratus), weighing 80–100 g each at the start of the experiment, 
were randomly assigned into one of the following four groups to test 
the efficacy of topical Metvix® followed by PDT. Hamsters were in‐
jected with Lysol before being sacrificed by CO2 asphyxiation. Tumor 
size was measured once a week, and tumor volume was calculated 
according to a standard formula: (width2 × length)/2.

2.3 | Photosensitizer and PDT

In this study, methyl aminolevulinate (MAL, Sigma‐Aldrich, USA) 
was used for in vitro studies and 16% MAL topical cream (Metvix®, 
Galderma, Paris, France) was used in vivo. The protocol for red light 
stimulation of PDT was 6 J/cm2 for 90 s. The total time period of 
Metvix®‐PDT was 860 s. Red light stimulation of Metvix®‐PDT was 
performed at 200 mW/cm2 (lighting for 120 s and then stop for 
120 s for three cycles, followed by lighting for 140 s). For the ex‐
perimental group (Group D), DMBA‐treated hamsters were treated 
with Metvix®‐PDT once a week for 2 weeks. The photosensitizer 
was manufactured by Photocure, The Bladder Cancer Company 
(Aktilite®, Galderma Benelux, Rotterdam, the Netherlands).

2.4 | XTT cell viability assay

DOK and Ca9‐22 cells were seeded at a density of 4.5 × 103 cells/
well onto 96‐well plates and allowed to attach overnight. For MAL‐
PDT studies, the cells were incubated with MAL for 16 hr, treated 
with/without rapamycin or 3‐methyladenine (3‐MA), and then ex‐
posed to red light at 6 J/cm2 for 90 s. Cell viability was evaluated 
by the XTT colorimetric assay. Following treatment, 2,3‐Bis(2‐meth‐
oxy‐4‐nitro‐5‐sulfophenyl)‐2H‐tetrazolium‐5‐carboxanilide (Sigma‐
Aldrich, USA) and PMS (N‐methyl dibenzopyrazine methyl sulfate, 
Sigma‐Aldrich, USA) were added into each well. Absorbance was 

Conclusions: Our in vitro and in vivo results suggest that MAL‐PDT may provide an effec‐
tive therapy for oral precancerous lesions through induction of autophagic cell death.
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determined by a spectrophotometer at 475 nm with a reference 
wavelength at 660 nm. The relative numbers of viable cells as com‐
pared to the numbers of cells in the untreated group were presented 
as percentage of viable cells using the following formula: cell viability 
(%) = A475 of treated cells/A475 of untreated cells.

2.5 | Transmission electron microscopy (TEM)

DOK cells were treated with MAL‐PDT for 48 hr and fixed with 2.5% 
glutaraldehyde and 2.5% formaldehyde for 2 hr. Then, the cells were 
reacted with 1% OSO4 for 1 hr, washed with 5% sucrose, and in‐
cubated with 2% uranyl acetate for 1 hr. Subsequently, cells were 
dehydrated by adding gradually increased concentrations of ethanol 
(50% to 100%), incubated with acetone/Spurr’s resin (1:1) for 30 min, 
incubated with 100% Spurr’s resin for 30 min, and then embedded at 
60°C for 24 hr. Ultra‐thin sections were prepared and visualized by 
electron microscopy (JEM‐1200EX, JEOL, Tokyo, Japan).

2.6 | Immunoblotting analysis

After treatment with MAL‐PDT for 48 hr, DOK and Ca9‐22 cells 
were harvested and lysed. Equal amounts of proteins were subjected 
to SDS‐PAGE and transferred onto polyvinyl difluoride (PVDF) 
membranes. The PVDF membranes were blocked with 5% skim milk 
at room temperature for 1 hr, incubated with primary antibodies, 
washed with 1X TBST (Tris‐buffered saline with Tween‐20), and then 
incubated with horseradish peroxidase‐conjugated secondary anti‐
bodies (1:5,000 dilution, Thermo Scientific) at room temperature for 
1 hr. Immunoreactive proteins were detected by Enhanced chemi‐
luminescence (SuperSignal™ West Femto Maximum Sensitivity 
Substrate, Thermo Scientific). Finally, the immunoblots were im‐
aged by ChemiDoc XRS+ System (Bio‐Rad, USA) and quantified by 
Image Lab™ software (Bio‐Rad, USA). The primary antibodies used 
for immunoblotting analysis included caspase‐3 (Novus Biologicals, 
Littleton, CO, USA), caspase‐7, caspase‐9, cleaved‐PARP, LC3B (Cell 
Signaling Tech., Danvers, MA, USA), γH2AX, p62/SQSTM1, and β‐
actin (Genetex, Irvine, CA).

2.7 | Immunofluorescent staining

Cells were seeded at 8,000 cells/well in eight‐well chamber slides 
(Millicell EZ Slide) and incubated for 24 hr before treatment. After 
incubation with MAL for 16 hr followed by red light at 6 J/cm2 for 
90 s, cells were fixed immediately in 4% paraformaldehyde at room 
temperature for 15 min, permeabilized at −20°C for 10 min, and 
blocked with 5% bovine serum albumin for 1 hr at room tempera‐
ture. Cells were incubated with LC3B antibody (Cell Signaling Tech., 
Danvers, MA, USA) for 2 hr at room temperature, reacted with 
Alexa Flour 488‐conjugated secondary antibody (Life Technologies, 
Grand Island, NY, USA) for 1 hr, and then counterstained with DAPI 
for 1 min at room temperature. Images were captured with a Laser 
confocal microscope (FV1000, Olympus, Japan) with excitation at 
330–385 nm and emission at 470–495 nm.

2.8 | Acridine orange staining

Formation of acidic vesicular organelles (AVOs), a morphological 
characteristic of autophagy, was determined by acridine orange 
staining (Thome et al., 2016). Cells were stained with 1 µg/ml acrid‐
ine orange (AO) for 15 min and counterstained with DAPI for 1 min 
at room temperature. AO labels the acidic compartments with red 
fluorescence, and the intensity of red fluorescence is directly pro‐
portional to the acidification of the cellular compartments. Images 
were captured with a Nikon Eclipse Ti‐S‐inverted microscope with 
excitation at 330–385 nm and emission at 530–550 nm. For flow 
cytometry analysis, cells were treated with MAL‐PDT for 48 hr, in‐
cubated with 0.5 mg/ml AO for 15 min, and then analyzed by flow 
cytometry.

2.9 | Autophagosome detection

The formation of autophagosomes and autolysosomes in DOK 
cells was determined with the Premo™ Autophagy Tandem Sensor 
RFP‐GFP‐LC3B Kit (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s protocols. The RFP‐GFP‐LC3B sensor allows 
the visualization of LC3B‐positive, neutral pH autophagosomes 
with green fluorescence (GFP), and LC3B‐positive, acidic pH au‐
tolysosomes with red fluorescence (RFP). Cells were cultured on 
coverslips and incubated with 6 µl of BacMam Reagent contain‐
ing the RFP‐GFP‐LC3B sensor overnight. The cells were then 
treated with MAL‐PDT for 48 hr. After rinsing with 1× PBS and 
nuclear staining with DAPI, the coverslips were mounted with 
VECTASHIELD (Vector Laboratories, Burlingame, CA) and imaged 
by a Laser confocal microscope (FV1000, Olympus, Japan) with 
excitation at 330–385 nm, 470–495 nm, and 530–550 emission 
filter.

2.10 | Immunohistochemistry and hematoxylin & 
eosin staining

Oral mucosa tissues from the buccal pouches of hamsters were ex‐
cised and fixed in 10% neutral‐buffered formalin solution for 24 hr, 
followed by histological processing and paraffin embedding. Tissue 
sections (4 μm thick) were obtained and mounted on glass slides for 
further experiments. Immunohistochemical staining for autophagic 
markers LC3B‐GFP and p62/SQSTM1 was performed using the 
fully automated Bond‐Max system in accordance with the manu‐
facturer’s instructions (Leica Microsystems, Wetzlar, Germany). For 
quantification of p62/SQSTM1 staining, the percentage of posi‐
tively stained tumor cells was graded semiquantitatively according 
to the following categories: 0 (0%–4%), 1 (5%–24%), 2 (25%–49%), 
3 (50%–74%), or 4 (75%–100%). In addition, the global staining 
intensity was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 
(strong). The total immunostaining score was calculated as the per‐
centage of positively stained cells multiplied by the global staining 
intensity. In addition, hamster oral tissues were stained with hema‐
toxylin and eosin.
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2.11 | Annexin V/PI staining

Ca9‐22 cells were treated with MAL‐PDT and stained with Annexin 
V‐FITC and PI from BD Biosciences (Franklin Lakes, NJ) for 15 min. 
Apoptosis was analyzed by flow cytometry (FC 500 MCL, Beckman 
Coulter, USA).

2.12 | Colony formation

Twenty‐four hours after MAL‐PDT treatment, Ca9‐22 cells were 
trypsinized and seeded at a density of 500 cells/well in 96‐well 
plates. Ten days later, the cells were stained with 0.5% crystal violet 
(Merck Millipore, USA).

2.13 | Terminal deoxynucleotidyl transferase (TdT)‐
mediated dUTP nick‐end labeling (TUNEL)

TUNEL assay was performed using an Apoptosis Detection Kit 
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s 
instructions. Cell apoptosis was determined by flow cytometry and 
light microscopy. TUNEL‐positive nuclei (with intense brown stain‐
ing) were counted in three randomly selected microscopic fields 
(200×) and were expressed as a percentage of the total number of 
nuclei counted.

2.14 | ROS detection

Cells were treated with MAL‐PDT and then stained in the dark with 
10 μM dihydroethidium (DHE) or DCF‐DA for 20 min at 37°C. The 
level of intracellular ROS was determined by flow cytometry. Mean 
fluorescence intensity was determined using FlowJo software.

2.15 | Statistical analysis

All statistical analyses were done using the JMP 9.0 statistical pack‐
age. Quantitative data were presented as mean ± SD from three in‐
dependent experiments. Differences between experimental groups 
were determined by one‐way analysis of variance (ANOVA) with 
post hoc Tukey’s test for multiple comparisons. p Value less than 
0.05 was regarded to be statistically significant.

3  | RESULTS

3.1 | MAL‐PDT‐induced autophagic cell death of 
DOK cells in vitro

The cytotoxic activity of MAL‐PDT on oral precancerous cells and the 
underlying mechanisms were first addressed in vitro using DOK oral 
precancerous cells. MAL‐PDT, but not MAL or PDT alone, induced 
a significant decrease in the viability of DOK cells, as determined 
by the XTT cell viability assay (Figure 1a). However, the expression 
levels of superoxide indicator dihydroethidium (DHE) (Supporting 
Information Figure S1A), pro‐apoptotic markers (Supporting 

Information Figure S1B), and Annexin V‐positivity (Supporting 
Information Figure S1C) in DOK cells were all unchanged after MAL‐
PDT treatment, suggesting that apoptosis was not involved in MAL‐
PDT‐induced DOK cell death. Under light microscopy, accumulation 
of cytoplasmic vacuoles in DOK cells was observed after MAL‐PDT 
treatment, an observation which raises the possibility of autophagic 
cell death (Figure 1b). Indeed, double‐layered autophagosomes were 
observed in DOK cells following MAL‐PDT treatment under trans‐
mission electron microscopy (TEM) (Figure 1c).

LC3 is a well‐documented marker for autophagosomes (Tanida 
I, 2011; Schaaf, Keulers, Vooijs, & Rouschop, 2016). After the 
GFP‐LC3 expression vector was transfected into DOK cells, LC3 
puncta were counted under fluorescence microscopy. As shown 
in Figure 2a, MAL‐PDT treatment stimulated the formation of 
LC3II puncta. Furthermore, the protein expression levels of p62/
SQSTM1 and LC3II (both are markers for autophagosomes) in 
DOK cells were increased upon MAL‐PDT treatment (Figure 2b). 
Acridine orange (AO) staining was used to identify autophagic cell 
death under fluorescence microscopy (Thome et al., 2016), and we 
observed significantly increased AVO formation after MAL‐PDT 
treatment (Figure 2c,d). We also used Premo™ Autophagy Tandem 
Sensor RFP‐GFP‐LC3B (Invitrogen, Carlsbad, CA, USA), which al‐
lows for enhanced analysis of the maturation of autophagosomes 
to autolysosomes. By combining an acid‐sensitive GFP with an 
acid‐insensitive RFP, the change from autophagosomes (neutral 
pH) to autolysosomes (with an acidic pH) can be visualized by de‐
tecting the specific loss of green fluorescence, leaving only red 
fluorescence. Indeed, we observed an increase in yellowish LC3II 
puncta in the cytosol of DOK cells after treatment with MAL‐PDT 
(Figure 2e,f).

To further confirm the involvement of autophagy in MAL‐PDT‐
induced cell death, DOK cells were co‐treated with 3‐MA (an auto‐
phagy inhibitor) and MAL‐PDT, and cell viability was analyzed. An 
increase in DOK cell viability was observed after co‐treatment of 
cells with 3‐MA and MAL‐PDT, indicating that autophagy was indeed 
involved in MAL‐PDT‐induced cell death in DOK cells (Figure 2g). In 
agreement with this result, the expression level of LC3II was also 
decreased after 3‐MA co‐treatment (Supporting Information Figure 
S2A). Conversely, co‐treatment of cells with rapamycin (an auto‐
phagy activator) and MAL‐PDT led to enhanced cell death in DOK 
cells (Figure 2h). Of note, the LC3II level remained high, though no 
longer upregulated, after rapamycin and MAL‐PDT co‐treatment 
(Supporting Information Figure S2B).

3.2 | MAL‐PDT‐induced apoptotic cell death of 
Ca9‐22 in vitro and in vivo

The autophagic cell death in MAL‐PDT‐treated DOK oral precan‐
cerous cells was further tested in oral cancer cells, Ca9‐22. Under 
light microscopy, we did not observe cytosolic vacuoles in Ca9‐22 
cells upon MAL‐PDT treatment (Figure 3a). However, MAL‐PDT still 
led to decreased cell viability and colony formation in Ca9‐22 cells 
(Figure 3b,c). Further analysis showed that the fluorescence intensity 
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of DHE (Figure 3d), the percentage of apoptotic cells (Figure 3e), the 
expression of pro‐apoptotic proteins (Figure 3f), and the percentage 
of TUNEL+ cells (Figure 3g,h) were all increased in Ca9‐22 cells upon 
MAL‐PDT treatment. In addition, increased TUNEL+ cells were ob‐
served in hamster oral cancer tissues after Metvix®‐PDT treatment 
(Figure 3i).

3.3 | METVIX®‐PDT significantly suppressed tumor 
growth and induced autophagic cell death in DMBA‐
induced oral precancerous lesions

In this study, 7,12‐dimethylbenz[a]anthracene (DMBA) was ap‐
plied on the buccal pouch of hamsters to induce oral precancerous 

lesions (Chen & Lin, 2010; Shklar, Eisenberg, & Flynn, 1979), fol‐
lowed by Metvix®‐PDT treatment with the time scheme illustrated 
in Figure 4a. The control group (Group A, n = 2) consisted of ham‐
sters without any treatment, neither DMBA nor Metvix®‐PDT. For 
the experimental groups (Groups B–D), the left buccal pouch was 
painted 10 times with 0.5% DMBA (in mineral oil) three times per 
week for 8 weeks using the no. 4 sable‐hair brush. Hamsters in 
Group B (n = 5) were treated with DMBA but not Metvix®‐PDT 
and were sacrificed at the 13th week. Hamsters in Group C were 
treated with DMBA but not Metvix®‐PDT and were sacrificed at 
the 11th week. Hamsters in Group D (n = 11) were treated with 
DMBA followed by Metvix®‐PDT treatment. Both the control 
group (Group A) and experimental groups (Groups B and D) were 

F I G U R E  1   Cytotoxic effect of MAL‐PDT on DOK oral precancerous cells. (a) Effect of MAL‐PDT on DOK cell viability. Cell viability was 
assessed at 48 hr after PDT by the XTT colorimetric assay. (b) Microscopic findings in DOK cells after MAL‐PDT treatment (magnification 
×100). DOK cells were divided into 4 groups including cells without any treatment (CTL), cells treated with MAL only (MAL‐CTL), cells 
treated with PDT only (PDT‐CTL), and cells treated with MAL‐PDT (MAL‐PDT). (c) Autophagosome formation in DOK cells as visualized by 
TEM. Autophagosomes are characterized by double‐layered structures containing engulfed mitochondria and cytoplasmic material (arrows) 
(magnification ×15,000). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the indicated group by one‐way ANOVA [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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euthanized at the 13th week. For verification of precancerous le‐
sions, five DMBA‐treated hamsters (Group C) were euthanized at 
the 11th week. The representative photographs for the DMBA‐
untreated group (Group A), DMBA control group (Group B), 
DMBA‐treated hamsters before Metvix®‐PDT treatment (Group 
C), and DMBA‐treated hamsters after Metvix®‐PDT treatment 
(Group D) are shown in Figure 4b. H&E stains for oral mucosa 
tissues from each group are shown in Figure 4c. Compared with 

Group B, the average tumor volume for Group D was significantly 
smaller at 1 and 2 weeks after Metvix ®‐PDT treatment (Figure 4d 
and Supporting Information Table S1). Of note, no difference in 
body weight was observed in DMBA‐treated hamsters with or 
without Metvix®‐PDT treatment (Supporting Information Figure 
S3A). Moreover, PDT alone or Metvix® alone did not cause any 
histological changes in normal oral epithelium or precancerous le‐
sions (Supporting Information Figure S3B,C).

F I G U R E  2   Effects of MAL‐PDT on autophagy in DOK oral precancerous cells. (a) MAL‐PDT‐induced autophagy in DOK cells, as analyzed 
by cytosolic GFP‐LC3 puncta. The autophagosomes were labeled with GFP‐LC3 puncta (green), and the nuclei were labeled with DAPI 
(blue). (b) The expression levels of autophagy proteins, p62/SQSTM1 and LC3II, in oral precancerous cells, as determined by immunoblotting. 
The expression of β‐actin was used as the internal control. The results are representative of three separate experiments. (c) DOK cells 
were treated with MAL‐PDT followed by acridine orange (AO) staining at 48 hr after PDT to identify autophagic cells under fluorescence 
microscopy (magnification ×100). (d) The effect of MAL‐PDT on the accumulation of acidic vesicular organelles (AVOs) in DOK cells was 
determined at 48 hr after PDT by flow cytometry. (e) The effect of MAL‐PDT on the formation of autophagosomes and autolysosomes in 
DOK cells was determined by RFP‐GFP‐LC3B protein localization with fluorescence microscopy and confocal microscopy (magnification 
×1,000). (f) Autophagosomes in MAL‐PDT‐treated DOK cells were detected by the autophagy detection kit. (g) DOK cell viability after 
co‐treatment with MAL‐PDT and 20 µM 3‐MA for 48 hr, as measured by the XTT assay. (h) DOK cell viability after co‐treatment with MAL‐
PDT and 0.5 nM rapamycin for 48 hr, as measured by the XTT assay. ***p < 0.001, compared with the indicated group by one‐way ANOVA 
[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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To address the involvement of autophagy in the suppression of 
precancerous tumor growth following MAL‐PDT treatment in vivo, 
H&E and immunofluorescent staining for GFP‐LC3 puncta formation 
were performed. Decreased tumor mass (Figure 5a) and increased 

LC3 puncta formation (Figure 5b,c) were observed after Metvix®‐
PDT treatment. Furthermore, the accumulation of p62/SQSTM1 in 
the tumor lesions was decreased, while TUNEL staining was not ev‐
ident after Metvix®‐PDT treatment (Figure 5d,e).

F I G U R E  2   Continued
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F I G U R E  3   MAL‐PDT stimulated caspase‐associated cell death in Ca9‐22 oral cancer cells. (a) The morphology of Ca9‐22 cells in culture 
flask (magnification ×100), as visualized by light microscopy before and after MAL‐PDT treatment. CTL, cells without any treatment; MAL‐
CTL, cells treated with MAL only; PDT‐CTL, cells treated with PDT only; MAL‐PDT, cells treated with MAL‐PDT. (b) The effect of MAL‐PDT 
on Ca9‐22 cell viability, as analyzed by the XTT assay. (c) Colonies of Ca9‐22 cells were stained with crystal violet for the determination 
of colony numbers. (d) ROS formation in Ca9‐22 cells was determined by DHE staining followed by flow cytometric analysis. (e) Apoptotic 
cell death in Ca9‐22 cells was determined by Annexin V/PI staining followed by flow cytometric analysis. (f) The expression of caspase‐
associated proteins in Ca9‐22 cells was analyzed by immunoblotting. (g) Apoptotic cell death in Ca9‐22 cells was determined by TUNEL 
staining. Cells were also counterstained with methyl green (magnification: 200×). (h) Apoptotic cell death in oral cancer cells was determined 
by flow cytometry using the TUNEL assay. (i) Oral cancer tissues in buccal pouch of hamsters were stained with H&E and TUNEL. 
Representative photographs are shown with ×400 magnification [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  3   Continued
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F I G U R E  4   Metvix®‐PDT suppressed the growth of oral precancerous lesions induced by DMBA. (a) The flowchart for the experimental design. 
(b) Pictures taken from 4 experimental groups: without DMBA induction or Metvix®‐PDT treatment (Group A, healthy control); with DMBA 
induction (Group B, DMBA control); with DMBA induction but euthanized before Metvix®‐PDT treatment (Group C, before Metvix®‐PDT); with 
DMBA induction followed by Metvix®‐PDT treatment (Group D, after Metvix®‐PDT). (c) H&E stains from the four experimental groups are shown 
with ×40 magnification. (d) Tumor volumes were measured and compared between DMBA control and Metvix®‐PDT treatment groups according 
to the formula width2 × length/2. The data were presented as mean ± SD. **p < 0.01, by t test [Colour figure can be viewed at wileyonlinelibrary.com]
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4  | DISCUSSION

The application of PDT in oral precancerous lesions has been pre‐
viously reported (Figueira & Veltrini, 2017; Saini, Lee, Liu, & Poh, 
2016). However, our study provides the very first report on the ap‐
plication of MAL‐PDT in oral precancerous lesions. Our results dem‐
onstrated that MAL‐PDT decreased viability in oral precancerous 
cells in vitro and inhibited the growth of oral precancerous lesions in 
vivo, through autophagic cell death.

Although the PDT agents, ALA and MAL, depend on a simi‐
lar mechanism to produce photoactive PpIX in precancerous and 
cancer tissues, they may differ in efficacy and tolerance. MAL has 
a high permeability and produces an effective and good cosmetic 
outcome in thicker actinic keratoses (AK) and basal cell carcinomas 
(BCC) (Rhodes et al., 2004; Tarstedt, Rosdahl, Berne, Svanberg, & 
Wennberg, 2005). Moreover, the pain score and discontinuity rate 
is higher in patients treated with ALA compared with MAL for ac‐
tinic keratoses (Kasche, Luderschmidt, Ring, & Hein, 2006; Wiegell, 

Stender, Na, & Wulf, 2003). For three common oral precancerous le‐
sions, topical ALA is more effective for oral erythroleukoplakia (OEL) 
and oral verrucous hyperplasia (OVH) lesions but less effective for 
oral leukoplakia (OL). The different outcomes are due to the thin‐
ner keratin layer in OEL and OVH compared with OL (Chen, Yu, Lin, 
Cheng, & Chiang, 2012; Zhang et al., 2015).

Autophagy and apoptosis are two distinct forms of cell death, 
and only, the later is induced by the accumulation of reactive oxy‐
gen species (Eisenberg‐Lerner, Bialik, Simon, & Kimchi, 2009; Hsieh, 
Athar, & Chaudry, 2009; Schaaf et al., 2016; Zhang et al., 2015). In 
our study, MAL‐PDT only induced ROS production in oral cancer 
cells. In fact, our results showed that significant apoptosis only oc‐
curred in oral cancer cells, but not in oral precancerous cells. It has 
been well documented that PDT induces photodamage via apop‐
totic cell death in cancer cells, while autophagic cell death has only 
recently emerged as an important mechanism in PDT‐induced cell 
death (Garg, Maes, Romano, & Agostinis, 2015; Kessel, 2015). PDT‐
induced autophagy may either protect or kill cancer cells. It protects 

F I G U R E  5   Metvix®‐PDT‐induced 
autophagy in DMBA‐induced oral 
precancerous lesions. (a) Oral 
precancerous lesions were treated 
with Metvix®‐PDT and stained with 
hematoxylin and eosin. Representative 
photographs are shown with ×40 and 
×400 magnification. (b) Representative 
images of LC3 puncta (autophagosomes) 
in oral precancerous lesions after 
Metvix®‐PDT treatment. The 
representative photographs are shown 
with ×100 and ×400 magnification. (c) 
Quantitation of LC3 puncta‐positive 
cells in oral precancerous lesions 
following Metvix®‐PDT treatment. (d) 
The expression of p62/SQSTM1 in oral 
precancerous lesions after Metvix®‐
PDT treatment, as determined by 
immunohistochemistry. (e) Apoptotic 
cells in oral precancerous lesions upon 
Metvix®‐PDT treatment were determined 
by TUNEL assay under light microscopy. 
Representative photographs are shown 
with ×100 and ×400 magnification 
[Colour figure can be viewed at 
wileyonlinelibrary.com]
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the cells if the autophagy process is complete, while it kills the cells if 
the process is unfinished (Garg et al., 2015; Hsieh, Pai, Hsueh, Yuan, 
& Hsieh, 2011; Kessel, 2015; Tanida, 2011). When absorbed into 
cells, photosensitizers could accumulate in many organelles such 
as the mitochondria, lysosomes, endoplasmic reticulum, and Golgi 
apparatus and may result in different outcomes (Mroz, Yaroslavsky, 
Kharkwal, & Hamblin, 2011). While our results showed that MAL‐
PDT induced autophagy in oral precancerous lesions while it induced 
apoptosis in oral cancer, we did not address the detailed molecular 
mechanisms and signaling pathways that underlie the two distinct 
responses, which are worthy of further studies.

While the expression of autophagy marker p62/SQSTM1 was in‐
creased in DOK cells at 4 hr after MAL‐PDT treatment, it was decreased 
in the precancerous lesions of hamster buccal pouch at 2 weeks after 
MAL‐PDT treatment, suggesting a time‐dependent change in the ex‐
pression of autophagy markers after MAL‐PDT treatment.

With regard to signaling pathways underlying the autophagic cell 
death caused by MAL‐PDT, we observed that the level of pERK1/2 
in DOK cells was increased upon MAL‐PDT treatment (Supporting 
Information Figure S4A). Co‐treatment with the ERK activator U46619 
reversed the cell death induced by MAL‐PDT (Supporting Information 
Figure S4B). In contrast, co‐treatment with the ERK inhibitor U0126 

augmented MAL‐PDT‐induced cell death (Supporting Information 
Figure S4C). We further confirmed that the expression of pERK was 
significantly increased in the buccal pouch tumors after Metvix®‐PDT 
treatment (Supporting Information Figure S4D). The involvement of 
ERK in MAL‐PDT‐induced autophagic cell death in DOK precancerous 
cells is a bit puzzling. While increased phosphorylation and activation 
of ERK were observed in DOK cells after MAL‐PDT treatment, inhibi‐
tion of ERK further increased the autophagic cell death upon MAL‐PDT 
treatment, suggesting that ERK signaling may play a protective role 
against MAL‐PDT‐induced autophagic cell death.

In summary, our study demonstrates the inhibitory effect of 
MAL‐PDT against oral precancerous cells and lesions, and indicates 
that MAL‐PDT may be a potential non‐invasive, well‐tolerated, and 
convenient treatment approach for patients with oral precancerous 
lesions. Further mechanistic, pharmacokinetic and clinical studies 
are required to validate the clinical efficacy of Metvix®‐PDT in oral 
precancerous lesions.
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