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Background: Methylene blue has a long history of clinical application. Thanks to
phenothiazine chromophore, it has potential in photodynamic anticancer therapy.
In spite of the growing body of literature that has evaluated the action of this dye
on different types of cancer, the systematic understanding of this problem is still
lacking. Therefore, this systematic review was performed to study the efficacy of
methylene blue in photodynamic anticancer therapy.

Methods: This systematic review was carried out in accordance with the PRISMA
guidelines, and the study protocol was registered in PROSPERO
(CRD42022368738). Articles for the systematic review were identified through
the PubMed database. SYRCLE's risk of bias tool was used to assess the studies.
The results of systematic analysis are presented as narrative synthesis.

Results: Ten studies met the inclusion criteria and these full texts were reviewed.
In the selected articles, the dosage of dye infusion ranged from 0.04 to
24.12 mg/kg. The effectiveness of photodynamic therapy with methylene blue
against different types of cancer was confirmed by a decrease in tumor sizes in
seven articles.

Conclusion: The results of the systematic review support the suggestions that
photodynamic therapy with methylene blue helps against different types of
cancer, including colorectal tumor, carcinoma, and melanoma. In cases of
nanopharmaceutics use, a considerable increase of anticancer therapy
effectiveness was observed. The further research into methylene blue in
photodynamic anticancer therapy is needed.

Systematic Review Registration: (https://www.crd.york.ac.uk/prospero/display_
record.php?RecordID=368738), identifier (CRD42022368738).
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1 Introduction

Effective, safe, and low-cost anticancer compounds continue to be
widely searched for and investigated, and they appear especially relevant
today. In spite of the fact that biological medicinal products are in focus
of pharmaceutical industry nowadays, the small molecules are
continuing to be actual for clinical practice (Avdeeva et al, 2015).
Drug discovery is a long, expensive, and labor-intensive process, that,
however, may be optimized due to modern computational methods
(Mandal and Mandal, 2009; Taldaev et al., 2022). Therefore, the re-
examination of the pharmacological potential of well-known
compounds is a promising focus of drug development. Methylene
blue (MB)—methylthioninium chloride—can be considered as one
such substance (Figure 1).

This compound was firstly synthesized as a textile dyestuff by
Caro in 1876 (Friedlaender, 1877). Later, Ehrlich in cooperation
with coauthors described the ability of MB to stain the nervous
tissue (Ehrlich, 1886) and to act as an analgesic (Ehrlich and
Leppmann, 1890) and antimalarial (Kaufmann, 1919) component.
Although the clinical use of this dye was canceled due to the blue
colorization of urine, it was used in malaria management
throughout the 19th century (Schirmer et al., 2003). Nowadays,
in the United States and the European Union, MB is applied in
methemoglobinemia treatment and for staining of colorectal
tumors.

Oncology seems to be a promising area for MB use thanks to its
pronounced photosensitizing action that results in the disruption of
pathological cells under the influence of light (Cecatto et al., 2020).
This effect occurs because of the phenothiazine chromophore. It
absorbs the light in the range of wavelengths from 630 to 680 nm,
which leads to the generation of reactive oxygen species and the
following cell death (Lim, 2021). Furthermore, MB selectively
accumulates in cancer cells. These properties may be used in
photodynamic anticancer therapy.

There are several clinical guidelines for photodynamic anticancer
therapy, including the management of skin, pulmonary, esophageal,
and cervical cancer (Yoo and Ha, 2012). However, MB is not treated as
an active pharmaceutical ingredient in these guidelines. At the same
time, to date, the anticancer properties of MB has received attention in
the research literature. Surprisingly, systematic understanding of how
effective photodynamic therapy with MB is against different types of
cancer is still lacking.

Therefore, the aim of this systematic review was to evaluate the
efficacy of MB in anticancer photodynamic therapy in animal
models of different oncological diseases.

FIGURE 1
Molecular structure of MB.
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2 Methods
2.1 Protocol

The following systematic review was performed in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Page et al., 2021). The
protocol was registered in the International Prospective Register
of Systematic Reviews (PROSPERO) database in November 2022
(CRD42022368738) (Shamseer et al, 2015). Patients or public
the
interpretation of this systematic review.

partners were not involved in design, conduct, or

2.2 Search strategy

To perform the electronic literature search, the PubMed
database was wused. The following terms were applied:
{[(“methylene blue”) AND (cancer OR oncology OR antitumor)]
AND (photodynamic)} NOT (antibiotic OR antimicrobial OR
viruses). Any date limiters were not used.

2.3 Data processing

Two reviewers (IN and MK) independently and simultaneously
performed an initial search and screening of articles by reading their
tittles and
disagreements, they were resolved by another author (VK). The

abstracts to form the reference list. In case of
overall inclusion and exclusion criteria that were used during
screening are presented in Table 1.

Then, two authors (RT and EM) performed the data extraction of
main texts, tables, figures, and supplementary materials from the selected
articles. In case of a disagreement with the inclusion criteria, the
reference was excluded from the further research. The following data
were the focus of the reviewers: the number of animals in experimental
groups, human disease model, dose, timing, formulation, treatment
method, and size of tumor. The sum of extracted outcomes was
placed in Google Drive. A complete consensus in the accumulated
data was reached without further disagreements.

Finally, two review authors (IR and AS) independently assessed the
risk of bias using the Systematic Review Center for Laboratory Animal
Experimentation (SYRCLE’s) risk of bias tool (Hooijmans et al., 2014).
In case of discrepancies, they were resolved by a tiebreaker
reviewer (VL).

CI”
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TABLE 1 Inclusion and exclusion criteria for the systematic review.

10.3389/fphar.2023.1264961

Criteria Inclusion Exclusion

Animals Adult female mice with the model of any human cancer Use of any other species, except mice Use of young cohort (4 weeks or younger)
Intervention Use of MB in anticancer photodynamic therapy in any = Use of chemically modified MB Use of mixtures containing several active pharmaceutical

formulation ingredients except MB

Outcome The data on tumor size change, such as volume or area No data on tumor size

measure(s)

Control Use of untreated control or saline/PBS control Use of light radiation without bioactive substance or with any other active ingredient
Study design Controlled studies with separate treatment groups Study of any other design

Language English or Russian Any other language

The result of the systematic analysis is presented as narrative
synthesis.

3 Results

3.1 Process of collection and selection of the
studies

The initial results of the search identified 189 articles in PubMed.
After the first screening, 104 articles did not meet the inclusion criteria
based on their titles and abstracts, and thus they were excluded. During
the further review of 85 records, an additional 75 articles were excluded
due to the following reasons: the absence of access to the full text (16),
lack of in vivo studies (54), and not meeting the criteria of the
PROSPERO protocol (5). Ten total studies were included in this
systematic review. The collection and selection process is illustrated
in the PRISMA flow diagram (Figure 2).

3.2 Qualitative synthesis

The countries of origin of the studies included in the review were
Brazil (3), China (4), Germany (2), and South Korea (1).

A total of 133 mice were analyzed between the 10 included studies.
Fifty-nine rats to the groups administrated
photodynamic cancer therapy with MB, while 74 mice served as

were assigned

control groups treated with placebos. These animals were used to
model the different types of tumors. The majority of mice
(56 individuals) were used to model colorectal cancer (Orth et al,
1998; Orth et al., 2000). Also, breast cancer was a focus of scientists and
analyzed in 22 mice (Liu et al,, 2017; Dos Santos et al., 2018; Xu et al,
2022). The efficacy of MB treatment against different types of skin
cancer was assessed in 31 mice (Wagner et al., 2012; Silva et al.,, 2018).
Sixteen mice were used for the assessment of the effectiveness of
photodynamic cancer therapy with MB against carcinoma (Lee
et al, 2015; Feng et al, 2022). The HeLa model was used in the
study of eight mice (Jia et al,, 2017).

All studies used injection as the intervention method. In 5 of the
10 studies, pharmaceutics were based on nanotechnologies, namely,
nano-graphene oxide (Dos Santos et al, 2018), ovalbumin/
polypyrrole nanoparticles (Xu et al., 2022), liposomes (Liu et al.,
2017), colloidal nanoformulation (Lee et al., 2015), and nanosheet
suspension (Jia et al, 2017). The MB doses were based on the
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individual weights of animals and varied from 0.04 to 24.12 mg/kg.
At the same time, the number of intakes ranged from one injection
in three studies (Orth et al., 1998; Silva et al., 2018; Xu et al., 2022) to
seven injections in the study by Jia et al. (2017).

The finding from the 10 articles are summarized in Table 2. All-in-
all, the majority of the studies reported on the effectiveness of
photodynamic therapy with MB against different types of cancer. It
was confirmed by decreases in tumor sizes reported in seven articles
from 12.0% to 100.0%. Even though the treatment did not show tumor
reduction in some cases of breast cancer models and the HeLa model,
the application of photodynamic cancer therapy was associated with a
slower tumor growth compared with the control groups.

3.3 Risk of bias assessment

Possible forms of bias were assessed according to the SYRCLE’s
risk of bias tool.

In none of the included studies was allocation concealment
during the enrolment and random housing during the experiment
mentioned. Also, there was a lack of information about incomplete
outcome addressing and freeing from selective outcome reporting.
Moreover, the blinding of investigators during study was absent and
the outcomes assessors as well as the animal selections for outcome
assessment were not random. Overall, these factors resulted in the
increase of performance, detection, and reporting biases.

However, dos Santos et al., Jia et al., and Feng et al. reported
randomization before the allocation in analysis groups. Also, all
studies except Xu et al. and Liu et al. demonstrated the groups’
similarity at the baseline. Therefore, the risk of selection bias may be
considered as acceptable at least for three included articles. All
studies were approved by ethical committees and followed the
international guidelines for animal experiments. Thus, any
conflict of interests is excluded.

A summary of the low, high, or unclear risk of bias assessment
of the included studies via signaling questions is presented in
Figure 3.

4 Discussion

An initial objective of this systematic review was to identify the
tendency of MB application in anticancer photodynamic therapy
during preclinical studies.
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FIGURE 2

PRISMA flowchart of the search and selection process of the articles.

TABLE 2 Summary of the findings from included studies.

Study  Disease model Sample size Intervention Change of
tumor size, %
MB Control Dosage form Number of Length of MB  Control
intakes treatment, days
[20] Non-melanoma skin 15 6 | Injection 1 - 15 -12.0 +4.0
cancer
[17] Breast cancer 5 5 | Injection nano graphene 3 2.50 12 | +255 +48.1
oxide
[21] Malignant 5 5 | Injection 2 2.00 17 -99.0 +3060.0
melanoma
[18] Breast cancer - - | Injection of ovalbumin/ 1 - 22 | -100.0 +1100.0
polypyrrole nanoparticles
[16] Colorectal tumor 8 8 | Injection 2 0.04 35 -99.9 +900.0
[19] Breast cancer 6 6 | Injection of liposome 3 0.75 21 +0.6 +24.9
nanoplatform
[22] Adenocarcinoma 3 3 | Injection of colloidal 5 24.12 14 -60.0 +200.0
nanoformulation
[24] HeLa model 4 4 | Injection of nanosheets 7 0.80 18 +50.0 +329.4
suspension
[23] Carcinoma 5 5 | Injection 3 2.50 8 -73.0 +340.0
[15] Colorectal tumor 8 32 | Injection 1 0.40 35 -99.0 +900.0

As mentioned in the introduction, MB has a long history of
medical application. The inexpensiveness of this compound and its
wide range of biological effects may contribute to different
treatment methods (Seitkazina et al, 2022). However, the
baseline study showed a low affinity of MB to cancer cells
(Kofler et al.,, 2018). Also, this dye is highly lipophilic and able
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to effectively cross the blood-brain barrier (Rojas et al.,, 2012).
Furthermore, the pharmacokinetics and biotransformation of MB
are complex and require detailed in vivo examination before its
translation to clinical practice. It is therefore likely that skepticism
exists for the application of MB in anticancer therapy. In contrast,
Qin et al. (2011) demonstrated the increase of MB affinity when
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Signaling questions

[15] [16] [17] [18] [19] [20] [21] [22] 23] [24]

Was the allocation sequence adequately generated and applied?

Were the groups similar at baseline or were they adjusted for confounders
in the analysis?

L+l

00
(+](+)

Was the allocation to the different groups adequately concealed during?

Were the animals randomly housed during the experiment?

Were the gil and/or in s blinded from k [o]
which intervention each animal received during the experiment?

Were animals selected at random for outcome assessment?

Was the outcome assessor blinded?

000
000
000
000
000
000
000
000
000
000

Were incomplete outcome data adequately addressed?

Are reports of the study free of selective outcome reporting?

Was the study apparently free of other problems that could result
in high risk of bias?

000000

o Low risk of bias

Unclear risk of bias

Q High risk of bias

FIGURE 3
Risk of bias summary.

nanotechnologies are used. The conflicting results of previous
studies indicate the importance of our systematic review that
focused on MB in anticancer photodynamic therapy.

The potential of this treatment method was investigated in
several studies in ex vivo models (Sahu et al., 2013; Moghassemi
etal,, 2022) that confirmed the cytotoxicity of the objective dye in
tumor cells. Furthermore, Samy et al. (2015) demonstrated a
complete response in 55% of patients with basal cell carcinoma
during six sessions of photodynamic therapy with MB. At the
same time, Matsubara et al. (2008) reported that MB did not
inhibit osteosarcoma growth in mice. In spite of the conflicting
data, the results of our systematic review show the pronounced
efficacy of MB in anticancer photodynamic therapy against
colorectal tumor, carcinoma, and melanoma. Also, it may
inhibit the development of breast cancer since during the
photodynamic therapy with MB the tumor growth was
significantly lower than in control groups in several preclinical
studies. The reasons of the different efficacies of treatment in
various types of cancer are not clear since the mechanism of
action did not change. It could conceivably be hypothesized that
the bioavailability of MB in different target tissues is not equal
and this results in different intensities of pharmacological effect.

The studies used innovative nanopharmaceutics to optimize
the bioavailability of MB. One interesting finding of our
systematic review is the suggestion that implementation of
novel pharmaceutics increased the efficacy of photodynamic
anticancer therapy against breast cancer even though the MB
dose in nanoformulation was lower and the number of intakes
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did not differ. the benefits of
nanopharmaceutic were not obvious. Also, it is important to

However, in carcinoma,
take into account the high absolute bioavailability of MB in oral
formulation reported in the literature (Walter-Sack et al., 2009).
Therefore, another possible explanation of treatment response
variability in the different types of cancer is an unequal oxidant
tolerance (Escoll et al., 2020).

The strength of present systematic review is that it included
studies published in peer-reviewed journals, and the analyzed mice
population was quite big. However, this research has several
The
heterogeneity in sample size, pharmaceutics, dosing strategies,

limitations. included studies were characterized by

and methods of outcome measurements. Moreover, based on
the
methodologically flawless research supporting the efficacy of
photodynamic anticancer therapy with MB. Only in three

risk of bias assessment, we found poor and not

papers were the actions that prevented selection bias reported,
and all studies were conducted with a high risk of detection and
reporting biases. Nevertheless, taking together these data and the
high safety profile of MB (Wainwright et al., 2017; Wu et al., 2018),
photodynamic therapy may be considered as a promising
treatment in several types of cancer.

Despite the differences observed in the selected articles, some
valuable trends can be identified and can provide direction for future
studies into photodynamic anticancer therapy. This work highlights
the need to deepen the investigation of MB pharmacology against
clinically relevant cancer models to define the rational basis for further
translation. A good methodological design and the interesting
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pharmacokinetic characterization with modern tools will provide an
opportunity to generalize these findings in meta-analyses.

5 Conclusion

In general, the observed results of the systematic review
supported our suggestions that photodynamic therapy with
MB helps against different types of cancer. Despite a modest
decrease in tumor size in breast cancer and HeLa models, the
results of colorectal tumor, carcinoma, and melanoma treatment
were promising. We observed a considerable increase of
anticancer  therapy  effectiveness in the cases of
nanopharmaceutics use. The obtained findings inspiring us to
continue the pharmaceutical development of a dosage form based

on MB and the study of its therapeutic window.

Data availability statement
The original contributions presented in the study are included in

the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Author contributions

AT:  Writing-review and
Methodology, Visualization. RT: Writing-review and editing, Formal

editing, Funding acquisition,
Analysis, Project administration, Writing-original draft. IN: Data
curation, Writing-review and editing. EM: Formal Analysis, Project
administration, Writing-review and editing. VK: Writing-review and
MK: Data draft. IR

Conceptualization, Formal Analysis, Methodology, Writing-review

editing. curation, ~ Writing-original

and editing. AS: Formal Analysis, Writing-review and editing. VL:

References

Avdeeva, Z. L, Soldatov, A. A., Alpatova, N. A, Medunicyn, N. V., Bondarev, V. P,,
Mironov, A. N,, et al. (2015). New generation monoclonal antibody drugs (problems
and prospects). Bioprep. Profil. Diagn. Lecenie. 53 (1), 21-35.

Cecatto, R. B., de Magalhaes, L. S., Rodrigues, M. F. S. D., Pavani, C., Lino-dos-Santos-
Franco, A., Gomes, M. T., et al. (2020). Methylene blue mediated antimicrobial
photodynamic therapy in clinical human studies: the state of the art. Photodiagnosis
Photodyn. Ther. 31, 101828. doi:10.1016/j.pdpdt.2020.101828

Dos Santos, M. S. C., Gouvéa, A. L., de Moura, L. D., Paterno, L. G., de Souza, P.
E. N, Bastos, A. P., et al. (2018). Nanographene oxide-methylene blue as
phototherapies platform for breast tumor ablation and metastasis prevention in
a syngeneic orthotopic murine model. J. Nanobiotechnology. 16 (1), 9. doi:10.1186/
s12951-018-0333-6

Ehrlich, P., and Leppmann, A. (1890). Ueber schmerzstillende wirkung des
methylenblau. Dtsch. Med. Wochenschr. 16 (23), 493-494. doi:10.1055/5-0029-1209911

Ehrlich, P. (1886). Ueber die Methylenblaureaction der lebenden Nervensubstanz.
Dtsch. Med. Wochenschr. 12 (04), 49-52. doi:10.1055/s-0028-1139684

Escoll, M., Lastra, D., Robledinos-Antén, N., Wandosell, F., Antén, I. M., and
Cuadrado, A. (2020). WIP modulates oxidative stress through NRF2/KEAP1 in
glioblastoma cells. Antioxidants 9 (9), 773. doi:10.3390/antiox9090773

Feng, Y., Zhang, H., Xie, X,, Chen, Y., Yang, G., Wei, X,, et al. (2022). Cascade-
activatable NO release based on GSH-detonated “nanobomb” for multi-pathways
cancer therapy. Mater. Today Bio 14, 100288. doi:10.1016/j.mtbio.2022.100288

Friedlaender, P. (1877). Fortschritte der Theerfarbenfabrikation und verwandter
Industriezweige. Berlin: Springer.

Frontiers in Pharmacology

10.3389/fphar.2023.1264961

Conceptualization, Methodology, Writing-review and editing. GR:
Conceptualization, Supervision, Writing-review and editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This work
was financed by the Ministry of Science and Higher Education of the
Russian Federation within the framework of state support for the
creation and development of World-Class Research Centers “Digital
Biodesign and Personalized Healthcare” (No. 075-15-2022-305).

Acknowledgments

We would like to thank Elizaveta Kozlikina for her kind advice
during this project.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Hooijmans, C. R, Rovers, M. M., de Vries, R. B., Leenaars, M., Ritskes—Hoitinga, M.,
and Langendam, M. W. (2014). SYRCLE’s risk of bias tool for animal studies. BMC Med.
Res. Methodol. 14, 43. doi:10.1186/1471-2288-14-43

Jia, X., Bai, J., Ma, Z., and Jiang, X. (2017). BSA-exfoliated WSe 2 nanosheets as a
photoregulated carrier for synergistic photodynamic/photothermal therapy. J. Mat.
Chem. B 5 (2), 269-278. doi:10.1039/c6tb02525k

Kaufmann, P. (1919). Uber die Wirkung von Methylenblau bei Malaria. Dtsch. Med.
Wochenschr. 45 (49), 1365. doi:10.1055/s-0028-1138168

Kofler, B., Romani, A., Pritz, C., Steinbichler, T. B., Schartinger, V. H., Riechelmann,
H., et al. (2018). Photodynamic effect of methylene blue and low level laser radiation in
head and neck squamous cell carcinoma cell lines. Int. J. Mol. Sci. 19 (4), 1107. doi:10.
3390/ijms19041107

Lee, Y. D., Cho, H. J,, Choi, M. H,, Park, H., Bang, ], Lee, S., et al. (2015). Directed
molecular assembly into a biocompatible photosensitizing nanocomplex for
locoregional photodynamic therapy. J. Control Release 209, 12-19. do0i:10.1016/j.
jeonrel.2015.04.011

Lim, D. J. (2021). Methylene blue-based nano and microparticles: fabrication and
applications in photodynamic therapy. J. Polym. 13 (22), 3955. doi:10.3390/
polym13223955

Liu, L. H,, Zhang, Y. H,, Qiu, W. X, Zhang, L., Gao, F,, Li, B,, et al. (2017). Dual-stage
light amplified photodynamic therapy against hypoxic tumor based on an O2 self-
sufficient nanoplatform. Small 13 (37), 1701621. doi:10.1002/smll.201701621

Mandal, S., and Mandal, S. K. (2009). Rational drug design. Eur. J. Pharmacol. 625
(1-3), 90-100. dOi:10.1016/j.ejphar.2009.06.065

frontiersin.org


https://doi.org/10.1016/j.pdpdt.2020.101828
https://doi.org/10.1186/s12951-018-0333-6
https://doi.org/10.1186/s12951-018-0333-6
https://doi.org/10.1055/s-0029-1209911
https://doi.org/10.1055/s-0028-1139684
https://doi.org/10.3390/antiox9090773
https://doi.org/10.1016/j.mtbio.2022.100288
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1039/c6tb02525k
https://doi.org/10.1055/s-0028-1138168
https://doi.org/10.3390/ijms19041107
https://doi.org/10.3390/ijms19041107
https://doi.org/10.1016/j.jconrel.2015.04.011
https://doi.org/10.1016/j.jconrel.2015.04.011
https://doi.org/10.3390/polym13223955
https://doi.org/10.3390/polym13223955
https://doi.org/10.1002/smll.201701621
https://doi.org/10.1016/j.ejphar.2009.06.065
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1264961

Taldaev et al.

Matsubara, T., Kusuzaki, K., Matsumine, A., Satonaka, H., Shintani, K., Nakamura, T.,
et al. (2008). Methylene blue in place of acridine orange as a photosensitizer in
photodynamic therapy of osteosarcoma. vivo 22 (3), 297-303.

Moghassemi, S., Dadashzadeh, A., de Azevedo, R. B,, and Amorim, C. A. (2022).
Secure transplantation by tissue purging using photodynamic therapy to eradicate
malignant cells. J. Photochem. Photobiol. B, Biol. 234, 112546. doi:10.1016/j.jphotobiol.
2022.112546

Orth, K., Beck, G., Genze, F., and Riick, A. (2000). Methylene blue mediated
photodynamic therapy in experimental colorectal tumors in mice. J. Photoch.
Photobio. B 57 (2-3), 186-192. d0i:10.1016/s1011-1344(00)00105-6

Orth, K, Russ, D., Beck, G., Riick, A., and Beger, H. G. (1998). Photochemotherapy of
experimental colonic tumours with intra-tumorally applied methylene blue.
Langenbecks Arch. Surg. 383, 276-281. doi:10.1007/s004230050132

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I, Hoffmann, T. C., Mulrow, C.
D, et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ 372, n71. doi:10.1136/bmj.n71

Qin, M., Hah, H. J,, Kim, G., Nie, G,, Lee, Y. E., and Kopelman, R. (2011). Methylene
blue covalently loaded polyacrylamide nanoparticles for enhanced tumor-targeted
photodynamic therapy. Photochem. Photobiol. Sci. 10, 832-841. doi:10.1039/
clpp05022b

Rojas, J. C., Bruchey, A. K, and Gonzalez-Lima, F. (2012). Neurometabolic
mechanisms for memory enhancement and neuroprotection of methylene blue.
Prog. Neurobiol. 96, 32-45. doi:10.1016/j.pneurobio.2011.10.007

Sahu, A, Choi, W. 1, Lee, J. H., and Tae, G. (2013). Graphene oxide mediated delivery
of methylene blue for combined photodynamic and photothermal therapy. Biomaterials
34 (26), 6239-6248. doi:10.1016/j.biomaterials.2013.04.066

Samy, N. A,, Salah, M. M., Ali, M. F,, and Sadek, A. M. (2015). Effect of methylene
blue-mediated photodynamic therapy for treatment of basal cell carcinoma. Lasers Med.
Sci. 30, 109-115. doi:10.1007/s10103-014-1609-1

Schirmer, R. H., Coulibaly, B., Stich, A., Scheiwein, M., Merkle, H., Eubel, J., et al.
(2003). Methylene blue as an antimalarial agent. Redox Rep. 8 (5), 272-275. d0i:10.1179/
135100003225002899

Frontiers in Pharmacology

07

10.3389/fphar.2023.1264961

Seitkazina, A., Yang, J.-K., and Kim, S. (2022). Clinical effectiveness and prospects of
methylene blue: a systematic review. Presic. Futur. Med. 6 (4), 193-208. doi:10.23838/
pfm.2022.00079

Shamseer, L., Moher, D., Clarke, M., Ghersi, D., Liberati, A., Petticrew, M., et al. (2015).
Preferred reporting items for systematic review and meta-analysis protocols (PRISMA-P)
2015: elaboration and explanation. BM]J 349, g7647. doi:10.1136/bmj.g7647

Silva, A. P., Neves, C. L., dos Anjos Silva, E., Portela, T. C. L., Iunes, R. S., Cogliati, B.,
et al. (2018). Effects of methylene blue-mediated photodynamic therapy on a mouse
model of squamous cell carcinoma and normal skin. Photodiagnosis Photodyn. Ther. 23,
154-164. doi:10.1016/j.pdpdt.2018.06.012

Taldaev, A. Kh., Terekhov, R. P., Nikitin, I. D., Zhevlakova, A. K., and Selivanova, I. A.
(2022). Insights into the pharmacological effects of flavonoids: the systematic review of
computer modeling. Int. J. Mol. Sci. 23 (11), 6023. doi:10.3390/ijms23116023

Wagner, M., Suarez, E. R,, Theodoro, T. R., Machado Filho, C. D. A. S., Gama, M. F.
M., Tardivo, J. P., et al. (2012). Methylene blue photodynamic therapy in malignant
melanoma decreases expression of proliferating cell nuclear antigen and heparanases.
Clin. Exp. Dermatol. 37 (5), 527-533. doi:10.1111/j.1365-2230.2011.04291.x

Wainwright, M., Maisch, T., Nonell, S., Plaetzer, K., Almeida, A., Tegos, G. P., et al.
(2017). Photoantimicrobials—are we afraid of the light? Lancet Infect. Dis. 17 (2),
e49-e55. doi:10.1016/S1473-3099(16)30268-7

Walter-Sack, I, Rengelshausen, J., Oberwittler, H., Burhenne, J., Mueller, O., Meissner, P.,
et al. (2009). High absolute bioavailability of methylene blue given as an aqueous oral
formulation. Eur. J. Clin. Pharmacol. 65, 179-189. doi:10.1007/s00228-008-0563-x

Wu, P. T, Lin, C. L, Lin, C. W, Chang, N. C, Tsai, W. B,, and Yu, J. (2018).
Methylene-blue-encapsulated liposomes as photodynamic therapy nano agents for
breast cancer cells. Nanomaterials 9 (1), 14. doi:10.3390/nan09010014

Xu, X, Mao, H, Wu, Y, Liu, S, Liu, ], Li, Q, et al. (2022). Fabrication of methylene blue-
loaded ovalbumin/polypyrrole nanoparticles for enhanced phototherapy-triggered antitumour
immune activation. J. Nanobiotechnology. 20 (1), 297. doi:10.1186/s12951-022-01507-5

Yoo,]J. O., and Ha, K. S. (2012). New insights into the mechanisms for photodynamic
therapy-induced cancer cell death. Int. Rev. Cell Mol. Biol. 295, 139-174. doi:10.1016/
B978-0-12-394306-4.00010-1

frontiersin.org


https://doi.org/10.1016/j.jphotobiol.2022.112546
https://doi.org/10.1016/j.jphotobiol.2022.112546
https://doi.org/10.1016/s1011-1344(00)00105-6
https://doi.org/10.1007/s004230050132
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1039/c1pp05022b
https://doi.org/10.1039/c1pp05022b
https://doi.org/10.1016/j.pneurobio.2011.10.007
https://doi.org/10.1016/j.biomaterials.2013.04.066
https://doi.org/10.1007/s10103-014-1609-1
https://doi.org/10.1179/135100003225002899
https://doi.org/10.1179/135100003225002899
https://doi.org/10.23838/pfm.2022.00079
https://doi.org/10.23838/pfm.2022.00079
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.1016/j.pdpdt.2018.06.012
https://doi.org/10.3390/ijms23116023
https://doi.org/10.1111/j.1365-2230.2011.04291.x
https://doi.org/10.1016/S1473-3099(16)30268-7
https://doi.org/10.1007/s00228-008-0563-x
https://doi.org/10.3390/nano9010014
https://doi.org/10.1186/s12951-022-01507-5
https://doi.org/10.1016/B978-0-12-394306-4.00010-1
https://doi.org/10.1016/B978-0-12-394306-4.00010-1
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1264961

	Methylene blue in anticancer photodynamic therapy: systematic review of preclinical studies
	1 Introduction
	2 Methods
	2.1 Protocol
	2.2 Search strategy
	2.3 Data processing

	3 Results
	3.1 Process of collection and selection of the studies
	3.2 Qualitative synthesis
	3.3 Risk of bias assessment

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


