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Abstract
Prostate cancer is the most common cancer in American men, aside from skin cancer. As an alternative cancer treatment, 
photodynamic laser therapy (PDT) can be used to induce cell death. We evaluated the PDT effect, using methylene blue as 
a photosensitizer, in human prostate tumor cells (PC3). PC3 were subjected to four different conditions: DMEM (control); 
laser treatment (L—660 nm, 100 mW, 100 J.cm−2); methylene blue treatment (MB—25 μM, 30 min), and MB treatment 
followed by low-level red laser irradiation (MB-PDT). Groups were evaluated after 24 h. MB-PDT treatment reduced cell 
viability and migration. However, because MB-PDT did not significantly increase the levels of active caspase-3 and BCL-2, 
apoptosis was not the primary mode of cell death. MB-PDT, on the other hand, increased the acid compartment by 100% 
and the LC3 immunofluorescence (an autophagy marker) by 254%. Active MLKL level, a necroptosis marker, was higher 
in PC3 cells after MB-PDT treatment. Furthermore, MB-PDT resulted in oxidative stress due to a decrease in total antioxi-
dant potential, catalase levels, and increased lipid peroxidation. According to these findings, MB-PDT therapy is effective 
at inducing oxidative stress and reducing PC3 cell viability. In such therapy, necroptosis is also an important mechanism 
of cell death triggered by autophagy.

Graphical Abstract

Keywords Prostate cancer · Photodynamic therapy · Methylene blue · Cell death
Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-023-00382-9&domain=pdf
http://orcid.org/0000-0002-2800-4084


1342 Photochemical & Photobiological Sciences (2023) 22:1341–1356

1 3

1 Introduction

According to the World Health Organization, in 2019, the 
life expectancy of the global population is 73.4 years on 
average [1]. It is evident that the trend of life expectancy 
is increasing; however, it has, as a direct consequence, 
a more significant occurrence of age-related diseases. 
Focusing on the male population, prostate pathologies are 
frequent during human aging. Given this, morphological 
and hormonal changes and prostate growth have been stud-
ied to understand the mechanisms behind prostate cancer, 
and are important to propose alternative solutions to pre-
vent its incidence or efficient therapies. In addition, the 
International Agency for Research on Cancer [3] estimates 
that prostate cancer incidence will increase from 1,276,106 
(2018) to 2,292,818 (2040) in the future. Prostate cancer 
and prostatic hyperplasia are the main disorders found in 
men above 50 years old and some factors may influence 
the progress of prostate carcinogeneses, such as chronic 
inflammation, metabolic syndromes, the individual's 
family history, and obesity. Additionally, dependence on 
androgen hormones and specific hormonal scenarios can 
initially favor this type of cancer and difficult the efficiency 
of treatments [3–5]. It is undeniable the last 50 years there 
were great advances in cancer therapies, mainly systemic 
therapies such as chemotherapy and immunotherapy. How-
ever, due to proliferation and plasticity abilities, tumor 
cells considered stemness gradually become resistant to 
treatments using different cellular mechanisms [6]. In this 
way, it is necessary to develop a continuum of new cancer-
fighting therapies.

Photodynamic Therapy (PDT) has merged as a treat-
ment to cause cell death only a century ago [7]. PDT 
is based on two non-toxic components that, when com-
bined, produce cellular and tissue effects by a process that 
depends on oxygen. The first component is a non-toxic 
and light-sensitive dye called photosensitizer (PS) which 
consists of a molecule capable of transferring energy from 
light (photon) to molecular oxygen. The second compo-
nent is the light at a specific wavelength to activate the PS. 
When PS is activated by light, an excited PS transfers its 
energy and it can induce superoxide anion  (O•−

2), hydroxyl 
radical (•OH), and hydrogen peroxide  (H2O2) production, 
in a reaction denominated type I. Reaction type II occurs 
when an excited PS transfer its energy inducing singlet 
oxygen (1O2) production [8]. Both reactions occur simul-
taneously and depend on the type and concentration of 
PS, and oxygen availability. Then, reactive oxygen spe-
cies (ROS) and the highly reactive radicals formed can 
react with cellular molecules such as endoplasmic reticu-
lum, mitochondria, lysosome, and DNA, allowing a mul-
timodal cell death [9]. Scientific research has focused on 

PDT applicability in tumor cells since advantages were 
observed when compared with conventional cancer treat-
ments, including high selectivity, low toxicity, no drug 
resistance, tumor ablation, selective cancer destruction, 
and use with other therapies [10].

Methylene blue (MB) is a thiazine dye that presents 
excellent photochemical properties, being a potent photo-
sensitizer for PDT. Once activated, MB generates high con-
centrations of singlet oxygen and ROS, causing oxidation 
of biomolecules and severe cellular cytotoxicity [11, 12]. 
Due to low-cost and commercial availability, MB has been 
used safely in different clinical practices for decades being 
an important dye, widely used in different fields of medicine 
[8]. In this context, a recent study reported that MB may 
be an inhibitor between SARS-CoV-2 spike protein and its 
cognate receptor ACE2 [13].

Regarding prostate cancer, there are few studies in the 
literature evaluating the use of PDT in cells in vitro and 
even fewer studies in vivo. Positive results of PDT-triggering 
cell death have been described in tumor cells, specifically in 
PC3 and LNCaP cells [14–16]. Concerning clinical applica-
tion, vascular PDT (VTP) has gained prominence, which is 
a modality of therapy specialized in targeting blood vessels 
more than the tumor parenchyma. In this sense, molecules 
such as Palladium-bacteriopheophorbide, WST-09 and its 
water-soluble derivative WST-11 are currently the most 
widely studied agents used in localized prostate cancer VTP 
and have shown efficiency and promising results [17].

Although studies reveal the effectiveness of PDT in pros-
tate cancer, different photosensitizers were used together 
with other chemical or thermal substances which conse-
quently increases the cost of treatment. In this way, the pre-
sent investigation explored cell death mechanisms of PDT 
methylene blue-based as an alternative cancer treatment to 
human prostate tumor cell (PC3), an aggressive and castra-
tion-resistant cell line.

2  Material and methods

2.1  Cell culture and treatments

Human prostate tumor epithelial cell line-PC3 was used in 
this investigation and maintained in DMEM medium sup-
plemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin and kept in an incubator at 37 ºC and 
5%  CO2.

Methylene blue (MB) as a photosensitizer. To estab-
lish optimal concentration and non-toxicity effects for MB 
(Sigma Aldrich, USA), PC3 line cells were previously 
treated with different MB concentrations diluted in DMEM 
(from 0 to 50 µM), and the dose–response curve was evalu-
ated. PC3 cells were incubated for 30 min at 37 °C and, and 



1343Photochemical & Photobiological Sciences (2023) 22:1341–1356 

1 3

afterward, they were washed with PBS and supplemented 
with DMEM medium prior to low-level laser irradiation. 
Thereby, an MB concentration of 25 µm (MB group) was 
used for all experiments.

Low-level laser. A therapeutic low-power red laser (Pho-
ton Lase III, AsGaAl—D.M.C. Equipamentos Ltda, São 
Paulo, Brazil) was used for experimental procedures. Laser 
physical parameters are described in Table 1. PC3 cells were 
grown in 96-well, 6-well plates or flasks and received laser 
irradiation. Space among wells was maintained to avoid 
overlapping irradiations. Red laser irradiation was applied at 
one point perpendicularly above the culture plates (LASER 
group). Immediately after MB incubation, DMEM was 
replaced, and PC3 cells were irradiated as described above 
(MB-PDT group). Finally, the control group received only 
DMEM medium supplemented for the same experimental 
period. Cells were evaluated 24 h after treatments.

2.2  Cell proliferation assay by MTT

PC3 cell viability was evaluated after treatments using an 
MTT-based cell titer 96 Aqueous Non-Radioactive Cell 
Proliferation Assay kit (MTT G4000, Promega, Madison, 
WI), which contains the compound [3-(4,5- dimethylthiazol-
2yl)-2,5-diphenyltetrazolium bromide]-MTT. Briefly, cells 
were grown in flat-bottomed 96-well plates at a 15 ×  103/per 
well concentration. After the experimental period, cells were 
treated with MTT according to the manufacturer’s instruc-
tions. Formazan compound intensity, a product resulting 
from MTT reduction after its reaction with active mitochon-
dria of living cells, was quantified by the absorbance at a 
wavelength of 570 nm. The absorbance is directly propor-
tional to the number of live cells present in the culture. Three 
repetitions of the experiment were performed, containing 
samples in triplicate. To confirm autophagy cell death, pro-
liferation was also evaluated by MTT in cells treated with 
autophagy inhibitor (chloroquine—5 μM diluted in DMEM) 
before and after MB-PDT.

2.3  Cell migration/cell scratch assay

PC3 cell ability to migrate under the appropriate treatments 
was evaluated using a cell scratch/wound healing assay. 
Therefore, the cells were grown in 12-well plates (4 wells 
per group) and kept in an incubator until they reached close 
to complete confluence. With a 100 μL tip, a scratch was per-
formed at the bottom of wells in a cross-section to remove 
cells. Then, cells were treated and photographed immedi-
ately (0 h), 24 h, and 48 h after treatments. Five regions of 
the same well were documented using a 10 × microscope 
objective for each exposure time. Subsequently, images were 
analyzed by TScratch software [18] which measures the dis-
tance of the scratched area over time. The closure of the 
scratched area represents migratory cells movement from 
the border to the center of the scratch.

2.4  Immunofluorescence assay for Bcl‑2 and LC3

The immunocytochemistry assay evaluated the Bcl-2 expres-
sion (apoptosis resistance-related) and LC3 (autophagy 
marker). Thus, PC3 cells were treated in 6-well plates con-
taining a coverslip at the bottom for cell adhesion. Cells were 
fixed in 4% methanol for 20 min, washed in TBS-T buffer, 
and blocked for nonspecific interactions with 3% albumin 
for 1 h. Then, primary antibodies Rabbit anti-Bcl-2 (Cell 
Signaling #3498, Massachusetts, USA) and Mouse Anti-
LC3 B (Cell Signaling #43,566, LC3 type I and II) (1:500 
in 3% albumin) were incubated at 4 °C overnight. After 
washes, cells were incubated in Texas Red conjugated sec-
ondary antibody (Jackson Laboratory, Maine USA) (1:1000 
in 3% albumin) for 1 h at room temperature. Then, cells 
were washed and treated with YO-PRO-1 (for BCL-2 reac-
tion, #Y3603) and TO-PRO-3 (for LC3 reaction, #T3605) 
(Thermo Scientific, Massachusetts, USA) for nuclei counter-
staining and mounted on slides using glycerol. Immunoreac-
tion was analyzed using a confocal microscope (LSM 510 
Meta; ZEISS, Oberkocher, Germany), 10 different micro-
scopic fields/slides; 3 slides per group, totaling 30 analyzed 
areas/group. Positive cells were quantified by fluorescence 
intensity analysis (normalized by the cell number in each 
image) using the ImageJ program [19].

2.5  Evaluation of active caspase‑3

Active caspase-3 quantification was performed in PC3 cells 
using EnzChek® Caspase-3 Assay Kit #1 *Z-DEVD–AMC 
Substrate (#E13183, Thermo Scientific Massachusetts, 
USA) following the manufacturer’s instructions. Briefly, 
PC3 cells were grown in 12-well plates at 1 ×  106 /well den-
sity, and they were trypsinized after 24 h of treatment. Cell 
pellet obtained from each sample was resuspended in 50 μL 
of cell lysis buffer and incubated for 30 min at 4 °C. Then, 

Table 1  Laser physical parameters

Wavelength (nm) 660
Diode laser AsGaAl
Power (mW) 100
Light emission mode Continuous
Spot area  (cm2) 0.028
Energy per point (mJ) 2.8
Energy density (J.cm−2) 100
Time per point (s) 28
Number of points 1
Application technique Punctual
Number of treatment sessions One
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the buffer-diluted Z-DEVD-AMC substrate was added to 
each sample in a dark 96-well plate and incubated for 30 min 
at room temperature. At the end of the reaction, active cas-
pase-3 levels were measured by microplate fluorimeter 
(excitation/emission ~ 342/441 nm). The fluorescence is a 
direct measurement of the active caspase-3 amount on AMC 
standard curve. The fluorescence value for each sample was 
normalized by the protein concentration of the respective 
sample. Two repetitions of the assay were performed, with 
readings in triplicate for each group.

2.6  Flow cytometry

PE Annexin-V Apoptosis Detection kit (#559,763, BD Bio-
sciences, New Jersey, USA) was used to determine apop-
tosis/necrosis, according to the manufacturer’s instruc-
tions. 1 ×  106 cells were used for flow cytometry, and after 
24 h of treatments, PC3 cells were collected, transferred 
to microtubes, and centrifuged (1500 rpm for 5 min). The 
cell pellet was washed in PBS and resuspended in 100 µl of 
1 × Annexin binding buffer. Then, 5 μL of Annexin V and 
7-AAD were added to all samples. After 15 min of incuba-
tion, 400 μL of binding buffer was added to all samples, and 
the reaction was analyzed by flow cytometry in appropri-
ate fluorescence channels (Annexin PE ~ 575 nm—orange; 
7 -AAD ~ 650 nm- red). Cytometry controls: cells labeled 
only with Annexin; cells labeled only with 7-AAD, and cells 
without labeling. Sample cells labeled only with 7-AAD 
were previously permeabilized with 3% formalin for 30 min. 
The experiment was carried out in triplicate for each group.

2.7  Quantification of acid vesicles by acridine 
orange staining

Acridine orange (AO) is a dye with cationic properties, and 
it can be accumulated in acidic cell compartments, emitting 
bright red fluorescence (640 nm) [20]. Thus, acid vesicle 
quantification can provide data about autophagy. To quantify 
cytoplasmic acid vesicles, PC3 cells were grown in 6-well 
plates containing a coverslip for cell adhesion at the bottom. 
Then, 24 h after treatments, cells were washed with PBS and 
stained with AO (5 μg/mL, Sigma Aldrich, USA) for 10 min 
in the dark. After the washing step, live cells were visual-
ized using an inverted confocal microscope (LSM 510 Meta; 
Zeiss, Oberkocher, Germany). AO-stained vesicle fluores-
cence was detected using a filter that provides an excitation 
band pass (BP) of 450–490 nm with an emission long pass 
(LP) of 515 nm. Red label quantification was performed by 
ImageJ software [15], using 10 different images/slides; 3 
slides/group captured in 40 × objective. Red fluorescence 
intensity was normalized by the number of cells in each 
image.

2.8  Oxidative stress evaluation

After different treatments of PC3 cells, they were treated 
with RIPA- radio-immunoprecipitation assay buffer for 
30 min for protein extraction, followed by centrifugation 
at 14,000 rpm for 20 min at 4 °C. The supernatant was col-
lected and the total protein content in samples was deter-
mined by the Bradford method [21].

– Catalase activity was quantified at 240 nm by the decom-
position of 1 µM of  H2O2 per minute, according to the 
method of Aebi [22].

– Total antioxidant activity was evaluated by ferric reduc-
tion  (Fe3+/Fe2+) at low pH, forming the ferric-tripyridyl-
triazine complex (TPZP) which has an intense blue color 
and can be monitored at 593 nm [23]. The reagents used 
include: acetate buffer (300 mM/L−1, pH 3.6); 10 mM/
L−1 TPTZ in 40 mM/L−1 HCl; 20 mM  FeCl3.6H2O in 
distilled water. FRAP working solution: 25 mL acetate 
buffer, 2.5 mL TPTZ solution, and 2.5 mL  FeCl3 solu-
tion. Ten microliters of the sample, 25 µL of water, and 
25 µL of working solution were added to a microplate 
and incubated for 6 min at 37 °C. The absorbance was 
measured in a spectrophotometer at 593 nm (Molecular 
Devices, Menlo Park, CA, USA). The total antioxidant 
activity was measured based on a calibration curve of 
1000, 800, 400, 200, 100, and 50 µM Trolox. All solu-
tions used were freshly made.

– The malondialdehyde (MDA) level, an indicator of free 
radicals generated by lipid peroxidation, was estimated 
using the double heating method of Draper and Hadley 
[24]. A 100 µL aliquot of the cell medium was used as a 
sample. Then, 300 µL of 0.4% thiobarbituric acid solu-
tion diluted in 0.2 M HCl was added to the samples and 
incubated for 60 min at 90 °C. Subsequently, the colored 
derivative of the MDA–TBA complex (TBARs) was 
extracted with n-butanol followed by centrifugation and 
quantification at 532 nm. The data were expressed as 
nmol/µL TBARs.

– Quantification of reduced glutathione: Protein content 
of the samples was precipitated with 20% trichloro-
acetic acid (TCA), centrifuged for 6 min, 10,000 g at 
4 °C, and the supernatants were used to measure reduced 
glutathione (GSH). To determine the GSH concentra-
tion, 100 µL of samples were mixed with 120 µL, 0.5 M 
phosphate buffer (pH 7.4 with 5 mM EDTA), 350 µL 
of distilled water, and 30 µL of 2 mM 5.5'-dithiobis-
2-nitrobenzoic acid (DTNB). The GSH of samples 
reacts with DNTB, producing 5-to-2-nitrobenzoic acid 
(TNB), which can be read at 412 nm in the spectropho-
tometer. For the calculations, it was subtracted the blank 
from the absorbance of the samples and used the molar 
absorptivity coefficient (TNB) of 13.6 mM-1 cm-1(412 
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TNB = 13.6) to determine the concentration of reduced 
glutathione, according to Akerboom and Sies., 1981 [25].

2.9  Western blotting

PC3 cells were seeded in 6-well plates and treated as 
described above. Each treatment was performed in three rep-
etitions. After treatment, protein content was extracted with 
RIPA buffer (R0278, Sigma Aldrich) containing protease 
inhibitors (Protease Inhibitor Cocktail—Sigma Aldrich) 
0.1 mM sodium orthovanadate, 100 mM PSMF; cells were 
scraped and then harvested. After 10 min of shaking at 4 °C, 
samples were centrifuged (14,000 rpm, 15 min, 4 °C), and 
protein content was quantified by the Bradford method [21]. 
Subsequently, aliquots containing 10 μg of protein were sep-
arated by SDS-PAGE on 10% polyacrylamide TRIS–glycine 
gel and after electrophoresis, electroblotted upon nitrocel-
lulose membranes. Nonspecific protein-binding sites were 
blocked with 5% albumin diluted in 0.2% TBST for 60 min 
at room temperature. Membranes were subsequently incu-
bated overnight at 4 °C with rabbit anti-phospho-MLKL 
(#37,333, Cell Signaling Technology) and rabbit anti-β-
actin (sc-130656, 1:1000) diluted 1:800 and 1:500 in 3% 
albumin in TBST, respectively. Subsequently, membranes 
were incubated with anti-rabbit HRP-conjugated IgG diluted 
1:5000 in TBST (3% albumin) for 1 h. The immunoreactive 
components were detected by the ECL detection kit (GE 
Healthcare) and the chemiluminescence was analyzed using 
Amersham Imager 600 (GE Healthcare Life Sciences). Pro-
tein band densitometry was performed by Image J software 
[19], and densitometric values of p-MLKL were normalized 
with β-actin.

2.9.1  Statistical analysis

All data were first checked with the Kolmogorov–Smirnov 
test. Then, normal distribution data were analyzed by 
ANOVA followed by Tukey’s test (parametric test) for mul-
tiple comparisons. At the same time, non-normal distribu-
tion data were analyzed by a non-parametric test, ANOVA 
followed by Kruskal–Wallis test. All statistical evaluations 
were performed using the Instant GraphPad software.

3  Results

3.1  PDT can reduce cell migration and viability

PC3 cell viability was assessed by MTT assay (Fig. 1). A 
dose–response experiment was performed preliminarily 
to choose MB dosage to be used in this investigation. The 
dose–response curve showed that MB has a dark cytotoxic 

effect at doses higher than 30 μM (Fig. 1a). Regarding PDT, 
there was a significant reduction in cell viability at all MB 
dosages. However, the most notable cytotoxicity effect of 
PDT could be noted at doses of 30, 40, and 50 μM MB 
(Fig. 1a). Thus, 25 μM MB dosage was chosen for the treat-
ments performed in this study.

MTT in Fig. 1b demonstrated that 25 μM MB was able 
to reduce cells in MB-PDT and MB groups compared with 
the control (p < 0.05) while the laser group did not show 
significant changes. In addition, when autophagy is inhib-
ited by chloroquine, PC3 cell viability unexpectedly is not 
restored in MB-PDT.

PC3 cells migratory activity was decreased after 24 and 
48 h for both treatments (MB and MB-PDT) compared 
with the control group. However, cell migration was further 
reduced in the MB-PDT group, which still maintained about 
5% of the scratch area compared to the other groups that 
practically closed the scratch area after 48 h (Figs. 2a and 
b), especially the laser group.

3.2  Cell viability decreased by MB‑PDT is not mainly 
triggered by apoptosis

Apoptosis was evaluated by active caspase-3 levels quan-
tification in samples after treatments. Although it was 
observed a trend in caspase-3 activation by MB-PDT, there 
was no statistical difference compared with the control group 
(Fig. 3a). Apoptotic and necrotic cell populations were fur-
ther studied by flow cytometry. Although the statistical dif-
ference was not found, a higher number of apoptotic cells 
in MB and MB-PDT groups was observed when compared 
with the control (Figs. 3b and c). Regarding necrosis, this 
kind of cell death represented less than 1% in all groups 
(Figs. 3b and c). Additionally, Bcl-2 immunofluorescence 
results showed that all treatments did not change Bcl-2 lev-
els, which is a protein directly associated with apoptosis 
resistance (Fig. 4).

3.3  MB‑PDT increases acidic compartments and LC3 
may lead to autophagy

Considering that MB-PDT did not alter PC3 cells apop-
totic activity, autophagy was investigated as a possible cell 
death mechanism to explain cell viability reduction caused 
by such treatment. According to AO quantification, there 
was a significant increase in the acidic compartment (which 
mainly represents autophagic vacuoles and lysosomes) 
only in cells treated with MB-PDT when compared with 
the control group (Figs. 5a and b). Furthermore, LC3 puncta 
immunofluorescence, an important monitor of autophagic 
activity, was also evaluated. MB-PDT group also presented 
a significant increase in LC3 content compared with the 
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control (Figs. 6a and b). When chloroquine, an inhibitor of 
autophagy was used before and after MB-PDT, the levels of 
acid compartments and LC3 were restored. Such findings 
suggested that autophagy could be triggered by MB-PDT in 
these cancer cells (Figs. 5 and 6).

3.4  Necroptosis is also involved in MB‑PDT‑induced 
cell death

Another cell death mechanism, necroptosis, was analyzed 
by quantifying MLKL protein content in PC3 after MB-
PDT treatments. Western blotting analysis showed that 
MB-PDT therapy increased the levels of phospho-MLKL 
in PC3 cells in comparison to the control group. (Figs. 7a 
and b). Although the laser group has also presented ele-
vated activation of MLKL, such a cell death mechanism was 

potentiated by photosensitizer association once it was higher 
in MB-PDT.

3.5  MB‑PDT reduces antioxidant activity and leads 
to higher lipidic peroxidation

Adaptive response to oxidative stress was analyzed by intracel-
lular levels of antioxidant enzymes, total antioxidant activity, 
and products generated by oxidative stress (Fig. 8). MB-PDT 
led to a 75% decrease in catalase levels and a considerable 
reduction in total antioxidant activity in PC3 cells (Figs. 8a 
and b). GSH levels did not reach statistical significance in any 
treated group (Fig. 8c). This lower antioxidant potential caused 
by MB-PDT was associated with higher production of MDA in 
PC3 cells, as it can be seen as a tenfold increase in TBARS test 
(Fig. 8d). MDA production directly indicates lipid peroxidation 

Fig. 1  Phototoxic effect of 
MB-PDT in PC3 cells. a- 
Dose–response curve of PC3 
cells 24 h after treatment with 
different MB concentrations 
and/or PDT irradiation. Dark 
cytotoxicity was found at MB 
concentrations greater than 
30 μM. The cytotoxic effect of 
MB was potentiated by PDT. 
b-MTT performed with a dose 
of 25 μM MB shows a signifi-
cant reduction in cell viability 
after MB-PDT treatment. Cells 
were treated with MB and 
maintained in the dark (MB) 
or exposed to a low-level laser 
at 100 J.cm−2 energy density 
(MB-PDT) for 24 h. L group 
was only irradiated by low-level 
laser, and the control group 
was maintained without treat-
ment. MTT was also performed 
in a cell group treated with 
chloroquine before MB-PDT 
treatment (MB-PDT + CLQ). 
There was no restoration of cell 
viability with autophagy inhibi-
tion. Results are expressed as 
fold change relative to control 
and represent the mean ± SD of 
three different experiments. *p 
< 0.05 Statistical difference in 
comparison to control
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and cellular damage caused by oxidative stress. Interestingly, 
laser and MB treatments alone also affected enzyme levels and 
antioxidant activity in PC3 cells significantly, indicating that 

such effects observed for MB-PDT group are not exclusive to 
the combined treatment but may potentiate oxidative damage.

Fig. 2  MB-PDT reduced Cell 
Migration in PC3 cells. a 
Wound healing/Cell Scratch 
Assay shows reduced migration 
activity in PC3 cells treated 
with MB-PDT. Cells were 
submitted to this assay after 
incubation with 25 μM MB and 
maintained in the dark (MB) or 
exposed to a low-level laser at 
100 J.cm−2 energy density (MB-
PDT). L group was only irradi-
ated by low-level laser, and the 
control group was maintained 
without treatment. Microscopic 
images were captured at times 
0, 24, and 48 h after treat-
ments. b Graphical representa-
tion shows the absolute area 
of scratch, and the difference 
between time 48 h (black bars) 
and 0 (gray bars) represents the 
migration area. Results repre-
sent the mean ± SEM of three 
different experiments. *Statisti-
cal difference in comparison 
to control; a b, c comparison 
between different exposure 
times of the same group. Scale 
Bar: 1000 μm
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4  Discussion

PDT knowledge goes back to the beginning of the twentieth 
century when it was demonstrated the use of PDT in cancer 
treatment using experimental animal models, and later on, 
the effectiveness of PDT for human cancer was confirmed, 
and different photosensitizers have been then proposed [26]. 
MB is a cheap and common dye used in medical and den-
tistry applications, presenting phototoxic properties and 
being a potential photosensitizer for PDT. Since MB has 
already been approved in humans for different treatments, 
such as malaria, and it presents photosensitizing potential, it 
is surprising it has not been investigated as a front-line agent 
in prostate cancer PDT yet [8, 12, 27]. In this work, it was 
evaluated the cytotoxic effect of MB-PDT in a very aggres-
sive prostate cancer cell line (PC3) as well as the mechanism 
of cell death related to such therapy.

Some researchers in different tumor cells have already 
described the cytotoxic potential of PDT associated with 

methylene blue. Bellin and other authors [28] observed 
decreased viability of 6C3HED cells. Moreover, the cyto-
toxicity of MB-PDT therapy has also been demonstrated 
in other cell lines, including breast cancer cells [29, 30], 
lung [31], and HeLa cells [32], among others. However, this 
is the first study involving such photosensitizer in prostate 
tumor cells and it can confirm MB capacity of decreasing 
the viability of PC3, bringing new perspectives to prostate 
cancer treatment.

The photosensitizer dose should be as low as possible to 
not cause dark cytotoxicity but high enough to cause PDT 
phototoxicity. Our previous studies (data not presented) 
showed that MB could not reduce the viability of the PC3 
cells at doses below 25 μM, and therefore, this concentra-
tion was chosen. Several studies involving MB as a photo-
sensitizer do not show dark cytotoxic effects, but most used 
lower concentrations than ours. Thus, considering the dark 
cytotoxicity found in our investigation, we believe that an 
adjustment in the MB treatment may improve the outcome 

Fig. 3  Photoxicity of MB-PDT 
is not related only to Apopto-
sis. a Active caspase-3 levels 
quantification in PC3 cells after 
incubation with 25 μM MB and 
maintained in the dark (MB) 
or exposed to low-level laser at 
100 J.cm−2 energy density (MB-
PDT). L group was only irradi-
ated by low-level laser, and the 
control group was maintained 
without treatment. The results 
are expressed as fluorescence 
relative to protein concentra-
tion (mean ± SD, n = 3). b and 
c Annexin V/ 7AA binding and 
measured by flow cytometry to 
detect apoptosis/necrosis cell 
death.  *p < 0.05 in comparison 
to the control
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of this PDT protocol, including incubation time. Although 
some investigations pointed to therapy efficiency, they also 
show reduced cell viability after MB treatment without 
association with laser irradiation. A reduction of about 60% 
(THP1 macrophages) and 78% (MCF-7 cells) in cell viabil-
ity using MB treatment at 20 and 25 μM, respectively, was 

already reported [33, 34]. In addition, Ma and other authors 
[35], 2020 also demonstrated the dark cytotoxic effect of 
MB in concentrations above 10 μg.ml−1 in SiHa cells, a dose 
similar to ours.

This investigation showed that MB-PDT decreased 
the PC3 cells migratory capacity. PC3 cells originated 

Fig. 4  Immunofluorescence 
for Bcl-2 (a) and quantifica-
tion (b) in prostate epithelial 
tumor cells-PC3 after incu-
bation with 25 μM MB and 
maintained in the dark (MB) 
or exposed to low-level laser at 
100 J.cm−2 energy density (MB-
PDT). L group was only irradi-
ated by low-level laser, and the 
control group was maintained 
without treatment. *p < 0.05 
Statistical difference between 
treated groups and control. All 
values are represented as the 
means ± SD of three experi-
ments
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from metastatic tumors are resistant to androgen ablation 
and have highly aggressive phenotypes, challenging to 
treat. The potential of tumor cells to generate metasta-
ses is closely related to the cells acquiring phenotypes 
that give them migratory properties, and it is one of the 
great challenges for cancer therapies [36]. The reduction 
in migratory capacity caused by MB-PDT may be seen as 

an important result in association with cytotoxicity and 
can be allied to other traditional therapy.

In general, cell death mechanisms described in PDT are 
apoptosis, necrosis, and autophagy, being the same photo-
sensitizer able to trigger the three cell death mechanisms, 
according to the protocol and cell line [37]. Although not 
statistically significant, the number of cells undergoing 

Fig. 5  Representative images 
of acidic compartments by 
acridine orange fluorescence a 
in prostate epithelial tumor cells 
-PC3 after incubation with 
25 μM MB and maintained in 
the dark (MB) or exposed to 
low-level laser at 100 J.cm−2 
energy density (MB-PDT). L 
group was only irradiated by 
low-level laser, and the control 
group was maintained without 
treatment. b The quantification 
of acridine orange fluorescence 
shows increased levels of 
acidic compartments in MB-
PDT levels and its reduction 
after autophagy inhibition by 
chloroquine (CLQ+ MB-PDT). 
All values are represented as the 
means ± SD of three experi-
ments. *p < 0.05 compared to 
control; a = p < 0.05 compared 
to MB-PDT
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apoptosis was higher in the MB-PDT group than in the 
control (24 and 15%, respectively). Several studies describe 
apoptosis as the main type of cell death triggered by PDT. 
Campos and other authors [38] observed an increase in 
cytochrome C expression, Fas-L, and BAX/BCL-2 ratio in 
NIH/3T3 cells submitted to MB-PDT, suggesting an increase 
in apoptosis. However, Dos Santos and others [29] described 
the opposite, reporting that caspase inhibition in MCF-7 and 
MDA-MB-231 cells could not reduce cell death caused by 

MB-PDT. Our results corroborate with Dos Santos and oth-
ers [29], showing that caspase-3 activation and apoptosis 
were not high enough to explain cell viability reduction 
after MB-PDT. Additionally, such results suggest that, in 
the short-term MB-PDT, other non-classical pathways of 
cell death besides apoptosis are likely to be responsible for 
reduced PC3 cell viability.

Due to this fact, we decided to investigate autophagy, 
a process that represents a catabolic phenomenon in all 

Fig. 6  MB-PDT phototoxicity 
could be related to autophagy. a 
Representative images of LC3-
puncta immunofluorescence 
in prostate epithelial tumor 
cells-PC3 after incubation with 
25 μM MB and maintained in 
the dark (MB) or exposed to 
low-level laser at 100 J.cm−2 
energy density (MB-PDT). 
L group was only irradiated 
by low-level laser, and the 
control group was maintained 
without treatment. b Graphi-
cal representation of immu-
nofluorescence quantification 
shows levels of LC3-puncta 
increased in the MB-PDT 
group and its reduction after 
autophagy inhibition by chlo-
roquine (CLQ+ MB-PDT). All 
values are represented as the 
means ± SD of three experi-
ments. *p < 0.05 compared to 
control; a = p < 0.05 compared 
to MB-PDT
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eukaryotic cells, important to energy production and cellu-
lar homeostasis. Autophagy can have two roles: cell survival 
or death, depending on cell damage or stress [39, 40]. After 
autophagy signaling, autophagic vacuole biogenesis begins 
through the action of the LC3 protein [41]. LC3-I is a protein 
of diffuse cytoplasmic distribution that, after signaling for 
autophagy, converts to LC3-II associated with the membrane 
of the autophagosome [41–43]. This location on autophago-
some membranes is known as the “LC3 puncta” pattern, 
and its quantification, as well as the LC3II/LC3-I ratio, are 
the most common markers for the study of autophagy [37].

Literature has demonstrated autophagy induction after 
PDT. Reiners and co-workers [44] observed increased 
conversion of LC3-I/LC3-II and autophagosomes after 
mTHPC-PDT in 1c1c7 hepatocytes. Autophagy has also 
been described in breast tumor cells treated with MB-PDT 
[29]. LC3-puncta and acridine orange results strongly sug-
gested an increase in autophagy triggered by MB-PDT in 
PC3 cells. However, interestingly, when the autophagy was 
blocked with chloroquine, PC3 cell viability was not totally 
restored. Corroborating with our results, Valli and co-work-
ers [45] also observed such behavior using Pc13-PDT in 
A375 melanoma cells, describing cell death increase after 
chloroquine treatment. These authors also showed autophagy 

as a mechanism of resistance to PDT and proposed its block-
ade to increase phototoxicity and potentiate PDT use in anti-
cancer therapy. According to Donohoe et al. [37], the pres-
ence of autophagosomes is not a definitive indicator that 
autophagy leads to cell death but a reflex of cell effort to 
rescue homeostasis and survive in the face of stress. Thus, 
our data indicate that autophagy may occur as a survival 
mechanism against the oxidative stress caused by MB-PDT 
and may stimulate the signaling of other cell death types 
besides apoptosis.

From these results, we hypothesized a third death pathway 
that could be involved in reducing the viability of PC3 cells. 
Necroptosis is a caspase-independent form of regulated cell 
death, and it has been related to PDT [37]. Goodall and co-
workers [46] discovered the necrosome complex colocaliza-
tion to the autophagosome, and they found that autophagy 
machinery serves as a scaffold for necrosome complex for-
mation, and ultimately its activation for signaling cell death 
through necroptosis. Indeed, recent evidence suggests that 
necroptosis has an essential role in PDT-induced cell death 
in tumor cells. Liu et al. [47] confirmed that necroptosis 
is involved in PDT injury in RF/6A cells, which may be 
MLKL-dependent. Markers for autophagy and necroptosis 
were found in glioblastoma cells treated with NPe6-PDT 
[48] and 5-ALA-PDT [49]. Additionally, it has been dem-
onstrated that breast tumor cells also trigger necroptosis in 
the face of oxidative damage caused by MB-PDT [50]. The 
present study found elevated levels of MLKL activation after 
MB-PDT in PC3 cells and based on the knowledge from 
other studies on necroptosis and PDT, we hypothesized that 
autophagy might elicit necroptosis in this situation. Our 
efforts will focus on furthering the knowledge about the 
effect of MB-PDT on this cell death pathway. Proapoptotic 
therapy is the principal chemotherapy for cancer treatment, 
but its effectiveness is limited by drug resistance resulting 
from disrupted apoptosis machinery [51]. Since necroptosis 
uses components different from the apoptotic pathway, pro-
necroptosis treatments could be an interesting therapy for 
cancer cell death.

The main feature of PDT is oxidative stress due to ROS 
production, where cellular components (DNA, proteins, and 
lipids) are oxidized and damaged. In this regard, PDT causes 
a collapse of antioxidant systems, leading to cell death. In 
this investigation, MB-PDT caused oxidative stress in PC3 
cells due to decreased levels of catalase and antioxidant 
potential, and this scenario was associated with increased 
lipid peroxidation. Lipids are a primary target for oxidative 
damage in cells, and, indeed, it has been found that cellular 
membranes are important components of PDT-induced cel-
lular damage for most photosensitizers [52]. As highly reac-
tive compounds, lipid peroxides affect membrane dynamics 
and can propagate further generation of ROS or degrade 
into reactive compounds responsible for the cytotoxicity 

Fig. 7  Necroptosis is activated by MB-PDT in PC3 cells. Western 
blotting analysis of phospho-MLKL demonstrated an increase in the 
activation of this necroptosis molecular marker after MB-PDT treat-
ment. Protein levels from PC3 cells were evaluated after incubation 
with 25 μM MB (MB) and MB followed by 100 J.cm−2 energy den-
sity (MB-PDT). L group was only irradiated by low-level laser, and 
the control group was maintained without treatment. Data of pMLK-
Lwere normalized by β-actin in the same membrane, n = 4. Each 
experiment was performed at least three times. *p < 0.05 versus con-
trol group; a = p < 0.05 versus MB-PDT
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of these molecules [53]. Thus, according to Su et al. [54], 
the products of lipid peroxidation can stimulate the activa-
tion of both the intrinsic and extrinsic apoptotic signaling 
pathways, as well as trigger autophagy trying to reduce the 
damage caused by oxidative stress and ferroptosis, a type 
of programmed cell death [54]. In this regard, dos Santos 
and cols [50] also have shown that MB-PDT increased lipid 
peroxidation, and this fenomenum led to ferroptosis in breast 
tumor cells. Although we have not evaluated ferroptosis, our 
findings show that the cytotoxic effect of MB-PDT is related 
to reduced antioxidant potential and oxidative stress in PC3 
cells, and this finding could be responsible for triggering 
autophagy.

In conclusion, MB-PDT treatment reduced the antioxi-
dant potential and increased lipid peroxidation, affecting 
cell viability and migration in PC3 cells. Such effect was 
associated with high autophagic activity as a pro-survival 
response to oxidative damage. Although the increase of 
apoptosis had been incipient, autophagy could trigger 
other types of cell death, such as necroptosis, which makes 
this an efficient cytotoxic treatment for controlling cancer 

cells. Notably, MB in the concentration used in this inves-
tigation presented dark cytotoxicity. An adjustment in dos-
age and/or exposure time should be considered to improve 
the efficacy of this treatment.
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