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Background. Photodynamic therapy (PDT) is an anticancer therapy that associates the photosensitizer (PS), oxygen and light 
to destroy cancer cells. Methylene blue (MB) is considered a second generation phenothiazine dye with excellent photochemical 
properties. Aim: To evaluate whether MB-mediated PDT can induce oxidative stress and inflammation, therefore, interfering tumor 
growth. Materials and Methods: The study was conducted on Wistar rats transplanted with Walker 256 carcinosarcoma (W256). 
The proinflammatory interleukins levels (IL-1β, IL-6, IL-10, TNF-α) were determined by ELISA, mRNA expression of COX-1, 
COX-2, iNOS and eNOS by RT-PCR, lipid peroxidation was measured by the TBARS method. Moreover, myeloperoxidase 
(MPO) activity in neutrophils was determined by MPO activity assay. All indices mentioned above were determined in tumor 
tissue. Kaplan — Meier and Gehan — Breslow — Wilcoxon tests were used for survival analysis. Results: We found that the treat-
ment of W256 with 0.1% MB + 1 J/cm2 provoked a significant increase in the interleukins levels (IL-1β, IL-6, IL-10, TNF-α), 
prostaglandin E2, the mRNA expression of COX-2, iNOS, lipid peroxidation and MPO activity in tumor tissue, which were statisti-
cally different (p < 0.05) compared to other experimental and control groups. The results of the estimation of survival curves show 
a greater probability of survival in 0.1% MB + 1 J/cm2 (total energy dose =142.8 J/cm2) treated group. Conclusion: Our results 
suggest that treatment of W256 with 0.1% MB + 1 J/cm2 was able to promote cytotoxic effects in tumor tissue by the generation 
of reactive oxygen species causing inflammation and thus interfering in the tumor growth.
Key Words: photodynamic therapy, cancer, Walker carcinosarcoma 256 cells, methylene blue, photosensitizing agent, inflammation.

INTRODUCTION
Photodynamic therapy (PDT) is considered 

a minimally invasive anticancer therapy that uses 
an association with a photosensitizer (PS), light vis-
ible in the presence of oxygen to destroy tumor cells 
[1–3, 16, 19]. This procedure requires the administra-
tion of a photosensitizing drug, or a pro-drug which 
selectively accumulates in the tumor cells, followed 
by irradiation of the tumor site by an appropriate wave-
length capable of triggering a photochemical reaction 
leading to the generation of singlet oxygen (1O2) and 
other reactive oxygen species  (ROS). This genera-
tion of 1O2 and ROS obtained during photodynamic 
process causes damage to the sites of PS accumula-
tion and thus leading to the death of tumor cells [1, 

4–6, 15, 19]. One of the most relevant characteristics 
of PS is to accumulate preferentially in tumor tissue, 
making the use of PDT more attractive as anticancer 
therapy because it demonstrates better specificity 
and selectivity. Thence, PDT has become the subject 
of extensive investigations to establish a possible 
therapy for several types of cancer. In fact, PDT has 
been shown to have more advantageous aspects 
because it is considered a localized therapy, much 
cheaper and causes fewer side effects than other 
conventional therapies, for example, chemotherapy, 
radiotherapy or surgery [6–9, 20].

Mitochondria are important complex organelles 
that demonstrate broad structural and functional 
specificity, therefore being responsible for the con-
trol of several critical processes in eukaryotic cells. 
Currently, mitochondria play an important role in their 
metabolism and in the generation of ROS, since they 
are strongly associated with tumor progression and 
chemoresistance in cancer. Thus, targeting mitochon-
dria can have potential therapeutic benefits. The clini-
cal use of agents in PDT can be linked with the plasma 
membrane or membranes of intracellular organelles. 
The previous study has shown that mitochondria and 
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endoplasmic reticulum localization of PSs normally 
lead to the apoptotic pathway. On the other hand, 
the necrotic pathway may be initiated when PSs are 
localized in the plasma membrane or lysosomes [4, 5]. 
Therefore, the resulting of photodamage and cytotoxic 
effects during the PDT process is highly dependent 
on determining factors to be considered such as type 
of PS and its subcellular location, time of PS admini
stration, irradiation conditions, type of tumor and the 
level of tissue oxygenation [5].

Three main PDT mechanisms of antitumor acti
vity mediated by ROS contribute to the reduction and 
destruction of tumors: (1)  direct cellular damage, 
(2)  indirect vascular shutdown and (3)  activation 
of immune responses against tumor cells. Direct 
damage to cancer cells induced by the generation 
of 1O2 and ROS can result in cell death by both path-
ways apoptosis and necrosis. Recent research has 
identified that PDT-related lethality is strongly involved 
in mitochondrial membrane damage. Once the transi-
tion of mitochondrial permeability occurs due to the 
cellular oxidative stress caused by PDT, this event 
leads to rupture of the membrane potential and thus 
releases pro-apoptotic factors, activating different 
caspases and finally, cell death by apoptosis. PDT 
also mediates a vascular effect within tumors, thus, 
causes vascular damage associated tumor leading 
to vessel constriction, vessel permeability, leukocyte 
adhesion, thrombosis, and hemorrhage. These events 
contribute thereafter to blood flow stasis and severe 
and persistent post-PDT tumor hypoxia and cell death. 
Therefore, it has been identified that the destruction 
of cancer cells is associated with hypoxia and the 
accompanying deprivation of nutrients [6, 10–12]. 
The effects of PDT on the immune system have been 
demonstrated through inflammatory reactions during 
photodynamic action and are considered a crucial 
event in the development of the antitumor immune 
response. The action of PDT in cancer cells shows 
higher generation of immune-inflammatory markers 
such as heat shock proteins, complement proteins, 
eicosanoids, chemokines, cytokines like TNF-α, IL-6, 
IL-1 and different transcription factors, including 
NF-κB and AP-1 that induces the presentation of an-
tigens by dendritic cells (Dcs) and the recruitment and 
invasion of immune cells including neutrophils, mac-
rophage, specific cytotoxic T-lymphocytes and thus 
contributing to the death of tumor cells. These events 
lead not only to tumor destruction but also to stimulate 
the immune system in the recognition and destruc-
tion of cancer cells in isolated sites [4, 6, 8, 13–16, 
19, 20]. However, recent research has directed that 
the primary antitumor response production of CD8+-
T cells is strongly dependent on high neutrophilia, 
which is considered a rich pool of cytokines that are 
related in the recruitment and sensitization of other 
immune cells [8].

Methylene blue (MB) from phenothiazinium re-
dox cycles class is considered a second generation 
phenothiazine dye with excellent electrocatalytic 

properties. It is widely used in various biomedical and 
therapeutic applications, including its use as a dye 
or stain in diagnostic procedures and for the treatment 
of several diseases such as methemoglobinemia, 
ifosfamide-induced encephalopathy and vasoplegia 
associated with septic shock [21–25]. Moreover, 
MB shows excellent photochemical properties, thus 
making it a potent PS for PDT. MB has a complex 
photodynamic mechanism, once activated it has high 
quantum intersystem crossing and generate high con-
centrations of singlet oxygen (1O2) and ROS, which are 
responsible for the oxidation of biomolecules, causing 
severe cellular damage and cytotoxicity [24, 26–28]. 
Actually, research has identified that cell oxidation 
during PDT-induced MB follows a non-linear kinetic 
reaction. In addition, recent investigations with MB-
induced PDT have shown that the main mode of tumor 
extirpation is by direct death of cancer cells rather than 
by collapse of tumor vascularization [27]. Due to its li-
pophilic characteristic, MB has shown a high affinity for 
cell membranes and thus tends to anchor at intracel-
lular organelles membranes especially mitochondria, 
inducing apoptotic cell death by mitochondrial impair-
ment during the PDT process [24, 27–28].

Based on these findings, the objective of this work 
was to evaluate that MB-mediated PDT can induce 
oxidative stress, inflammation and therefore interfering 
in tumor progression.

MATERIALS AND METHODS
Reagents. A commercial kit to measure protein 

quantification (Bio Rad, USA), a commercial kit to mea-
sure levels of IL-1, IL-6, IL-10 and TNF-α (R & D Sys-
tem, USA), Trizol (Gibco BRL, USA), a commercial kit 
for cDNAs synthesis SuperScript (Invitrogen, USA), 
a commercial kit to determine the level of prostaglan-
din E2 (PGE2) EIA — Monoclonal (Cayman Chemicon, 
USA), potassium phosphate buffer and hydrochloric 
(Mallinckrodt, Mexico), trichloroacetic acid, thiobarbi-
turic acid, o-dianisidine dihydrochloride and peroxide 
hydrogen (Merck, Germany). Other reagents involved 
in this study were purchased in Sigma Chemical Com-
pany, USA.

Animals. Female Wistar rats weighing 200 g from 
Central Animal Bioterrorism of Institute of Biomedi-
cal Sciences  — USP were used. They were housed 
in plastic cages with ad  libitum access to food and 
water. Light/dark cycle (lights on at 7:00 A.M., off 
at 7:00 P.M.) and temperature (22  °C) were kept 
constant. The animals were maintained and used 
in accordance with the guidelines of the Committee 
on Care and Use of Laboratory Animal Resources, 
National Research Council, USA. All experiments us-
ing animals of this present study were approved by the 
Animal Experimentation Ethics Committee of the Insti-
tute of Biomedical Sciences, University of São Paulo, 
Protocol Number 67 fl 73 L2-5351.

Experimental protocol of PDT.  1•107 vi-
able tumor cells were subcutaneously inocu-
lated in 1 ml of phosphate buffered saline (PBS: 
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16.5 mM phosphate, 137 mM NaCl, 2.7 mM KCl; 
pH = 7.4) per rat into the right flank (tumor-bearing 
rats). After a period of 14 days, the animals were 
randomized into two different treatment protocols 
with five and four experimental groups, respectively 
(n  =  8 animals per group  — Table  1). The animals 
were maintained under ketamine  + xylazine an-
esthesia (20 and 100 mg/kg, respectively) for the 
accomplishment of these two treatment protocols. 
The first treatment was established an intra-tumor ad-
ministration of 0.1 ml MB in different concentrations 
for each respective group in the solid tumor mass, 
corresponding to three treatments on alternate days. 
The second treatment protocol consists of an intra-
tumor administration of saline for the control group 
and with 0.1 ml MB at a concentration of 0.1% ac-
cording to their respective group. After one hour, 
the solid tumor mass was illuminated by a diode low 
level laser (Thera Laser — DMC®, São Carlos, Brazil). 
The laser unit emitted a continuous optical output 
of 100 mW with a wavelength of 660 nm to a spot 
size area of 0.028 cm2, giving a power density 
of 3.57 W/cm2. Three different energy densities were 
performed (1 J/cm2, 3 J/cm2, 6 J/cm2) at four equi-
distant points according to the respective groups 
corresponding to three treatments on alternate days. 
24 hours after the last treatment the animals were 
anesthetized with halothane (1 mg/ml) for the col-
lection biopsy and then immediately euthanized with 
an overdose of halothane.

Table 1. Scheme of the experimental groups

Treatment 
groups
(n = 8)

MB
dose,
mg/ml

Ener-
gy dose, 

J/cm2

Total ener-
gy dose

(4 points), 
J/cm2

Energy (J)
Output 
power, 

mW

Time,
sec

Control – – – – – –
MB 0.1% 1 – – – – –
MB 0.3% 3 – – – – –
MB 1.0% 10 – – – – –
MB 3.0% 30 – – – – –
Control – – – – – –
MB 0.1% +  
laser 1 J/cm2

1 35.7 142.8 1 100 10

MB 0.1% +  
laser 3 J/cm2

1 107.14 428.56 3 100 30

MB 0.1% +  
laser 6 J/cm2

1 214.28 857.12 6 100 60

Note: Ø spot size area = 0.028 cm2.

For the evaluation of survival, the animals treated 
groups (n = 5 animals per group) of the two treatment 
protocols were kept under observation for a period 
of 30 days from the first day of treatment for the follow-
up of death events.

Analysis of IL-1, IL-6, IL-10 and TNF-α levels. 
The samples of tumor tissue were homogenized and 
protein quantification was measured by the method 
of Bradford (1976) using a commercial kit. The mea-
surement of IL-1, IL-6, IL-10, and TNF-α in tumor 
tissue samples was determined by enzyme-linked 
immunosorbent assay (ELISA), according to the manu-
facturer’s manual. A spectrophotometer Spectramax 
plus 384 (Sunnyvale, USA) at 450–570 nm wavelength 
was used for reading of results.

The mRNA expression analysis of cyclooxy-
genase-1 (COX-1), cyclooxygenase-2 (COX-2), 
inducible (iNOS) and endothelial nitric oxide 
synthase (eNOS) by RT-PCR. The mRNA expres-
sion of COX-1, COX-2, iNOS, and eNOS were deter-
mined by quantitative RT-PCR. The total RNA from 
samples was extracted using Trizol. The isolated RNA 
was dissolved in DEPC-treated water and quantified 
by spectrophotometry at 260 nm wavelength, check-
ing the ratio of 260/280 nm wavelength. The integrity 
of the RNA was verified by electrophoresis on agarose 
gel containing ethidium bromide for the unfolding 
of bands (18S and 28S) under ultraviolet light. The RNA 
samples were treated with DNAse and then the cDNAs 
synthesis was processed using SuperScript from 
2 µg of total RNA in the presence of random primers 
and oligo dT incubating at 42  °C for 50 min reverse 
transcription subsequently inactivating the enzyme 
by incubating at 70 °C for 15 min. The programming 
of RT-PCR experiments was followed: 1 cycle initial 
denaturation of 10 min at 95 °C, 40 cycles of amplifica-
tion (30 sec denaturation at 95 °C and 1 min annealing 
and extension at 60 °C). Table 2 shows the sequence 
of the primers that were used.

Table 2. Sequence of primers used in the analysis of mRNA expression 
by RT-PCR

Primer Forward Reverse
GenBank

NCBI Reference 
Sequence

HPRT 5'-AAG CTT GCT GGT 
GAA AAG GA-3'

5'-TGA TTC AAA TCC 
CTG AAG TGC-3'

NM_012583.2

COX-1 5'-CCT TCT CCA ACG 
TGA GCT ACT A-3'

5'-TCC TTC TCT CCT 
GTG AAC TCC T-3'

NM_017043.4

COX-2 5'-AGA CAG ATC ATA 
AGC GAG GAC C-3'

5'-CAC TTG CAT TGA 
TGG TGG CTG T-3'

NM_017232.3

iNOS 5'-ACA ACA GGA ACC 
TAC CAG CTC A-3'

5'-GAT GTT GTA GCG 
CTG TGT GTC A-3'

NM_012611.3

eNOS 5'-GGA GAA GAT GCC 
AAG GCT GCT G-3'

5'-CTT CCA GTG TCC 
AGA CGC ACC A-3'

NM_021838.2

Determination of PGE2. The measurement 
of PGE2 was determined using a commercial kit 
PGE2 EIA  — Monoclonal following the manufactu
rer’s instructions in the samples of tumor tissue. Data 
were expressed in ng/g tissue.

Lipid peroxidation assay by the TBARS 
method. Samples of the solid tumor mass were 
weighed and homogenized in potassium phosphate 
buffer pH  =  7.4 (5 ml buffer per 1 g tissue ratio) 
and protein quantification was quantified by the 
method of Bradford (1976) using a commercial 
kit. Two hundred microliters of homogenate were 
mixed with 400 µl of a solution containing: 15% 
trichloroacetic acid, 0.37% thiobarbituric acid and 
00:25 hydrochloric. Then samples were maintained 
for 45 min at 90  °C and centrifuged for 15 min 
at 2000 g. The absorbance of a 200 µl of the super-
natant was measured from 535 nm to 570 nm and 
corrected in an ELISA Reader (Spectramax plus 
384, USA). The data were expressed in nmol of al-
dehyde/mg protein.

Myeloperoxidase (MPO) activity assay. Tissue 
samples from the solid tumor mass were homogenised 
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in a corresponding volume of 10× HTAB buffer. The 
tubes were heated for 2 h in an oven at 60  °C for 
inactivation of endogenous catalase activity and cen-
trifuged at 12000 g for 2 min. Ten microliters of the 
supernatant were pipetted into 96 well microplate with 
200 microliters of a solution of potassium phosphate 
buffer (pH = 6.0) containing 0,164 mg/ml o-dianisi-
dine dihydrochloride and 0.0005% peroxide hydro-
gen, in duplicate. The MPO activity was measured 
at 460 nm in a microplate reader (Espectra Max Plus 
384, USA) for 10 min and then was calculated from 
the maximum velocity reaction (Vmax) by seconds 
using a data acquisition program SOFTmax Pro Ver-
sion 3.1.2 (Molecular Devices Corp., USA) spectro-
photometer Espectra Max plus 384. The results were 
expressed in Units (U) of MPO/weight of solid tumor 
mass, and one unit of MPO is defined as the amount 
in µmol of H2O2 degraded per min.

Survival analysis. Survival data were analyzed 
using the Kaplan — Meier method. To compare the 
survival curves between the different groups the 
Log-Rank (Mantel Cox), Log-Rank for Trend and 
Gehan-Breslow-Wilcoxon tests were used. The 
median measures for the time variable (days) were 
calculated by interpolation using the estimates 
of survival.

Statistical analysis. One-way ANOVA followed 
by Turkey — Kramer multiple comparison test was per-
formed. A p value less than 0.05 were considered the 
statistically significant difference. A Software Program 

GraphPad Prism Version 5.0 (Graph Pad Software Inc., 
USA) was utilized for all analyses.

RESULTS
The data of proinflammatory interleukins (IL-1β, 

IL-6, IL-10, TNF-α) levels after treatment protocol with 
different MB concentrations on Walker 256 carcino-
sarcoma (W256) solid tumor are illustrated in Fig. 1. 
No statistically significant difference was found in the 
IL-1β levels for different MB treated groups compared 
with the control group. Regarding IL-6, IL-10 and 
TNF-α levels we observed highly significant statistically 
increase of this indices only in the group treated with 
0.1% MB compared to the different MB treated groups 
and the control group. Fig. 2 represents proinflamma-
tory interleukins levels after a treatment association 
0.1% MB + laser at 660 nm with different radiation 
dose (1 J/cm2, 3 J/cm2, 6 J/cm2) on W256 solid tumor. 
A statistically significant increase in levels of IL-1β, 
IL-6, IL-10, and TNF-α was found in the 0.1% MB + 
1 J/cm2 treated group compared to the control group 
and groups treated with 0.1% MB + 3 J/cm2 and 0.1% 
MB + 6 J/cm2, respectively.

The results of mRNA expression of COX-1, COX-2, 
iNOS, and eNOS after treatment protocol with different 
MB concentrations on W256 solid tumor are shown 
in Fig.  3. No statistically significant difference was 
found in the mRNA expression of COX-1 for different 
MB treated groups compared to control. Compara-
tive analysis the mRNA expression of COX-2, iNOS 
and eNOS for different MB treated groups we found 
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Fig. 1. Interleukins levels in W256 tissue after treatment with different MB concentrations. The data represent the mean ± SEM, 
n = 8, p < 0.05 compared to the control group (*p < 0.001 0.1% MB vs control, vs 0.3% MB, vs 1.0% MB, vs 3.0% MB)
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Fig. 2. Interleukins levels in W256 tissue after treatment with a combination of 1% MB and laser at 660 nm with different radiation dose 
(1 J/cm2, 3 J/cm2, 6 J/cm2). The data represent the mean ± SEM, n = 8, p < 0.05 compared to the control group (*p < 0.001 0.1% 
MB + 1 J/cm2 vs control, vs 0.1% MB + 3 J/cm2, vs 0.1% MB + 6 J/cm2)
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Fig. 3. The mRNA expression of COX-1, COX-2, iNOS, and eNOS in W256 tissue after treatment with different MB concentrations. 
The data represent the mean ± SEM, n = 8, p < 0.05 compared to the control group (COX-2: *p < 0.001 0.1% MB vs control, vs 0.3% 
MB, vs 1.0% MB, vs 3.0% MB; iNOS: *p < 0.001 0.1% MB vs control, vs 0.3% MB, vs 1.0% MB, vs 3.0% MB; eNOS: #p < 0.5 0.1% 
MB vs control, **p < 0.01 0.1% MB vs 0.3% MB, vs 1.0% MB, vs 3.0% MB)
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a statistically significant increase of these indicators 
only in 0.1% MB treated group compared to con-
trol. Fig.  4 shows the mRNA expression of COX-1, 
COX-2, iNOS and eNOS on W256 solid tumor after 
its treatment with 0.1% MB and laser at 660 nm with 
different energy densities. No statistically significant 
difference was found comparing the mRNA expres-
sion of COX-1 in experimental and control groups. 
However, the expressions of mRNAs of COX-2 and 
iNOS were higher with a statistically significant dif-
ference in the group 0.1% MB + 1 J/cm2 compared 
to other experimental groups or control. Regarding 
the expression of mRNA for eNOS, we observed 
a statistically significant reduction in the group 0.1% 
MB + 1 J/cm2 compared to 0.1% MB + 3 J/cm2 and 
0.1% MB + 6 J/cm2 groups, however, a small statisti-
cally significant increase was found compared to the 
control group.

Table 3 shows the data of PGE2 and TBARS levels, 
and MPO activity in W256 tumor tissue following treat-
ment protocol with an association of 0.1% MB + laser 

at 660 nm with different radiation dose. Statistically 
significant increase of PGE2 and TBARS levels and 
MPO activity (p < 0.001) was observed in 0.1% MB + 
1 J/cm2 treated group compared to other experimental 
and control groups.

Survival curves calculated by Kaplan — Meier for 
different MB treated and control groups are shown 
in Fig.  5. We can verify a greater probability of sur-
vival in the 0.1% MB and 0.3% MB treated groups 
compared to the control. Regarding 1.0% MB and 
3.0% MB treated groups shows the same probability 
of survival as the control group. Fig. 6 represents the 
results of survival curves estimation by Kaplan — Meier 
method for different 0.1% MB + laser treated and con-
trol groups. We found a greater probability of survival 
in 0.1% MB + 1 J/cm2 group compared to the control.

DISCUSSION
PDT, a FDA-approved anticancer therapy has been 

used for clinical treatment several late-stage can-
cers in the United States, European Union, Canada, 
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Fig. 4. The mRNA expression of COX-1, COX-2, iNOS, and eNOS in W256 tissue after treatment with a combination of 1% MB and 
laser at 660 nm with different radiation dose (1 J/cm2, 3 J/cm2, 6 J/cm2). The data represent the mean ± SEM, n = 8, p < 0.05 com-
pared to the control group (*p < 0.001 0.1% MB + 1 J/cm2 vs control, vs 0.1% MB + 3 J/cm2, vs 0.1% MB + 6 J/cm2)

Table 3. Levels of PGE2, TBARS and MPO activity in W256 tissue after treatment with a combination of 1% MB and laser at 660 nm with different radiation 
dose (1 J/cm2, 3 J/cm2, 6 J/cm2)
Treatment groups (n = 8) Dose, mg/ml Energy dose, J/cm2 Total energy dose (4 points), J/cm2 PGE2, pg/mg prot TBARS, nmol/g MPO, UMPO/g

Control – – – 243.5 ± 0.7 1.43 ± 0.14 0.8 ± 0.4
MB 0.1% + laser 1 J/cm2 1 35.7 142.8 804.1 ± 0.55* 2.75 ± 0.26* 537.6 ± 0.6*
MB 0.1% + laser 3 J/cm2 1 107.14 428.56 143.3 ± 0.65 1.32 ± 0.11 4.3 ± 0.6
MB 0.1% + laser 6 J/cm2 1 214.28 857.12 214.8 ± 0.59 1.32 ± 0.13 2.8 ± 0.7
Note: The data represent the mean ± SEM, p < 0.05 compared to the control group (*p < 0.001 0.1% MB + 1 J/cm2 vs control, vs 0.1% MB + 3 J/cm2, vs 0.1% 
MB + 6 J/cm2). Ø spot size area = 0.028 cm2.
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Russia, and Japan. MB is a widely studied agent 
currently under investigation for its properties relat-
ing to PDT. Recent studies have demonstrated that 
MB exhibits profound phototoxicity affecting a variety 
of cancer cells. However, the mechanistic explanation 
for MB-mediated PDT is not yet fully elucidated.

In this work, we evaluated the inflammatory aspects 
of MB-mediated PDT in an experimental rat model 
of W256. Intratumorally applied of MB in the 0.1% 
concentration caused an increase of interleukins (IL-6, 
IL-10, TNF-α) levels and mRNA expression of COX-1, 
COX-2, iNOS and eNOS in tumor tissue. Thus, we can 

indicate “dark toxicity effects” suggesting that the 
0.1% concentration of MB as the best dose to be used 
in PDT. Treatment with 0.1% MB + 1 J/cm2 promoted 
increase interleukins levels (IL-1β, IL-6, IL-10, and 
TNF-α), PGE2, mRNA expression of COX-1, COX-2, 
iNOS, lipid peroxidation levels and MPO activity in tu-
mor tissue.

Currently, it has been fully understood the fun-
damental role of ROS in the process of initiation 
and progression of cancer. The mutagenic action 
induced by ROS is a critical factor in carcinogenesis 
initiation. Therefore, signaling mutagenicity mediated 

Test Chi square df p value
Log-rank 0.9035 4 0.9241
Lograng for trend 0.1744 1 0.6762

Fig. 5. Estimation of survival by Kaplan — Meier curves for groups treated with different MB concentrations and control group
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by ROS, the control of apoptotic pathways and survival 
are important factors that contribute to malignant 
transformation and progression [29, 30]. Moreover, 
constitutively elevated levels of cellular oxidative 
stress and dependency on ROS signaling may exhibit 
a redox vulnerability of malignancy that may become 
targeted by chemotherapeutic intervention using 
redox modulators, anti- and prooxidant agents have 
been shown to exert anticancer activity [29]. In fact, 
redox agents such as phenothiazines redox cycles 
inclusive MB have been used in diverse applications 
as biological redox indicators. However, it has de
monstrated potential anticancer therapy as redox che-
motherapeutic that can promote selective cytotoxicity 
in cancer cells. Nevertheless, its mechanism of action 
remains under investigation [24, 32–34]. Recent 
research suggests that MB induce selective cancer 
cell apoptosis by NAD(P)H: quinine oxidoreductase 
(NQO1)-dependent bioreductive generation of cellular 
oxidative stress [21, 31]. Once MB actively links to mi-
tochondria and goes into the matrix in a way induced 
through the mitochondrial proton potential [24, 35, 
36]. MB accumulation in the mitochondria causes the 
MB reduction to the leuco-MB and consequently in the 
oxidation of NAD(P)H mitochondrial followed by ROS 
generation and finally cytotoxicity [35].

The cytotoxicity of MB was evaluated in this work 
by proinflammatory interleukins levels and mRNA 
expression of COX-1, COX-2, iNOS and eNOS in the 
solid tumor mass. After using of 0.1% MB we found 
an increase of IL-6, IL-10 and TNF-α levels, mRNA ex-
pression of COX-2, iNOS and eNOS. This is due to the 
generation of oxidative stress induced by MB since 
it is present inside the mitochondria and is converted 
to leuco-MB leading to the formation of ROS. There-
fore, this oxidative stress triggers an increase in the 
generation of antigens that stimulate the expression 
of these proinflammatory mediators via NF-kB and 

activator protein 1 (AP-1) promoting inflammation and 
cellular damage. The gene expression of iNOS and 
the subsequent translation of the mRNA is controlled 
by a broad number of proinflammatory mediators, 
particularly IL-1β and TNF-α [45], which can be inter-
preted as cytotoxic effects on tumor cells. However, 
eNOS is one of the constitutive isoforms of nitric oxide 
(NO) synthase involved in the angiogenesis process. 
We observed the increase of eNOS and suggest that 
tumor tends to combat the cytotoxic effects by pro-
moting the formation of new vessels. The treatment 
of W256 with high concentrations of MB does not 
cause to the increase of proinflammatory interleukins 
levels as well as mRNA expression of COX-1, COX-2, 
iNOS, and eNOS and we suggest that at higher con-
centrations of MB may occur the formation MB dimer 
and thereby losing their effectiveness.

Despite the fact that the exact mechanisms of ac-
tion of PDT are not firmly established, it is accepted 
that in PDT implies the interaction of oxygen, photo-
sensitization, and light. Once PS is excited and activat-
ed through light, interacts with molecular oxygen that 
is converted into yield reactive singlet oxygen (1O2), 
the suggest mediator of photodynamic cytotoxicity 
(type 2 photo-oxidation). Then 1O2 interacts with bio-
molecules producing oxy-cytotoxic products [37, 38]. 
Research has shown that during the process of PDT, 
excitation of PS with light yields reactive short-lived 
1O2 and ROS, which causes an immediate oxidative al-
teration of biomolecules, especially proteins and lipids. 
The main PDT-induced alteration is protein oxidation, 
which thereafter induces to protein fragmentation, 
cross-linking, carbonylation, aggregation, adduct 
formation, unfolding, and conformational changes [39, 
40]. As most of PSs have the affinity to membranes, 
lipids are the primary targets of ROS. The photo-
oxidative alteration of membrane lipids leads to the 
generation of intermediate lipid hydroperoxides, which 

Test Chi square df p value
Log-rank 1.479 3 0.6871
Lograng for trend 0.1976 1 0.6566

Fig. 6. Estimation of Kaplan — Meier curves for different groups treated with a combination of 0.1% MB + laser at 660 nm with 
different radiation dose and control group
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modify circulating molecules and ultimately amplifies 
the damage begun by ROS within cells. These events 
contribute to lipid peroxidation, photooxidation of gua-
nine DNA and damage to membranes, cytoskeleton, 
and other sites and ultimately cell death and tissue 
destruction [39, 41].

In this work, we evaluated the cytotoxic effects 
of MB, mediated by PDT, with lipid peroxidation as-
say  — TBARS method. We can see that treatment 
of W256 with 0.1% MB + 1 J/cm2 promote photody-
namic action and leading to the formation of singlet 
oxygen and ROS thereby producing oxidative stress 
and cell damage that was evidenced by the high 
levels of lipid peroxidation produced. Because of the 
non-occurrence of photodynamic effect when we use 
higher doses of laser energy is given by the possibility 
of important structural alterations have occurred in the 
MB molecule leading to their inactivation and thus lose 
its effectiveness.

It’s broadly understood that PDT promotes oxida-
tive stress and triggers a wide range of signaling path-
ways by Toll-like receptors that generates protective 
responses. This comprises expression of heat shock 
proteins and transcription factors such as NF-κB and 
AP-1. Then NF-κB and AP-1 can urges the expression 
of immunoregulatory and proinflammatory proteins 
particularly interleukins (IL-1α, IL-1β, IL-2, IL-6, IL-8, 
IL-10), TNF-α, chemokines (inflammatory protein 
IP-10, keratinocytes-derived chemokines KC, mac-
rophage inflammatory proteins MIP-1α and MIP-β, 
MIP-2, RANTES), interferons (IFN-α and IFN-β), 
COX-2, eicosanoids like leukotrienes, thromboxane 
and prostaglandins, even as histamine, NO, molecular 
adhesion factors and components of the complement 
system (C3 and C5) [5, 6, 16, 42, 43]. These mediators 
once released are responsible for complement system 
activation, maturation of DCs, recruitment of macro-
phages and natural killer cells, and neutrophil infiltra-
tion within the tumor site [5, 6, 44]. Recent research 
indicates that high neutrophil in the tumor tissue medi-
ated by PDT acts a crucial role in the maturation of DCs, 
macrophage activation and activation of natural killer 
cells. Thus this promoting the recognition of antigens 
such as the damage-associated molecular patterns 
necessary for activation of cytotoxic CD8+/CD4+ lym-
phocytes. Therefore, creating an effective innate and 
adaptive immune response in the long term control 
of tumor progression [6, 16, 18, 37, 43, 44].

The expression of proinflammatory mediators was 
investigated in the W256 tumor tissue. In the group 
with 0.1% MB + 1 J/cm2 treatment combination we ob-
served an increase of all inflammatory interleukins 
levels, PGE2, and mRNA expression of COX-2. These 
changes are owing to the generation of oxidative stress 
induced by photosensitizing of MB during PDT. Thus 
this oxidative stress provoked by cellular damage trig-
gers increased expression of antigens prompts to the 
generation of these proinflammatory mediators via 
NF-kB and AP-1 activation.

The involvement of NO in the initiation and progres-
sion of cancer has aroused great concern. Research 
has focused on how NO produced in cancer cells 
or by cancer cells themselves can influence both 
positively and negatively on the anticancer efficacy 
of PDT. NO synthases are part of a group of enzymes 
isoforms that catalyze the generation of NO from the 
amino acid L-arginine, and iNOS is the main enzyme 
that produces large amounts of NO as a mechanism 
of defense. Therefore, NO derived from iNOS plays 
a key role in cell signaling under various physiologi-
cal (blood pressure regulation, wound repair and host 
defense mechanisms) and pathological (inflammation, 
infection, neoplastic diseases, liver cirrhosis, diabetes) 
conditions. In addition, iNOS is frequently linked with 
malignancy. However, macrophage-derived NO has 
demonstrated a potentially cytotoxic/cytostatic effect 
on tumor cells. Expression of the iNOS gene and the 
subsequent translation of the mRNA are regulated 
through proinflammatory markers. The most prominent 
cytokines, involved in the stimulation of iNOS, are TNF-α, 
IL-1, and IFN-γ [45]. We also observed an increase 
of iNOS gene expression that confirms with a raise 
of IL-1 and TNF-α levels suggesting tumoricidal activity 
in the group with 0.1% MB + 1 J/cm2 treatment combi-
nation. Interestingly, we noted a significant reduction 
in the expression of the eNOS gene, which is one of the 
constitutive isoforms of NO synthase that associated 
in angiogenesis, affecting the formation of new blood 
vessels in the supply of oxygen and nutrients to tumor 
cells, thus contributing to the reduction of the tumor.

These findings lead to suggest the presence of cel-
lular damage and inflammation in tumor tissue. There 
is evidence of increased expression of antigens de-
rived from tumor cells induces the maturation of DCs, 
recruitment of macrophages, natural killer cells, pro-
moting neutrophil infiltration within the tumor site and 
thus stimulate an immune response. The generation 
of an antitumor immune response as well as memory 
response of CD4+- and CD8+-T cells is largely de-
pendent on the high neutrophil infiltration levels that 
can be measured by MPO activity [5]. MPO activity 
levels also increased in W256 tissue after 0.1% MB + 
1 J/cm2 treatment combination suggesting evidence 
an immune response against the tumor.

The results of the survival analysis corroborate pre-
vious findings, demonstrating that the groups treated 
with 0.1% MB and 0.1% MB + 1 J/cm2 had median sur-
vival time values of 30 days, which presented a higher 
probability of survival.

According to our findings, we can conclude that 
treatment of W256 with 0.1% MB + 1 J/cm2 was able 
to generate cytotoxic effects in the tumor by increas-
ing ROS, which consequently raises the expression 
of inflammatory mediators, promoting inflammation 
triggering damage and death of cancer cells. There 
is evidence of a tumoricidal activity of neutrophils in the 
solid tumor mass suggesting an antitumor immune 
response and thus promoting the long-term control 
of tumor growth and progression.
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