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RESUMO

Nos ultimos anos, terapias de luz tém sido introduzidas em diferentes areas meédicas,
como tratamento alternativo ou adjuvante em casos de desordens potencialmente
malignas e cancer. Apesar do uso clinico difundido da fotobiomodulagao (FBM) como
terapia preventiva para mucosite oral, seu efeito sobre a mucosa exposta a
carcindégenos ainda é pouco compreendido. Em paralelo, a terapia fotodinamica (TFD)
tem sido utilizada como tratamento alternativo no manejo de lesdes potencialmente
malignas; entretanto, existe uma falta de embasamento pré-clinico sobre os efeitos
celulares e moleculares desta terapia. Diante disso, ainda ha duvidas sobre sua
seguranga durante o processo de carcinogénese oral. Nesse sentido, o presente
trabalho teve como objetivo avaliar o efeito de diferentes terapias utilizando luz laser
— fotobiomodulagdo (FBM) e terapia fotodinamica (TFD) — no desenvolvimento da
carcinogénese oral quimicamente induzida. Primeiramente, foi realizada uma revisédo
sistematica sobre o modelo de carcinogénese oral induzido por 4NQO. Os achados
dos estudos incluidos permitiram a construgdo de um guia de boas praticas com
sugestdes para futuros trabalhos de 4NQO em ratos Wistar. Em paralelo, foi feita uma
Overview a respeito do impacto da TFD em CEC e desordens orais potencialmente
malignas (DOPMs). Observou-se que, apesar dos efeitos adequados e seguros da
TFD contra DOPM e CEC, seu suporte como tratamento de primeira linha ainda
precisa de estudos de coorte mais bem desenhados. O estudo experimental resultou
em outros trés artigos cientificos. Foram utilizados 84 ratos Wistar machos, tratados
de forma sistémica com 4NQO durante 12 e 20 semanas. Todos 0s animais
receberam o carcinégeno 4NQO, e foram divididos em: (1) Grupo controle; (2) Grupo
FBM 0.3J; (3) Grupo FBM 1J; e (4) Grupo TFD. As aplicagdes de FBM ocorreram trés
vezes na semana, e de TFD, uma vez por semana. A FBM foi realizada com laser de
diodo de InGaAIP (660 nm), no modo continuo e em contato por meio da técnica
pontual. A TFD foi realizada com o animal sedado, uma vez por semana, utilizando o
fotossensibilizador acido 5-aminolevuinico (ALA) de forma tépica a 5%. Duas horas
apos a aplicagdo do 5-ALA, dois pontos da lingua do animal foram irradiados com
laser de comprimento de onda de 660 nm com fluéncia de 90 J/cm2. Os animais foram
eutanasiados nas semanas 12 e 20. Todas as pecgas foram submetidas a analise
morfolégica por meio de microscopia Optica. Através desse estudo, construiu-se um
protocolo modificado que, além de assegurar o desenvolvimento da carcinogénse com
uma dose menor de carcindégeno, garante o bem-estar animal — o que faz com que
longos estudos sejam possiveis. Avaliou-se, ainda, separadamente, o impacto das
terapias de luz. Os resultados demonstram que, tanto a TFD quanto a FBM né&o sao
capazes de frear o desenvolvimento tumor, mas também n&o o exacerbam, n&o tendo
impacto significativo na carcinogénese oral.

Palavras-chave: Terapia de fotobiomodulag&o; Terapia fotodinamica; Carcinogénese
oral; Desordem oral potencialmente maligna; Carcinoma espinocelular de boca



ABSTRACT

Light therapies have recently been adopted in a number of medical specialties as an
adjunctive or alternative treatment of cancer and other potentially malignant conditions.
Although photobiomodulation (PBM) is frequently used in clinical settings as a
preventive treatment for oral mucositis, little is known about how it affects mucosa that
has been exposed to carcinogens. Parallel to this, photodynamic therapy (PDT) has
been utilized as an alternative therapy in the management of potentially cancerous
lesions; however, the cellular and molecular effects of this therapy are not well
supported by preclinical research. As a result, there are still concerns concerning its
safety during the oral carcinogenesis process. In this regard, the goal of the current
study was to assess the impact of two laser light-based therapies, photobiomodulation
(PBM) and photodynamic therapy (PDT), on the emergence of chemically induced oral
carcinogenesis. The 4NQO-induced oral carcinogenesis model was first thoroughly
reviewed. The results of the included studies permitted the elaboration of a useful
practice guide with recommendations for further research on 4NQO in Wistar rats. A
summary of the effects of PDT on OSCC and potentially malignant oral diseases
(PMODs) was also provided. Although PDT has acceptable and secure effects against
DOPM and OSCC, we found that well-structured cohort studies are still required to
justify PDT as a first-line treatment. Three further scholarly articles were produced as
a result of our experimental study. Eighty-four male Wistar rats were employed and
treated systemically with 4NQO for 12 and 20 weeks. Each animal was assigned to
one of four groups, each receiving the 4NQO carcinogen: (1) Control group; (2) PBM
0.3J group, (3) PBM 1J group, and (4) PDT group. PBM was applied three times a
week and PDT once a week. PBM was carried out with an InGaAIP diode laser
operating in continuous mode and in contact while employing the punctual technique.
PDT was carried out once a week on a sedated animal with topical application of 5%
5-aminolevuinic acid (5-ALA) as a photosensitizer. Two hours after 5-ALA
administration, two sites on the animal's tongue were exposed to 90 J/cm? of 660 nm
laser energy. At weeks 12 and 20, the animals were euthanized, and morphological
examination was performed on each component using light microscopy. Based on this
investigation, we developed a modified methodology that guarantees animal welfare
and, in addition to assuring the development of carcinogenesis with a lower dose of
carcinogen, allows for lengthy studies. Separately, we assessed the effects of light
therapy. Our findings show that PDT and PBM have no discernible effect on oral
carcinogenesis, neither inhibiting nor increasing its progression.

Keywords: Photobiomodulation; Photodynamic therapy; Oral carcinogenesis; Oral
potentially malignant disorder; Oral squamous cell carcinoma
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1 INTRODUGAO

O carcinoma espinocelular (CEC) de boca € um problema global com
incidéncia anual de 300.000 novos casos (D’Cruz, et al., 2018). Segundo dados
brasileiros do Instituto Nacional do Cancer (INCA), o numero de casos novos de
cancer da cavidade oral esperados no pais, para cada ano do triénio 2020-2022, é de
11.200 casos em homens, e de 4.010 em mulheres. Esses valores correspondem a
um risco estimado de 10,7 casos novos a cada 100 mil homens, ocupando a quinta
posi¢cao. Para as mulheres, corresponde a 3,71 para cada 100 mil mulheres, sendo a
décima-terceira mais frequente entre todos os canceres (INCA, 2020). Os principais
fatores de risco sdo o tabagismo e o consumo excessivo de alcool, bem como a
exposi¢cao ao sol. No entanto, por ser considerada uma doenga multifatorial, fatores
genéticos, epigenéticos e ambientais estdo envolvidos (Chi et al., 2015; Ali et al.,
2017).

A carcinogénese descreve uma série de mudangas genotipicas e fenotipicas
que resultam na formagao e na expansao clonal de uma célula maligna (Farah et al.,
2019). Esse processo ocorre lentamente, podendo levar varios anos para que uma
célula cancerosa prolifere e dé origem a um tumor visivel. Nesse sentido, o processo
de carcinogénese € descrito como um processo de multiplas etapas que envolvem:
(1) iniciagéo, (2) promogéo e (3) progressao. A iniciacao € o primeiro estagio. As
células normais sofrem o efeito dos agentes carcindbgenos que provocam
modificagdes em alguns genes que regulam proliferagao celular. Passam a se tornar
geneticamente alteradas, porém ainda nao é possivel detectar um tumor clinicamente.
Encontram-se "preparadas”, ou seja, "iniciadas" para a agdo de um segundo grupo de
agentes que atuara na sequéncia. A promogao € o segundo estagio da carcinogénese.
Nesse momento, as células ja iniciadas sofrem o efeito dos agentes co-carcinogénicos
(oncopromotores) - que ocorre de forma lenta e gradual. A suspenséao do contato com
agentes promotores muitas vezes interrompe o processo nesse estagio. No entanto,
quando continua a evoluir, um terceiro estagio se inicia — progressao - e as células
alteradas se multiplicam de forma descontrolada e irreversivel. Nessa etapa o cancer
ja esta instalado, evoluindo até o surgimento das primeiras manifestag¢des clinicas da
doenga (Kumar & Weaver, 2009).

O mecanismo de carcinogénese é resultado de diversas alteragdes nos genes

que atuam direta ou indiretamente no controle do ciclo celular, tais como: oncogenes,
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genes supressores de tumor, genes reguladores da apoptose e genes envolvidos no
reparo do DNA. Os agentes capazes de atuar na carcinogénese sdo denominados
carcinogenos ou carcinogénicos. Os agentes oncoiniciadores sdo capazes de
provocar diretamente o dano genético das células, iniciando o processo de
carcinogénese (Exemplo: benzopireno, um dos componentes da fumacga do cigarro e
alguns virus oncogénicos, entre outros). Os agentes oncopromotores sao aqueles que
atuam sobre as células iniciadas, transformando-as em malignas. Enquanto o agente
oncoacelerador gera a multiplicagcdo descontrolada e irreversivel das células
alteradas, atuando no estagio final do processo. Dentre os diversos agentes
carcinogénicos, o fumo tem sido considerado um agente completo, pois permite a
exposi¢ao a carcinogenos, a formagéo de adutos de DNA e o acumulo resultante de
mutagdes somaticas permanentes em genes criticos. As mutagbes somaticas levam
ao crescimento clonal e, por meio do acumulo de mutagdes adicionais, ao
desenvolvimento do cancer (CDC, 2010).

O 4-Nitroquinoline-1-Oxido (4NQO) é um carcinégeno sintético soluvel em
agua, que tem sido considerado o melhor carcindgeno atualmente disponivel para a
produgéo da carcinogénese oral em ratos. Tem sido evidenciado que o0 4NQO forma
adutos de DNA, levando a substituicdo de adenosina por guanosina, e induzindo ao
estresse oxidativo intracelular (Sagheer et al., 2021). Os efeitos resultantes da
aplicagédo do 4NQO sao extremamente semelhantes as alteragbes induzidas pelo
tabaco. Nesse modelo experimental, pode-se avaliar a formagdo dos estagios
sequenciais da carcinogénesse, e estudos evidenciam que suas alteragdes
histologicas e moleculares sdo similares as que ocorrem em humanos (Kanojia&
Vaidya, 2006; Miki et al., 2016; Sagheer et al., 2021). Histologicamente, podem ser
observadas alteragbes no epitélio lingual que variam de hiperplasia, displasia leve,
moderada e severa antes da formagao do carcinoma invasivo (Sagheer et al., 2021).
Ainda, sabe-se que o espectro mutacional do CEC humano é fielmente recapitulado
em tumores de animais induzidos por 4NQO (Serqueira et al., 2020). Com esse
modelo, pode-se avangar no entendimento das alteragdes moleculares e celulares da
carcinogénese, bem como no desenvolvimento de novas estratégias terapéuticas.

O uso da luz com finalidade terapéutica vem sendo ha anos investigado. A
terapia que envolve o uso de luz laser ou LED (do inglés, light-emitting diode), com
finalidade de gerar efeitos bioldgicos sem gerar calor, € denominada terapia de
fotobiomodulagao (FBM). A FBM representa uma abordagem terapéutica promissora,
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explorando a capacidade da luz de modular os processos bioquimicos e moleculares
nas células vivas (Levchenko et al., 2018). Dependendo dos parametros de luz, pode
ser capaz de ativar ou inibir uma série de vias de sinalizagdo celular (Wang et al.,
2017; Rupel et al., 2018). O mecanismo preciso da capacidade da FBM em induzir a
proliferacdo ou apoptose ainda ndo é totalmente compreendido, embora seu efeito
possa ser parcialmente explicado pela capacidade bem conhecida da luz de modular
o nivel de espécies reativas de oxigénio intracelular (De Freitas & Hamblin, 2016).
Sabe-se que a acdo dos fotons na citocromo-c oxidase € o componente primario
envolvido no mecanismo de agdo da FBM. De forma geral, ocorre a absorgdo da
irradiacdo pelo citocromo-c oxidase na mitocéndria, causando fotoexcitacdo do
cromoforo e aumento da producao de adenosina trifosfato (ATP) (Dompe et al., 2020).
De modo geral a FBM tem sido utilizada com o objetivo de promover o reparo tecidual,
modular a inflamagéo e produzir analgesia (De Pauli Paglioni et al., 2019).

Outra forma de utilizagéo da luz é a terapia fotodinamica (TFD), a qual se baseia
no efeito da luz em excitar croméforos para produzir espécies reativas de oxigénio (De
Freitas & Hamblin, 2016). De forma semelhante a FBM, a TFD se caracteriza por ser
uma abordagem minimamente invasiva (Chen et al., 2019). Tal técnica possui trés
elementos fundamentais: (1) oxigénio, (2) fotossensibilizador e (3) um comprimento
de onda especifico de luz visivel (Olek et al., 2021). Nesse processo, 0
fotossensibilizador € ativado pela luz e causa uma série de reacdes fotoquimicas e
fotobiologicas, resultando em danos irreversiveis e, eventualmente, na morte das
células alvo (Hopper, 2000; Prates et al., 2011; Sharma et al., 2012; Prazmo et al.,
2016; van Straten et al., 2017). Como a TFD é um processo fotoquimico a frio, ndo ha
aquecimento tecidual, e tecidos conjuntivos, como colageno e elastina, no local
tratado, ndo sdo afetados; portanto, ha muito menos risco de danificar a integridade
das estruturas funcionais subjacentes do que com técnicas de laser térmico e outras
abordagens invasivas (Olek et al., 2021).

Tanto a FBM quanto a TFD tém sido utilizadas no manejo de lesdes orais.
Apesar do uso clinico difundido da FBM como terapia preventiva para mucosite oral,
seu efeito sobre a mucosa exposta a carcindgenos ainda € pouco compreendido. Em
paralelo, a TFD tem sido utilizada como tratamento alternativo no manejo de lesbes
potencialmente malignas; entretanto, existe falta de embasamento pré-clinico sobre
os efeitos celulares e moleculares dessa terapia. Diante disso, o efeito da FBM e TFD

na carcinogénese oral tem sido alvo de estudo em diferentes metodologias.
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Uma revisao sistematica, publicada por Silveira e colaboradores (2019),
analisou os efeitos da terapia com FBM no CEC de cabecga e pescog¢o em 15 artigos.
Dos 13 estudos in vitro, sete observaram um efeito positivo da FBM na inibigdo ou na
prevencao do efeito nas células tumorais do CEC de cabega e pescogo, enquanto seis
observaram aumento da proliferacdo. Apenas dois estudos fizeram avaliagdo em
modelo animal: de C Monteiro et al. (2011) relatou aumento da progressao do CEC
oral, enquanto Ottaviani et al. (2016) observaram redugéo da progressao tumoral. Os
autores concluiram que os dados dos artigos incluidos na revisdo sistematica ainda
nao suportam uma concluséo clara sobre os efeitos da FBM nas células de CEC de
cabeca e pescogo. Ja, em 2020, foi publicado um estudo por Chiang e coautores, com
o objetivo de avaliar o potencial terapéutico de FBM na fibrose submucosa oral
(desordem oral potencialmente maligna) em ratos induzidos por extrato de noz areca.
Os resultados mostram que o FBM reduziu significativamente o desenvolvimento de
fibrose submucosa oral, quantificado por mudangas na espessura da camada
submucosa e deposi¢do de colageno (Chiang et al., 2020).

Recentemente, nosso grupo de pesquisa realizou um estudo que avaliou o
impacto da FBM em CEC oral, utilizando modelo de xenoenxerto. Os resultados
mostram que ndo houve diferengas significativas entre os grupos irradiados e nao
irradiados quanto a medidas volumétricas, grau histopatolégico e marcagdo imuno-
histoquimica (Silveira et al., 2022). Dessa forma, concluiu-se que a FBM nao tem
impacto no comportamento do cancer oral em modelos de xenoenxerto. No entanto,
alguns estudos sugerem que o uso do FBM é capaz de influenciar os processos
metabolicos celulares a ponto de estimular a proliferagdo de células malignas e
modular o microambiente tumoral para aumentar seu volume (Frigo et al., 2009; de C
Monteiro et al., 2011). Por outro lado, estudos de outros autores sugerem que FBM
induz apoptose e morte celular em células neoplasicas malignas de forma dose-
dependente, sem potencial para ativar células malignas residuais (Tsai et al., 2015;
Barasch et al., 2016). De Pauli Paglioni et al. (2019) demonstram, através de uma
revisao sistematica conduzida com 27 artigos, que o uso de FBM para prevenir e/ou
tratar complicagbes associadas ao tratamento do cancer € seguro. No entanto,
ressaltam que estudos futuros, usando protocolos semelhantes de aplicagao de FBM
e com acompanhamento de longo prazo, sdo necessarios para confirmar a seguranca

do uso de FBM em pacientes com cancer.
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A TFD tem sido amplamente utilizada para tratar desordens potencialmente
malignas e cénceres de pele, trato digestivo e mucosa geniturinaria, bem como
tumores e malformagdes vasculares em outros 6rgéos (Chen et al., 2019). Olek e
coautores (2021) publicaram uma revisao sistematica com o objetivo de apresentar
uma visao geral do uso da TFD em estudos pré-clinicos em modelo animal. Os
resultados da revisdo mostram que a pesquisa tem se concentrado principalmente na
avaliacdo dos efeitos da TFD no crescimento tumoral, na expectativa de vida dos
animais e na ocorréncia de efeitos adversos, bem como no papel da via de
administragdo nos efeitos alcangados. No entanto, sua segurangca em mucosa
alterada pela ag&o carcinogénica ainda nao foi comprovada, nao sendo amplamente
utilizada nos centros clinicos.

Uma vez que a utilizag&do de terapia de luz ainda € contraditoria na literatura, o
presente trabalho tem como objetivo entender como a FBM e a TFD atuam e/ou
interferem na inducéo da proliferacdo e da diferenciacdo celular durante o processo

de carcinogénese oral.
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Abstract

This study summarized the available evidence about the use of photodynamic therapy
(PDT) for the management of oral potentially malignant disorders (OPMD) and oral
squamous cell carcinoma (OSCC). An overview of systematic reviews was undertaken
based on the PRISMA 2020 statement. Electronic searches were performed in five
databases. Studies published up to November 2022 were included. Risk of bias was
assessed with the AMSTAR 2 tool. Thirty studies enrolling 9,245 patients with OPMD
(n=7,487) or OSCC (n=1,758) met the selection criteria. All studies examined the
efficacy and/or safety of PDT. OPMD were investigated individually in 82.8% of the
studies, the most common being oral lichen planus and actinic cheilitis. OSCC was
addressed separately in 10.3% of the studies, while only 6.9% evaluated both OPMD
and OSCC. Fourteen different types of photosensitizers were described. PDT was
used according to the following laser setting parameters: 417-670 nm, 10-12000
mW/cm?, 1.5-200 J/cm?, and 0.5-143 minutes. Regarding OPMD, leukoerythroplakia
showed the best response rates, while oral lichen planus showed partial or no
response in nearly 75% of documented cases. A complete response was observed in
85.9% of OSCC cases, while 14.1% had no resolution. Overall, the response to PDT
depended on the type of OPMD/OSCC and the parameters used. Although PDT is an
emerging candidate for the treatment for OPMD and OSCC, there is heterogeneity of
the methodologies used and the clinical data obtained, particularly regarding the
follow-up period.

Keywords: oral cancer; oral oncology; oral potentially malignant disorder; oral
squamous cell carcinoma; photodynamic therapy; photosensitizing.
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1. Introduction

Almost 90% of oral cavity cancers are squamous cell carcinomas (SCC), and
their global incidence was estimated at 377,713 new cases, with 177,757 deaths in
2020 [1]. The development of oral cavity SCC (OSCC) may be preceded by a
significant subset of mucosal disorders recognized as oral potentially malignant
disorders (OPMD) [2]. The malignant transformation rate across OPMD has been
estimated at 7.9% [3].

OSCC is wusually treated by surgery followed by radiotherapy and/or
chemoradiation. Surgery for OSCC can be disfiguring and both surgery and
radiotherapy have significant functional adverse effects, notably impairing the ability to
eat, drink, and talk [4]. Moreover, a variety of therapeutic strategies have been
proposed for OPMD, including application of topical and systemic drugs, CO: laser,
cryosurgery, electrosurgery, and surgical excision [2,5,6]. Despite this, there still is no
available evidence that treatment prevents malignant transformation and
counterproductive adverse effects (e.g., scare formation and recurrence) have been
documented in some cases [2,3,6]. In this scenario, a promising candidate appears to
be photodynamic therapy (PDT), a noninvasive tool that uses the combination of a
photosensitizer (PS) and oxygen that activates reactive oxygen species (ROS),
causing the death of microorganisms by apoptosis or necrosis [7].

For over 30 years after its regulatory approval (e.g., Food and Drug
Administration), PDT has been the subject of numerous studies and compelling
evidence indicates that it is an effective therapy against cancer [8]. Systematic reviews
have examined the safety and/or efficacy of PDT in SCC of the head and neck and
have indicated that PDT is a promising candidate for the treatment of early-stage
disease [9,10]. Similarly, a study demonstrated that interstitial PDT seems to be safe
and effective for the treatment of brain tumors [11]. In cervical epithelial tumors, PDT
may be a practical approach regarding their regression compared to placebo [12].
Wang et al. [13] and Collier et al. [14] endorsed that PDT is a useful method for the
treatment of basal cell carcinoma, with cosmetic advantages over surgery and
cryosurgery.

PDT has been approved as a modality for the treatment of cancer elsewhere,
particularly in the management of superficial lesions of the skin and luminal organs
[15]. For instance, PDT is approved in the United States, Canada and the European
Union for the treatment of actinic keratosis and/or basal cell carcinoma [16]. While
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there is currently growing interest in the development of a safe, effective, and
repeatable function-sparing treatment for OSCC, there still seem to be conflicting
results about the role of PDT in managing OPMD and OSCC. Previous systematic
reviews have examined the efficacy and safety of PDT for OPMD and/or OSCC [17—
19]; however, due to the heterogeneity of the methodologies employed, as well as the
quality of the reviews performed, the conclusions are still unclear. In this sense, when
there is conflicting evidence about a certain topic, overviews play an important role in
bringing reviews together using a transparent and systematic method. This sort of
study assists in making informed decisions by methodically gathering and examining
published evidence [20]. Therefore, the purpose of the present overview was to
systematically examine and critically appraise available evidence regarding the impact
of PDT on the management of OPMD and OSCC.

2. Material and Methods
2.1 Study design and eligibility criteria

This overview was based on a systematic review and meta-analysis that aimed
to investigate the impact of PDT on the management of OPMD and OSCC. OPMD
were reported according to the consensual definition and classification proposed by
Warnakulasuriya et al. [2]. Studies whose primary objective was the assessment of the
impact of PDT or studies on the treatment of OPMD or OSCC that demonstrated the
results of PDT separately were included. No restrictions were applied regarding
publication time or language of the articles.

The acronym PICOS (Population, Intervention, Comparison, Outcomes, and
Studies) was structured as follows:

(P) Participants with OPMD and/or OSCC;

() PDT;

(C) None or other therapies;

(O) Efficacy, safety, and response rate of PDT (the general PDT was also used)
for the management of OPMD and/or OSCC;

(S) Systematic reviews and meta-analyses.

2.2 Search strategy
Electronic searches were performed in June 2022 in five databases: PubMed
(National Library of Medicine), Web of Science (Thomson Reuters), Scopus (Elsevier),
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Embase (Elsevier), and Cochrane (Cochrane Library). An update was carried out in
November 2022. The gray literature was also examined, limited to the first 100 results
through ProQuest, OpenGrey, and Google Scholar [21]. A hand search was also
performed in the reference list of the included studies. Supplementary File 1 provides
the details of the search strategy employed.

2.3 Study selection and data extraction

The reference list was retrieved from the Endnote website (Clarivate Analytics,
PA, USA). Titles/abstracts were read independently by three authors (L.F.S.; T.R.S;
L.B.K.). If the title/abstract met the eligibility criteria, the article was included. The full
text of the articles with titles/abstracts providing insufficient information for a clear
decision was obtained. After evaluation of the full text, the references that met the
eligibility criteria were included. Disagreements among authors were resolved by
discussion with a fourth author (M.D.M.).

The authors (L.F.S., T.R.S. and L.B.K.) extracted all data from the included
studies. For each study, the following data were extracted: author's name, year and
country of publication, review question and/or aim of the study, histopathological
subtypes of OPMD and/or OSCC, number of included articles, study design, sample
size and setting, PDT parameters, PDT response rate (i.e., complete, partial, or
absent), adverse effects, follow-up period (months), recurrence rate, main results, and

conclusions.

2.4 Critical appraisal

The quality assessment was performed by three authors (L.F.S., T.R.S., and
L.B.K.). The methodology of selected systematic reviews was examined using the A
MeaSurement Tool to Assess Systematic Reviews 2 (AMSTAR-2) checklist [22]. Risk
of bias was categorized as high when the study reached up to 49% of a “yes” score,
moderate when the study reached 50 to 69% of a “yes” score, and low when the study
reached more than 70% of a “yes” score. Disagreements among authors were resolved
by discussion with a fourth author (M.D.M.).

2.5 Data analysis
Data were tabulated in Microsoft Office Excel 2019 (Microsoft® software,
Redmond, WA, USA) and analyzed descriptively.
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2.6 Other information

This study was conducted in accordance with the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) statement [23].
We also followed the key issues that are essential to assess when taking the steps in
planning an overview [20]. A protocol was designed and registered in the International
Prospective Register of Systematic Reviews (No. CRD42021249297). The authors
declare no conflict of interests.

3. Results
3.1 Selection of studies

The search process retrieved 604 articles. After removing duplicates, 262 titles
and abstracts were evaluated. Of these, 52 full texts were evaluated considering the
eligibility criteria; 22 records were excluded for different reasons (Supplementary File
2). No articles were selected by grey literature or manual search. A total of 30
systematic reviews, covering a total of 368 primary studies, were included in this
overview [9,17-19,24-49]. Figure 1 depicts the flowchart process.

3.2 General characteristics of the articles included

A total of 9,245 individuals with OPMD (n=7,487) or OSCC (n=1,758) were
analyzed. The worldwide distribution of the selected studies showed that the systemic
reviews were published in 12 countries of four regions: Asia (n=15), Europe (n=8),
North America (n=5), and South America (n=2). The systematic reviews investigated
oral lichen planus (OLP), actinic cheilitis (AC), oral leukoplakia (OLK), oral
erythroleukoplakia (OEL), oral erythroplakia (OE), oral verrucous proliferative
leukoplakia (OVPL), epithelial dysplasia, including in situ carcinoma, as well as OSCC.

Supplementary File 3 provides the data from the included systematic reviews.

3.3 General PDT features

Different types of PS were described: aminolaevulinic acid, chlorine-e6 and
dimethyl sulfoxide, chlorine-e6, foscan, hematoporphyrin derivatives, imiquimod,
meta-tetrahydroxyphenylchlorin, methyl aminlevulinate, methylanomoxopentanoate,
methylene blue, Photofrin® (porfimer sodium), Photosan® (hematoporphyrin
derivative), polyvinylpyrrolidone, and toluidine blue.
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Laser parameters were as follows: 417-670 nm wavelength, 10-12000 mW/cm?
power density, 1.5-200 J/cm? energy density, and 0.5-143 minutes of irradiation
(Supplementary File 3).

3.4 Impact of PDT for OPMD

Table 1 and Figure 2 show the impact of PDT for OPMD according to response
rate (i.e., complete, partial, or absent), follow-up period, and recurrence rate, based on
the information provided. Among the informed cases, in general, OEL (93% of 100
cases) showed the best response rate (i.e., complete response), followed by AC
(67.6% of 448 cases).

AC and OLP were the lesions with the highest number of publications (10
studies each). Except for the study by Carvalho et al. [30], all others demonstrated that
PDT, alone or combined with other therapies (e.g., 5% imiquimod), was promising and
effective for the treatment of AC (Supplementary File 3). However, compared to the
clinical response rate of the OPMD included in this overview, AC had a higher
nonresolution rate (20.3% of 448 cases) (Figure 2). Salgueiro et al. [35] and Trager et
al. [41] showed that PDT had a high frequency of adverse effects (e.g., erythema,
edema, pain, and crust formation).

Most of the studies focused on the use of PDT for the treatment of OLP and
compared this alternative approach to topic corticotherapy, showing its positive effects
[24,27,29,36,43,49]. However, the complete response rate observed was 42.9%.
Factors such as size reduction, absence of visible scars, and reduction of signs and
symptoms were pointed out by some studies, although the results were not statistically
significant (Supplementary File 3). Hoseinpour Jajarm et al. [31] reported that PDT
showed no significant effect regarding the treatment of OLP signs since no statically
significant differences in lesion size were found after treatment. Moreover,
t ukaszewska-Kuska et al. [40] demonstrated that the therapeutic outcomes were more
advantageous for dexamethasone compared to PDT. On the other hand, Waingade et
al. [47] concluded that PDT using methylene blue as a PS was found to have similar
efficacy to that of conventional corticosteroid therapy in the management of OLP and
may be considered an alternative of treatment when steroids are contraindicated.

Eight studies evaluated OLK, OE and/or OEL. Overall, OLK showed a lower
response than OE and OEL (Supplementary File 3). In one study [28], OL (white
lesions) did not respond satisfactorily to PDT, with complete response rates ranging
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from 0 to 83%. Moreover, the complete response rate for OLK was 7.7%, compared to
91.7% for OEL [34]. Regarding size, Li et al. [32] stated that, in addition to the complete
recovery of patients treated with PDT, the reduction in lesion size is also of great
importance for the follow-up of treatment or resection.

3.5 Impact of PDT for OSCC

Among the informed cases, OSCC (n=411) showed complete resolution in
83.4% of cases and nonresolution in 16.6%. The recurrence rate was 12% within a
follow-up of 28.4 months (Table 1). In the study by Cerrati et al. [17], PDT was
assessed in terms of complete response to therapy, and surgery was evaluated in
terms of locoregional control and recurrences. When comparing a complete response
to PDT and locoregional control to the results of surgery, the authors did not detect
statistically significant differences. Also, no statistically significant difference was
observed regarding relapses. The authors concluded that PDT was as effective as
primary surgical resection for treating early-stage OSCC and was a valid treatment
approach regarding the preservation of function.

All PDT studies included by Alkindi et al. [18] showed statistically significant
improvement of complete OSCC regression during the follow-up period. For PDT, the
complete response ranged from 16 to 100% in OSCC cases.

Romano et al. [19] reported that the treatment of OSCC involved participants
who had lesions of substantial extension or that involved regions of high cosmetic value
(e.g., lower lip). In these cases, PDT was a critical therapeutic option for patients who
refused to undergo traditional invasive surgery and/or general anesthesia.

Lin and colleagues [42] concluded that the efficiency of PDT, especially in the
short-term for the treatment of early OSCC, was high. In parallel, PDT was highly
selective with mild adverse reactions, which made it preferable to surgery when
protection of the appearance and function of the target site was needed. However, it
should also be noted that PDT had little effect on metastatic lesions; therefore, patients
with OSCC should be carefully selected (patients at the TINOMO/T2NOMO stage in
most cases) before PDT treatment.

3.6 Critical appraisal of systematic reviews
Risk of bias was categorized as high in six (20%) studies, moderate in 11
(36.7%), and low in 13 (43.3%) (Supplementary File 4).
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4. Discussion

The present overview identified that PDT is a promising candidate that elicits an
effective response in the management of OPMD and OSCC. However, the results
clearly reveal that the response rate occurred for specific lesions and conditions,
particularly for OPMD. Response rates after PDT varied according to several factors,
including but not limited to, lesion location and size, morphological aspects (e.g.,
surface keratin, increased epithelial permeability, and accelerated epithelial cell
division), type, diffusion, and retention of PS, and the parameters/protocols used for
PDT. Thus, although PDT is an emerging candidate for the treatment for OPMD and
OSCC, there is heterogeneity of clinical data and of the parameters used, particularly
during long-term patient follow-up.

PDT for AC was reported in 10 studies with a good complete response rate in
67.6% of cases. This method yields excellent cosmetic results and is largely well-
tolerated with few adverse events including erythema, edema, pain, and crusting
[35,41]. About 30% of the AC cases evaluated in this overview had a partial or no
response to PDT. Accordingly, it has been suggested that the treatment of AC with
PDT can be used in cases of mild to moderate dysplasia and non-focal clinical
presentation [26]. Unfortunately, the primary studies assessed did not explore lesion
size or morphological aspects; thus, it is necessary to increase the effectiveness of
PDT by optimizing the treatment parameters.

The literature states that OLP has no cure, and treatment strategies are
designed to limit progression, reduce exacerbations, and alleviate pain symptoms [50].
Although a substantial number of studies have demonstrated a positive effective effect
of PDT for these lesions [24,45,49], the results are conflicting. Systematic reviews have
shown that PDT is less successful for OLP as the lesions only partially resolve in most
cases. In turn, partial resolution involves multiple factors such as a size reduction and
partial pain relief. PDT appears to be advantageous in some circumstances or when
used in conjunction with conventional therapy. Moreover, it was highlighted that the
range of cost per treatment session was higher for these treatment modalities when
compared to topical steroids [46].

Regarding OLK, OE and OEL, the response observed in the evaluated cases
was variable. Less than half the cases diagnosed as OLK have a complete response,
whereas OE and OEL have a complete response in over 90% of cases. Although the
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studies did not associate histopathological grading/characteristics with the outcomes,
the difference in response to treatment may be possibly due to the different epithelial
structure of the lesions [34]. Another important point refers to the size of the lesion.
According to Gondivkar et al. [9], almost 85% of the studies included in the systematic
review did not establish an association between lesion size and appearance of the
lesion versus outcomes after PDT. It is noteworthy that studies that included treatment
of smaller lesions [51] had a more satisfactory response rate with better follow-up than
larger lesions [52,53]. This suggests, therefore, that multiple factors, including
dysplasia, type, size, and surface characteristics of the lesion, may determine the
effectiveness of PDT in the management of OLK, OE, and OEL. Nevertheless, future
studies that address these factors are necessary for the successful management of
such lesions by PDT.

In the presence of malignant lesions, PDT is essentially applied to individuals
who have lesions of considerable extent or who are affected in areas of high cosmetic
value (e.g., lower lip) and to patients who refuse traditional invasive surgery and/or
general anesthesia [19]. We should emphasize that, whenever possible, the treatment
of choice for OSCC should be surgery and/or radiotherapy. Notably, compared to
surgical treatment, PDT is highly selective, minimally invasive, and easily accepted by
patients, with mild adverse reactions and no cumulative toxicity [53]. However, the
findings of the included articles on OSCC should be interpreted with caution. Almost
all studies contained a small number of patients — especially as a direct result of the
careful selection of candidates for PDT, and more positive outcomes would be
expected [17]. Of note, PDT appears to be well tolerated by patients of all ages and
may serve as an alternative therapy for clinically compromised patients who may not
be able to withstand the adverse effects of radiotherapy or who may be too debilitated
to undergo surgery. Another possible application would be in cases of compromised
margins due to malignant lesions that cannot be fully resected. Concepts about the
characteristics of a clinically successful PS should be taken into account, such as
photodynamic reaction, localization, amphiphilicity, fluorescence, and dosimetry [54].
The type of PS, for instance, must be considered when evaluating the effectiveness of
PDT. In addition, PS properties, tissue properties, and the corresponding absorption
wavelength should be well evaluated when choosing laser types [55,56]. In the study
by Varela-Centelles et al. [57] that compared different therapeutic approaches to AC,
PDT provided ineffective clearance rates and inconsistent results. However, daylight
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PDT with methyl aminolevulinate proved to be better tolerated than conventional PDT
and may be specifically indicated for cases of AC associated with multiple facial actinic
keratoses. Importantly, Photofrin®-based PDT has revealed promising results in
reversing OSCC at early stages [28]. In contrast, aminolaevulinic acid for OL showed
contradictory results, although most of them indicated that this is not a clinically
effective intervention [34]. In part, a hypothesis for such a broad range of clinical
response can be attributed to the variation between the clinical appearance and the
underlying histology of these oral lesions [28].

There was a lack of consensus on the precise duration and frequency of PDT
for the treatment of OPMD and OSCC. Therefore, the importance of these different
parameters related to therapeutic protocols regarding the outcome has not yet been
established. Accordingly, multiple laser sessions are known to have a significant effect
on the clinical efficacy of phototherapy [43]. However, the number of sessions was
poorly described in the included studies. Indeed, the potential advantages of PDT over
conventional treatment for OPMD and OSCC are that this therapy is noninvasive and
convenient for both the patient and the operator [9]. In general, PDT has few and
moderate adverse effects and could be used as a primary cancer treatment modality,
as a pre-surgical treatment for the reduction of the lesion or as a palliative intervention
for late disease. Mechanistically, PDT usually has a low potential of causing DNA
damage, mutations, and carcinogenesis [9]. Most PS do not accumulate in cell nuclei.
Sensitizers that localize in mitochondria, such as Photofrin®, or are produced in
mitochondria, such as aminolaevulinic acid-induced Protoporphyrin® IX, are likely to
induce apoptosis, while sensitizers localized in the plasma membrane are likely to
cause necrosis during light exposure [58,59]. The common adverse events reported
included local phototoxicity and pain. Local phototoxicity usually included transient
erythema, edema, erosions, crusting, blistering, scaling, itchiness, paresthesia, and
mild dryness [48]. Nonetheless, the inconveniences of the technology, including
specialized instrumentation and the special training required, should be considered
against its potential advantages.

This overview has some limitations. The findings of this study should be
interpreted with caution since the number of parameters, including laser parameters,
as well as type of patients, and number of treatment sessions may affect the overall
outcome of PDT in the management of OSCC. Clinicians may evaluate the availability,

incidence, and severity of adverse reactions, cost-performance ratio, and local medical



29

insurance policy when choosing an appropriate PS. Another concern is the length of
follow-up, which in some cases did not exceed six months. A longer observation period
would allow a longer follow-up of the patients and, eventually, the identification of the
lesion recurrence in the treated sites or in different sites. In this regard, we suggest
that researchers should standardize the staging of the lesions to be treated and provide
documentation with proper images taken with the use of rulers and pachymeters for
future studies. Last, more than half the studies were rated as having high or moderate
risk of bias based on the evaluation of their methodological quality. Methodological
flaws regarded the absence of a pre-defined review protocol, the absence of a list of
excluded studies and justification of the exclusions, and the absence of sources of
funding.

In summary, despite the adequate and safe effects of PDT against OPMD and
OSCQC, its support as a first-line treatment still needs better-designed cohort studies.
The lack of consistency of PDT protocols, as well as the limited number of cases
included without a long-term follow-up in the primary studies, are the main reasons that
prevent reaching definite conclusions. The development of standard protocols for
photoactive agents, a clear understanding of dosing aspects, and the frequency of
treatments for OPMD and OSCC are crucial for future studies.
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Figure legends

Figure 1. Flow diagram of the literature search and selection criteria based on 2020
Preferred Reporting ltems for Systematic Reviews and Meta-analyses (PRISMA).
Figure 2. Clinical response rates for the cases of oral potentially malignant disorders
(oral leukoplakia, oral erythroleukoplakia, actinic cheilitis, and oral lichen planus), and

oral squamous cell carcinomas.



] { Identification

Screening

Included

)

Records identified through databases search (n=604)

Records identified via other methods (n=2,135)

E’;;“::: 123: Google Scholar=1,050
Web of Science: 101 P’gge‘:féz;fow
Pubmed: 95 Reference list of selected articles=0
Cochrane: 10
Number of duplicates removed (n=342) ] Full-text articles assessed for eligibility (n=0)
Records select to reading titles/abstracts (n=262) ]
---% | Records excluded (n=210)
Full-text articles assessed for eligibility (n=52) ]

Records excluded (n=22)

1.Literature review (n=7)
2. Not explored PDT (n=5)

3. Not analyze PDT alone
> (0=1)
4. Full-text unavailable (n=3)
5. Not explored OSCC alone
(n=1)
6. Protocol article (n=1)

Studies included in qualitative synthesis (n=30) ]

39

Figure 1. Flow diagram of the literature search and selection criteria based on 2020 Preferred Reporting

Items for Systematic Reviews and Meta-analyses (PRISMA).
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Figure 2. Clinical response rates for the cases of oral potentially malignant disorders (oral leukoplakia,
oral erythroleukoplakia, actinic cheilitis, and oral lichen planus), and oral squamous cell carcinomas.
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Table 1. Data regarding response rate, follow-up and recurrence rate of oral potentially malignant

disorders (OPMD) and oral squamous cell carcinoma (OSCC) retrieved from systematic reviews

Variabl Response rate Follow-up Recurrence
ariables
Complete Partial None (months) rate
OPMD
Actinic cheilitis (AC),
448 10 studi 67.6% 12.1% 20.3% NI 4-15%
n=448; 10 studies
Oral lichen planus
42.9% 57.1% 0 0.5-48 NI
(OLP), n=576; 10 studies
Oral leukoplakia (OLK),
516: 8 studi 43.8% 46.9% 9.3% NI 1-3%
n=516; 8 studies
Oral erythroleukoplakia
93% 7% 0 NI 13%
(OEL), n=100; 8 studies
OosccC
OsccC
83.4% 0 16.6% 28.4 12%

n=411; 4 studies

Note: NI, not informed.
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Abstract

Objective: Based on a critical review of published studies, we aimed to develop a good
practice guide for using 4-nitroquinoline-1-oxide (4NQO) as an inducer of oral
carcinogenesis in Wistar rats. Design: A systematic search was performed on Medline
Ovid, PubMed, Embase, Web of Science, and Scopus databases. The SYRCLE's risk
of bias tool was used to assess the quality of the studies. Results: Thirty-five articles
met the selection criteria; 22 (62.9%) of them administered 4NQO systemically in
drinking water, with a mean concentration of 30.2ppm (SD£15.9) and during a mean
period of 20.8 (SD17.8) weeks. The other 13 (37.1%) studies performed topical
applications of 4NQO painting the oral mucosa of the animals three times a week
(100%) with a mean period of administration of 16.8 (SD+7.0) weeks. Different 4NQO
concentrations used for other periods achieved significant tumor development. Most
studies didn’t perform quantitative clinical analysis, and the histopathological
diagnosis/grading criteria varied considerably. Conclusions: A poor description of
solution care, adverse effects, and the number of losses were observed, and the
reporting of these features needs to be improved. Suggestions to guide the
development of future research are provided.

Keywords
Head and Neck Neoplasms; Oral Cancer; Chemoprevention; Animal Models;
Prognosis; Precancerous Conditions
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1. INTRODUCTION

Oral cancer ranks the sixth most prevalent in the global cancer incidence ranking [1,2].
Smoking, alcohol consumption, and sun exposure are reported as the main risk factors
for lip and oral squamous cell carcinoma (OSCC) [3,4]. In addition, the habit's
frequency and duration seem to be related to greater chances of developing tumors
[5]. This fact also extends to the risk of relapse, the persistence of the disease, and the
appearance of a second primary neoplasm, if maintaining habits after completing the
treatment [6,7]. During oral carcinogenesis, potentially malignant oral disorders
(OPMD) can arise[8]. Monitoring this type of lesion is recommended to allow an early
cancer diagnosis [8,9]. Some features, such as epithelial dysplasia (ED), are
recognized as poor prognostic markers for malignant transformation [10]. However,
the process of oral carcinogenesis remains fully understood [11]. Also, a deeper
understanding of this process can bring benefits related to the chemoprevention [12].
Heavy smokers and patients diagnosed with ED could benefit from chemopreventive
measures if available [13]. Therefore, molecular biology involved in carcinogenesis is
vital, and experimental animal research emerges as a valuable resource in this
scenario [3,14].

4-nitroquinoline oxide (4NQO) is a mutagenic substance capable of generating
changes in DNA that mimic tobacco-induced molecular events and can be used for
experimental oral carcinogenesis development [15]. Once 4NQO is applied topically or
systemically, an intense intracellular oxidative stress is generated, and reactive oxygen
species (ROS), responsible for initiating the oral carcinogenesis process, are produced
[15,16]. This model reproduces the different stages of tumor development clinically and
microscopically, enabling monitoring structural and architectural changes in the
epithelium until invasion occurs. Moreover, a recent study has confirmed that the
mutational signatures of human OSCC and mouse 4NQO-induced OSCC broadly
overlap [17]. Therefore, this model is a valuable tool for understanding oral
carcinogenesis key events and valuable to study predictive markers and
oncoprotective agents [3,18].

Oral carcinogenesis induced by 4NQO-induced is a classic and widely used
animal model [12,15,16]. However, its use in basic research can be challenging since
4NQO is a highly toxic compound that should be used for an extended period to reach
its carcinogenic effects in animals. Consequently, adverse effects and animal losses
can occur during the experimental procedures, and the optimal dosage needs to
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equalize adverse effects with effective tumor formation. It is essential to highlight that
dose, time, and methods of application are all factors that, in conjunction, can influence
the outcomes of the research. The main methodological aspects of the 4NQO-induced
oral carcinogenesis model have never been critically reviewed and discussed.
Therefore, this study systematically reviewed the studies published and built a good
practice guide with suggestions for future reports on using 4NQO in Wistar rats.
Researchers aiming to use the 4NQO method to test chemopreventive drugs or unveil
basic mechanisms of oral carcinogenesis can significantly benefit from this review to
determine the sample size calculation, solution care, dose and interval range, and

recommendations on clinical and histological reports.

2. MATERIAL AND METHODS

2.1.  Information sources and search strategies

The search strategy of this systematic review was performed in the following
electronic databases: Medline Ovid (Wolters Kluwer), PubMed (National Library of
Medicine), Web of Science (Thomson Reuters), Embase (Excerpta Medica database),
and Scopus (Elsevier). The electronic surveys without publication date restrictions
were carried out in August 2020 and updated in September 2021. The search strategy
is presented in Table 1. A manual search was also performed on the reference lists of
the final included studies and in the gray literature.

2.2.  Eligibility criteria

Studies that evaluated 4NQO-induced oral carcinogenesis in Rattus Norvegicus
(Wistar rats) were included.

Inclusion criteria consisted of studies that confirmed ED or OSCC development and
presented an experimental group's results in which 4NQO was individually used.

Exclusion criteria were different strains of animals, carcinogenesis in locations
outside the oral cavity, articles written in languages other than English, in vitro studies,
abstracts, letters to the editor, and conference proceedings. When several publications
from one research group using the same initial sample were available, only one study

was included for data extraction.

2.3.  Study selection
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The initial selection by titles and abstracts was performed by two reviewers
independently (GOZ and TRS). The publications initially selected were analyzed in full
by three different reviewers (VPW, LFS, and FMS) to validate the framework of all the
inclusion criteria provided. Divergences between reviewers' opinions were validated by
a fourth reviewer (MDM), and the entire process of searching, including, and excluding

information was described in detail in a data sheet.

2.4. Data extraction and synthesis

The following data were collected manually, when available:

(1) Studies: Author, year, country of origin, the purpose of the work (carcinogenesis,
genotoxicity, or chemoprevention), and type of study endpoint (multiple vs. single).

(2) Animals: Sample size in the 4NQO group, number of animals per cage, gender,
weight, age, losses during the study (number and reasons), adverse reactions
observed, and euthanasia method and time.

(3) 4NQO: Method of substance application (topic vs. systemic), dilution dose,
dilution vehicle, care with solution handling, and period of use. Moreover, solution
exchange and consumption analysis intervals were retrieved for systemic studies; and
number, interval, and method of applications (device used and standard product
amount) and care after 4NQO delivery were retrieved for topic studies.

(4) Tumors: The leading site of development, clinical assessment, histological
assessment (types of diagnosis and grading), time until morphological changes
occurred (for studies with multiple endpoints), and percentage of architectural and
morphological changes of the epithelium (epithelial hyperplasia - EH, epithelial
dysplasia - ED, carcinoma in situ - CIS, and invasive OSCC) at last evaluation period.

(5) Other information: Systemic manifestations such as the presence of nodal or
distant metastasis were also evaluated and retrieved if available. For data
presentation, results were subdivided based on the method of 4NQO application due
to the divergence of variables for collection in each type.

2.5. Quality assessment

The quality analysis of the articles included in this review was performed based on
the Systematic Review Centre for Laboratory animal Experimentation (SYRCLE) risk
of bias tool [19].
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2.6. Statistical analysis

The data collected were analyzed using the Statistical Package for the Social
Sciences (SPSS) for Mac, version 27 (IBM Corporation, Armonk, NY). Continuous
variables were compared among the application methods using the Mann-Whitney test
due to a non-parametric distribution of data, and categorical variables were compared

using the Chi-Square test. A p-value <0.05 was considered statistically significant.

2.7. Other information

The development of this research followed the norms described in the Declaration
of Preferred Report Items for Systematic Reviews and Meta-analyzes (PRISMA), and
it is registered in the International Prospective Registry of Systematic Reviews
(PROSPERO) under number CRD4202120555.

3. RESULTS

3.1.  Selection of studies

A total of 2638 articles were initially filtered. The electronic and manual removal of
duplicates eliminated 1524 articles. The reading of the title and abstract excluded
another 923 articles, and 191 publications were selected for full-text evaluation. Finally,
35 articles were included in this systematic review (Figure 1).

3.2. General characteristics of included studies

A summary of all extracted information from included studies evaluating systemic
and topical 4NQO administration is present in Supplementary Table 1.
Altogether, the studies were published from 1981 to 2021. Brazil (n= 12; 34.3%) was
the most common country of origin (Supplementary Figure 1). Among all studies, 22
(62.9%) used systemic administration of 4NQO, and 13 (37.1%) used topic
administration of 4NQO. In the two different application methods, the main objective of
studies was related to carcinogenesis (n = 22; 62.9%), followed by chemopreventive
studies (n=13; 37.1%). The studies were also categorized according to endpoint type:
multiple evaluation days (euthanasia periods) vs. single final analysis. It was observed
that most studies (n=21; 60.0%) only performed a single evaluation at the end of the

experimental period.

3.3.  General characteristics of animal sample
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Wistar rats were between 3 and 23 weeks old (mean=10.2; SD+5.0) at the

beginning of the experimental phase, weighing between 80 and 400 g (mean= 205.4q;
SD+65.9) and in most studies included only male rats (79.4%). The sample size of the
4NQO isolated group ranged from 5 to 192 animals (mean= 34.5; SD+44.6), and a
mean of 3.4 (SD+1.5) animals was allocated per cage. The average time of euthanasia
in the studies was 26.9 weeks (SD+20.1).
Comparing systemic and topic methods, no differences were observed for age (p=0.45;
Mann-Whitney test), weight (p=0.13; Mann-Whitney test), and sample size (p=0.30;
Mann-Whitney test). Interestingly, a significant difference was observed for gender
(p<0.01, Chi-square test), as all systemic studies were performed with males only
(21/21). Among topic studies, more variable use of genders was observed (6 — male,
4 — female, 3 — both).

Nine (25.7%) publications reported information about animal losses that occurred
during the experimental periods. Among these two publications reported no losses
[20,21]. In four studies [22—25], losses were described, but the causes of deaths were
not reported. The reasons reported in the remaining three studies included debilitation
related to the malignancy [26], death during the anesthetic procedure [27], and toxic
effects of the 4NQO [28]. Based on studies with available information, the average
animal loss was 14.75% in the 4NQO group. The percentage of losses was higher in
the systemic method (16.6%) compared to the topic administration (10.90%), but no
statistical difference was observed (p=0.38, Mann-Whitney test). Adverse reactions to
carcinogen use were reported in 15 studies (42.8%), cited as animal weight loss/

malnutrition, dehydration, stress, and pain.

3.4.  Administration of the carcinogenic
3.4.1. 4NQO systemic administration

The period of 4NQO administration ranged from 8 to 32 weeks (mean= 20.8 weeks;
SD+7.8). In all included studies, the carcinogen was diluted and provided to the
animals in drinking water ad libitum. The doses used ranged from 10ppm to 50ppm
(mean=30.2; SD£15.9). Sixteen (45.7%) studies reported some care for solution
preparation, such as freshly prepared solutions, number of solution changes during the
week, and care with storage (brown bottles or use of aluminum foil).

None of the studies informed the cage’s mean consumption of the 4NQO solution.
Only one study reported that the mean consumption of liquid (water vs. diluted 4NQO)
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was similar between the control and 4NQO groups up to 22 weeks of the experiment.
Between 22 and 28 weeks, it was higher in the control group.?? All studies reported
that the leading development site of carcinoma lesions was the tongue (n = 22; 100%).

The euthanasia times (which correspond to the time that histologic evaluations
were performed) in the systemic method ranged from 3 to 32 weeks with a mean of
27.7 (SD+18.8).

3.4.2. 4NQO topic administration
The mean application period was 16.8(SD+7.0) weeks, ranging from 8 to 30 weeks.

In all studies, 4NQO applications occurred three times a week, at a concentration of
5000 ppm, and using propylene glycol as a dilution vehicle. All authors reported that
the solution was applied locally or painted on the animals' tongues. Six (46.1%) studies
describe the specific device used (microbrush, cotton swab, and precision pipette), and
only five studies reported the application of a standard amount of solution (0.03 mg to
10 mg). Other precautions with 4NQO solution administration were reported, such as
2 hours of water deprivation after 4NQO application [20,27] or 10 minutes wait to
reverse neuroleptanalgesia [26] to ensure the contact between the carcinogen and the
oral mucosa. Care with the preparation of 4NQO solutions has not been reported in
any topic study. Within this method, the lesions have been reported to occur at various
oral sites (n = 5; 38.4%), tongue (n = 4; 30.8%), palate (n = 3; 23.1%), and on the
buccal mucosa (n = 1; 7.7%). Euthanasia times in the topical method ranged from 1/2
to 120 weeks, with a mean of 28.2 (SD + 32.3) weeks.

3.5.  Clinical evaluation

Sixteen (45.7%) studies carried out qualitative descriptions of the appearance of
the lesions, such as the presence of white plaques, exophytic lesions, and ulcers. Only
Vered et al. [29] reported the number of lesions per animal, considering that each
animal could have more than one. The other studies reported the total number of
animals presenting clinically visible lesions. Three studies calculated the tumor volume
using a digital caliper. One study digitally evaluated the tumor area using images of
the tongues photographed near a reference object with known measures. In the same
study, the lesions were classified based on the clinical aspect in 0 — normal surface; 1
— small papules; 2 — thick plaques; 3 — nodules; 4 — ulcerated. [25]
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3.6. Histopathological evaluation

Histological evaluation was quite variable between studies; some authors used
dichotomous classifications, such as ED x OSCC; and others included a broader range
of diagnoses, including epithelial atrophy, EH, ED according to different grades, CIS,
and OSCC.

The presence or absence of EH was mentioned in 22 (62.8%) studies; ED in 28
(80%); CIS in 5 (14.3%); and OSCC in 28 (80%). ED grading was performed in 12
(34.3%) studies and OSCC grading only 5 (14.3%). Once present, the classification
systems used for ED were the binary classification system (low or high risk; n = 1), the
WHO [30] classification system for epithelial dysplasia (mild, moderate, severe; n = 4),
and according to the classification of Bandczy and Csiba (mild, moderate, severe and
in situ carcinoma, n=5) [31]. Rosin et al. [32] graded the lesions based on architectural
and cellular epithelial changes [33]. For the OSCC grading system at the invasive
tumor, the front was used in two studies and the histological classification
recommended by the WHO (based on cell differentiation) in three studies [30].

Two studies with systemic administration of 4ANQO evaluated tumor thickness in
micrometers (um) by measuring the distance between the deepest point of OSCC

invasion to the surface of the ulcer or epithelium.

3.7. Carcinogenesis outcomes
3.7.1. Multiple endpoints

Table 2 presents the moment each epithelial alteration was initially observed and
the percentage of cases (when available) for studies with multiple endpoints. Few
studies have described EH as the initial morphological alteration analyzed. This
epithelial alteration was observed as early as two weeks [20,34] under topical
administration (5000ppm) and systemic administration with at least three weeks
(20ppm) [35].

Five systemic studies have identified ED and two topic studies with multiple
endpoints. This change was observed at different times, starting at two weeks for the
topic administration (5000ppm) [20] and seven weeks for the systemic administration
(10ppm) [22].

Most studies assessed the development of invasive OSCC, but some have
included CIS in their analysis. Herein, we included CIS within the OSCC group to
analyze results, as the individual analysis of CIS isolated would be hindered due to the
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small sample size. Therefore, among studies with multiple endpoints, OSSC was
diagnosed with a minimum of 8 weeks for the topic administration [34] and 16 weeks
for the systemic administration (50ppm) [24]. Yet, some systemic studies with a single
evaluation time found cases of OSCC at 12 weeks of analysis (Table 3).

3.7.2. Single/last endpoint

The percentage of animals exhibiting ED and OSCC at the last (or single) period of
euthanasia is presented in Table 3. The overall percentage of ED and OSCC was
highly variable, ranging from 0% to 100%. Six systemic studies reached 100% of ED
at the end of the experiment. The dose administered in 5/6 studies was 20 ppm and
50ppm in 1/6. The administration time ranged from 8 weeks to 12 weeks, with the
euthanasia being performed between 8 and 32 weeks. Four studies with the topic
method achieved 100% of animals exhibiting ED, using 5000ppm of 4NQO during 16,
20, or 30 weeks and euthanasia being performed as early as 16 weeks and as late as
40 weeks.

Four systemic studies and five topical studies achieved 100% incidence of OSCC
at the last evaluation time. Among systemic studies, three used the same protocol:
20ppm of 4NQO for 32 weeks, with the euthanasia performed simultaneously. The
other study used a dose of 10ppm for 28 weeks, also with euthanasia at the same time.
Many studies that used 50ppm during a shorter period (20 weeks) achieved high
values of OSCC development as well, around 80%. Among topic studies, the
carcinogen was applied from 16 to 24 weeks and euthanasia periods ranged from 16

to 120 weeks.

3.8. Metastasis

One study evaluated enlarged lymph nodes after topic administration in the palate
[26]. Histological analysis revealed that it mainly consisted of reactive hyperplasia. Still,
in one case, cervical lymph nodes metastasis was diagnosed from a moderately
differentiated squamous cell carcinoma located to the gingiva of the upper jaw. Nauta
et al. (topical administration, 26 weeks) reported no sign of metastasis [20]. No further

reports of metastasis were mentioned in the revised studies.

3.9. Determination of the methodological reliability of the included studies
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All articles had a declaration of ethics and information about the environmental
conditions (temperature and light) to which the animals were submitted. Overall, most
studies provided unclear methodological information on animal selection and allocation
(51.4%), group randomization (80.0%), and investigator blinding (45.7%). However,
most studies (80.0%) described their outcomes in detail, and, in general, the studies

were free from a high risk of bias (71.4%) (Supplementary Figure 2).

4. Discussion

4NQO-induced carcinogenesis is a classic animal model used in 1960 as an in vivo
tool to study oral cancer development [36,37]. The present systematic review
confirmed the efficacy of 4NQO for experimental oral carcinogenesis through topical
and systemic administration (Figure 4). Considerable heterogeneity was observed
among systemic protocols with the mean intervals of applications and doses ranging
from 10 ppm and 50 ppm, and a more uniform dosage for the topical form (5000 ppm).
In general, information regarding the adverse effects of substance administration and
numbers of animal losses have been poorly reported. Our discussion is presented
according to the main critical aspects related to this method.

4.1. Systemic x Topic administration

The systemic administration method was the most used by the authors. It is
important to note that all studies carried out after 2016 were conducted using this
technique. This method is thought to have some advantages over the topic, such as
the better result of tumor induction, shorter experimental periods, and better
reproduction of the carcinogenesis concept, as all the mucosa is exposed to the
carcinogen. In addition, lower concentrations of the substance are offered in the
systemic method [38] However, despite a clear trend towards using systemic
administration, we still observed that topic use could also be effective as there were
(n=5; 38.5%) studies that achieved 100% of oral carcinoma incidence with this
approach. Yet, some peculiarities of this applied method include the need to sedate
the animal with each application and wait for a period for the carcinogen to act on the
mucosa [39,40]

On the other hand, as the animals do not receive the carcinogen systemically, fewer
adverse effects would be expected within the topic administration, representing an
advantage. Animals would also not develop primary tumors in other sites such as the
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gastrointestinal tract, impairing the animal's systemic health. Although our review
revealed no significant differences in the number of animal losses between the two
methods, the limited number of authors reporting such findings does not allow us to

reach a definitive conclusion.

4.2. Dose and period of administration

Due to intrinsic characteristics of different animal strains that can influence the
outcomes after 4ANQO administration, we decided to focus this systematic review on
Wistar rats to establish the optimal dosages and time intervals for this specific strain.
Unfortunately, we observed high heterogeneity in methods, especially for systemic
administration in which the time and interval both varied considerably among studies.
Notably, protocols using small doses such as 10ppm only achieved tumor formation
after 22 weeks (17.0%; 100% OSCC)[20,22,29]. However, short analysis periods were
sufficient for tumor development when higher doses were administered (16 weeks)
[24]. Moreover, the most common dosage used was 50ppm (n=8) during different times
such as 16, 20, and 22 weeks, which resulted in a percentage of tumor formation that
ranged from 35.2% to 88.0%.

Another debatable issue is the adverse effects of the method. All the studies do not
clearly describe the number of losses and adverse effects. This represents a critical
limitation for data interpretation because 50ppm is a considerably high dose and could
probably be associated with more adverse effects in the long-term period. Interestingly,
some studies that used 4NQO at 50ppm for 16 weeks had lower losses (n=3; 9.4%)
[24] and achieved a considerable OSCC incidence (52%) by performing the euthanasia
in 16 weeks which suggest that this protocol could be effective and safe. The analysis
of the topical studies demonstrated a greater homogeneity as all applications were
carried out three times a week at a concentration of 5000ppm. The only difference
observed was the period that varied from 8 to 30 weeks (mean = 16.8 weeks).

Dosage and interval determination should agree with the authors’ aim within the
study. If the authors desire to evaluate an intermediate moment during the oral
carcinogenesis process, our systematic review suggests that ED can occur around
seven weeks (systemic administration, 10ppm) to 16 weeks (systemic administration,
20ppm; topic administration, 5000ppm). For the last endpoint period, authors should
consider whether they desire a high incidence of OSCC (around 100% - which can be
achieved with both 20ppm for approximately 32 weeks or 50ppm for 20 weeks
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systematically in an effective way) or a broader range of diagnosis. For example, some
studies might benefit from final samples with different degrees of ED, early tumors, and
more advanced ones. For this purpose, the dose or interval of use could be reduced
(20ppm for 20 weeks used systemically, for example). Unfortunately, due to limited
information on animal loss, we couldn’t compare if using smaller doses for longer times

is less harmful than using higher doses for shorter periods.

4.3.  Solution/application care and adverse effects

Overall, poor descriptions of solution preparation care and adverse effects were
observed for both methods. 4NQO is sensitive to light. Thus, it should be stored in
amber bottles or bottles wrapped in aluminum foil. For systemic delivery, this also
applies to the bottles used for solution delivery. Also, 4NQO is stable under specific
storage conditions, including a —20°C. Therefore, it is recommended to produce a stock
solution, store it in the appropriate state, and freshly prepare the solutions used for
topic or systemic administration. Unfortunately, only 16 (45.7%) authors reported such
care, representing a significant limitation.

The solution consumption per cage should be measured within the systemic
method and indicate the mean consumption per animal. Unfortunately, individual
consumption is not feasible to calculate. This happens because it is not ideal for
secluding one rat per cage as they are friendly animals, and isolation is a stressful
event that can influence tumor development. Verza et al. recently demonstrated that
stress triggered by social isolation increased the incidence of 4NQO-induced
carcinomas by 20.4% in Wistar rats compared to animals that remained grouped
during the experimental period [28]. Our review observed that the cage consumption
was poorly reported, representing a limitation. In addition, we observed that few studies
report a standardization of the amount of substance applied for the topic method. Just
three authors were careful to measure and inform the amount of carcinogen painted
on the mucosa and not offer the animals water or food until 2 hours after applying
4NQO [20,26,41].

The present review observed that systemic adverse reactions were reported in
42.9% of studies. Among them, substantial loss of body weight was the most cited.
Like what occurs in humans, the loss of body mass can occur due to several factors,
such as difficulty in chewing and swallowing food and the increase in the metabolic
rate that contributes to the decrease of energy reserve and the lack of appetite. We
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identify only nine studies informing this data concerning animal losses during the
experimental period. When present, the main reasons were precisely the
aggressiveness of the tumors formed in some animals. The mortality rate of the 4NQO
experimental group is key data, as it directly influences the sample calculation. Overall,
the mean loss in the 4NQO group was 16%, yet this mean was established from
studies using different doses and time intervals. Authors aiming to perform a sample
size calculation should seek information concerning the percentage of losses in studies
using similar methodologies, if possible.

4.4.  Clinical and histopathological outcomes

Clinically, lesions induced by 4NQO can initially range from spots and white
plaques (like human oral leukoplakia), followed by reddish, erosive, and ulcerative
areas and nodules (Figure 2) [39] In sixteen (45.7%) studies included in this review,
the clinical description of the lesions was described, but there was no uniformity in
these reports. Most authors do not detail all the aspects observed, such as the number
of injuries by animals, the clinical aspect, and the size of the lesion. At present,
methods for determining lesion area included photographs next to a reference object
followed by the free-hand digital [25] and macroscopic analysis of tumor volume using
the formula width x length x height [28]. Moreover, other methods have been reported
in 4NQO studies using different animal strains, such as a threshold for clinical
evaluation. Only macroscopic evident tumors with more than 0.2cm are included in the
tumor volume calculation [42]. Other authors have used biweekly complete oral cavity
examination and tongue photographs under local anesthesia. This exciting approach
evaluates the progression of clinical aspects within each animal during the
experimental [38]. Despite the method of choice, it appears to be essential to include
at least one type of clinical analysis. Wagner et al., 2020 demonstrated that clinical
features correlate with histopathological diagnosis in the 4NQO model [25], but further
clinic-pathologic correlations could significantly increase our understanding of oral
carcinogenesis.

The presence of a microscopic analysis was an inclusion criterion for our systematic
review as this is the gold standard to determine the status of epithelial changes.
However, we observed significant heterogeneity in how this analysis was performed.
During oral carcinogenesis, stepwise cumulative changes in the epithelium range from
EH, ED, CIS, and invasive OSCC (Figure 3). While some authors performed a
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dichotomous analysis of ED vs. OSCC, others included a higher range of diagnosis,
comprising histological grading. We support that ED grading is information to be
included in the analysis, as there are significant differences between a mild and a
severe ED in terms of clinical relevance.

OSCC grading, on the other hand, in the 4NQO model context doesn’'t seem to have
this more considerable influence as most of the tumors are well-differentiated,
presenting abundant keratin formation. Yet, in our experience, differentiated tumors
can have different invasive capacities, and, in this review, we observed that none of
the included studies evaluated, for example, depth of invasion. This feature is currently
acknowledged as a key histologic feature associated with tumor staging and
aggressiveness [43].

In the present review, some authors use the number of lesions as a sample unit
(instead of the number of animals). We recognize that as the 4NQO model reproduces
the cancerization concept, more than one lesion (and with a different diagnosis) can
be present within the same animal’s mucosa. In our opinion, this method for data
presentation can be as relevant as the number of animals with lesions, and authors
can choose a more appropriate or suitable way considering their aim. Yet, we
recommend including the final percentage of tumors in the experimental groups (based
on the more aggressive diagnosis per animal) so correlations between tumor incidence

and the 4NQO protocol (dose and time) can be performed.

4.5. Metastasis

An advantage of the 4NQO-model is the possibility of metastasis development [44].
In this review, only two old studies using the topical application reported the results of
assessments of the presence of metastases in the animals’ [20,26]. The ability of
4NQO to induce nodal metastasis has been known since the sixties when Fujino et al.
demonstrated the presence of a considerable number of metastatic lymph nodes
following 4NQO topic administration at 0.25% dose in mice [36]. Moreover, the authors
found one case of lung metastasis, which has also been documented in the F344 rat
strain following the 4NQO administration [45]. Despite being poorly reported,
metastatic lesions seem to be infrequent in the Wistar rats [46,47]. We believe further
studies need to be performed, including immunohistochemical analysis of lymph nodes
and lungs. Yet, until additional reports are available, authors should consider the low
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risk of metastasis a possible limitation inherent to Wistar rat strain and choose other

mice models if metastasis analysis is a chief outcome in the study aim.

4.6. Limitations

In the present study, we gathered important data about the 4NQO protocol to
induce oral carcinogenesis; however, missing information in the original reports
impaired a more robust analysis, representing an inherent limitation of systematic
reviews. Another end of the present study concerns Wistar rats as an inclusion
criterion. The 4NQO model is also efficient in other murine strains such as the Sprague
Dawley rats and mice. To draw more accurate conclusions on the methods per se
(dose vs. interval and how it affects the percentage of tumor development), we decided
to focus our review on a specific strain, and the Wistar rat was chosen based on its
widespread use. This has probably affected the worldwide distribution of studies
reviewed herein, a common theme used in Brazil [48,49]. While the discussion raised
concerning essential data to be reported, such as losses and adverse effects, solution
care and standardization of methods are relevant to the 4NQO model in any murine
strain, more specific analysis of doses and time of administration is restricted to Wistar

rats’ studies and should not be extrapolated to other rat strains and mice.

5. Conclusion
The data retrieved in this systematic review confirms the efficiency of 4NQO in
inducing oral carcinogenesis in Wistar rats at certain time intervals and dosages.
Based on a critical analysis of studies, our suggestions for further reports comprise:
e Include information on solution care, such as how often freshly prepared
solutions and storage conditions.
e Report the complete administration scheme (dose, dilution vehicle, and period).
e For systemic administration: report the average solution intake per animal,
calculated based on cage consumption.
e For topic application: report how the amount of substance was standardized,
and which care measurements were taken to allow the carcinogen to act.
e Report adverse effects and losses in the experimental groups (if no loss
occurred, state that in the methods/results).

e Report anatomical location of the lesion’s development.
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e Report lymph node enlargement status. Data on visual inspection could benefit
our understanding of the prevalence of nodal metastasis in Wistar rats following
4NQO administration. But, if possible, the histopathological analysis should be
performed to allow a more precise conclusion.

e Suppose the sample unit used for analysis is the total number of lesions (with
the possibility of more than one lesion per animal). In that case, authors are also
advised to include the overall incidence of tumor formation (considering the
most aggressive diagnosis) to determine how dose vs. interval relates to tumor
incidence accurately.

e Include a type of clinical analysis, such as descriptive (lesion type - white
plaque, nodule, or ulcer) or quantitative (lesion size).

e Analyze the degree of epithelial dysplasia.
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Table 1. Search strategy

Databases

Medline Ovid (Wolters Kluwer)
PubMed (National Library of Medicine)
Web of Science (Thomson Reuters)
Embase (Excerpta Medica database)

Scopus (Elsevier)

Search Strategy

(rats OR Rat OR Rattus OR "Rattus norvegicus"
OR "Rats, Norway" OR "Rats, Laboratory" OR
"Laboratory Rat" OR "Laboratory Rats" OR "Rat,
Laboratory") AND ("4 Nitroquinoline 1 oxide" OR "4-
Nitroquinoline-N-oxide" OR "4 Nitroquinoline N
oxide" OR "4-Nitroquinoline 1-oxide" 4-NQO OR
4NQO OR 4Ngo OR NQO OR NQNO)
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Table 2. Time until epithelial alterations were diagnosed in studies with multiple endpoints

4NQO Time until development (weeks)
Author Method dose Evaluation periods Percentage of animals
(ppm) EH ED OsccC
(Dayan et : NI 7 22
Systemic 10 7,14, 22 and 28
al., 1997) NI 9.7 17.0
(Vered et al., . NI 14 22
Systemic 10 14, 22 and 28
2003) NI 27.0* 17.0*
Tongue - Tongue - Tongue -
12 12 20
(D. A Gingiva - Gingiva - Gingiva -
Ribeiro & : 20 20 20
: Systemic 50 4,12 and 20
Salvadori, Tongue - Tongue - Tongue -
2007) 70.0 30.0 70.0
Gingiva - Gingiva - Gingiva -
50.0 20.0 0.0
(Vered et al., . 7.0 8 22
Systemic 10 7,8,14,22, and 28
2007) NA NA 100
(Ge et al,, : NI 24
Systemic 20 9,13,20, 24, and 32
2016) NI 100
(Teixeira 3.0 16 28
Buck et al., Systemic 20 3,5,7,16, and 28
NI NI NI
2018)
(Ge et al., : NA 9 24
Systemic 20 9,13,20,24 and 32
2021) NI 0 100
(Anders V. 2 NI 8
Fisker & 1/2,1,2,3,4,7,10,
Topic 5000
Kariung, 14, 16, 18, 24, and 32 NI NI 9.4
1981)
(A. V. Fisker : NI NI 18
Topic 5000 7 or 120
et al., 1987) NI NI 100
(Anders V. 1,2,5,8, 12, 16, 20, NI 8 NI
Fisker et al., Topic 5000 26 or 2, 6,10, 14, 16
NI NI NI
1990) 24
(Jan M. 2 2 20
: 2,4,6,8,10,12,14,16,18,
Nauta et al., Topic 5000
20,22,24, and 26 NI NI 100
1996)
(Braams et ) 2,4,6,8,12, 16, 20, NI NI NI
Topic 5000
al., 1998) 26, and 30 NI NI NI
Topic 5000 9or16 NI 9 16
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(A.R.R. 4 16 NI
4,56,15, and 16

Barcessat et Topic 5000
al., 2014)

NI 100.0 NA
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Table 3. The percentage of epithelial dysplasia (ED) and oral squamous cell carcinoma (OSCC) at the

last evaluation period.

Period of
Dilutio
solution Euthanasi OSCC (%)
n dose
administratio a time
(ppm)
n (weeks)
(Dayan et al., Systemi
10 28 28 9.7 17
1997) c
(Balasenthil et al.,  Systemi
20 8 32 100 83
2001) ¢
(Vered et al., Systemi
10 28 28 27* 17*
2003) c
Tongue:
(D. A. Ribeiro & Systemi 30.0 Tongue:70.
50 20 20
Salvadori, 2007) c Gingiva: 0 Gingiva: 0
20.0
(Vered et al., Systemi
10 28 28 NI 100
2007) c
(Zavala et al., Systemi
20 32 32 NI 100
2019) c
(Madankumar et Systemi
50 22 22 100 88.0
al., 2011) c
(De Jesus et al., Systemi
20 8 8 100 NA
2014) c
Systemi
(Lim et al., 2014) 50 24 24 37.0 35.0
c
(Thandavamoorth ~ Systemi
50 20 20 100 83
y etal., 2014) c
(F. A. P. Ribeiro et  Systemi
20 8 12 100 0
al., 2015) c
Systemi
(Ge et al., 2016) 20 32 32 0 100
c
Systemi
(Helli et al., 2016) 30 12 12 89.0 NA
c
(Valente et al., Systemi
50 20 20 25.0 69.0
2017) c
(Soares et al., Systemi
50 20 12 40.0 60.0
2018) c
(Teixeira Buck et Systemi
20 28 28 NI NI

al., 2018) c
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(Khozeimeh et al.,  Systemi
20 12 12 100.0 0
2019) c
Cecilio et al. _
- Systemi
(2020)(Cecilio et 50 16 16 NI 52.0
c
al., 2020)
(Swidan et al., Systemi
20 20 24 NI 70.0
2020) c
(Wagner et al., Systemi
25 20 20 45.5 54.0
2020) c
Systemi
(Ge et al., 2021) 20 32 32 0 100
c
(Verza et al., Systemi
50 20 20 21.0 72.0
2021) c
(Anders V. Fisker
Topic 5000 8 34 NI 9.4
& Kariung, 1981)
(A. V. Fisker et al.,
Topic 5000 18* 120 NI 100
1987)
(Anders V. Fisker
Topic 5000 8 24 NI NI
et al., 1990)
(Jiang et al., 1994)  Topic 5000 24 24 NI 100
(Jan M. Nauta et
Topic 5000 26 26 NI 100
al., 1996)
(Manoharan et al., )
Topic 5000 20 40 100 100
1996)
(Braams et al.,
Topic 5000 30 30 NI NI
1998)
(Bakker Schut et i
Topic 5000 16 16 100 100
al., 2000)
Tongue:27. Tongue:
(Srinivasan et al., 0 60.0
Topic 5000 8 22
2008) Oral cavity Oral cavity
tumor: 27.0  tumor: 47.0
(A. R. Barcessat )
Topic 5000 16 16 100 NA
etal.,, 2013)
(A.R.R.
Barcessat et al., Topic 5000 16 16 100 NI
2014)
(Rosin et al., )
Topic 5000 16 16 NI NA

2015)
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(Scrobota et al.,
2016)

Topic

5000

12

16

NI

NA
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Figures Legends:

Figure 1. Study selection flowchart.

Figure 2. Clinical spectrum of 4NQO-induced tongue lesions in Wistar rats (Personal
archive; Porto Alegre, Brazil, Animal Use Ethics Committee approval no. 150475). (A)
Thin white plaque. (B) Thicker white plaque with irregular surface and erosive areas.

(C) Nodular lesion. (D) An extensive nodular lesion with ulceration.

Figure 3. Histopathological features of 4NQO-induced tongue lesions (Personal
archive; Porto Alegre, Brazil, Animal Use Ethics Committee approval no. 150475). (A)
Epithelial hyperplasia (Hematoxylin and Eosin (HE), 100x); (B) Mild epithelial dysplasia
(HE, 100x); (C) Severe epithelial dysplasia (HE, 100x); (D) Invasive oral squamous cell

carcinoma (HE, 100x).

Figure 4. The efficacy of 4NQO for experimental oral carcinogenesis through topical

and systemic administration, with their respective parameters.
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Fig. 1. Study selection flowchart.
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Fig. 2. Clinical spectrum of 4NQO-induced tongue lesions in Wistar rats (Personal archive; Porto Alegre, Brazil, Animal Use Ethics Committee approval no. 150475).
(A) Thin white plaque. (B) Thicker white plaque with irregular surface and erosive areas. (C) Nodular lesion. (D) An extensive nodular lesion with ulceration.
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Fig. 3. Hi: logical of 4NQO-induced tongue lesions (Personal archive; Porto Alegre, Brazil, Animal Use Ethics Committee approval no. 150475). (A)
Epithelial hyperplasia (Hematoxylin and Eosin (HE), 100x); (B) Mild epithelial dysplasia (HE, 100x); (C) Severe epithelial dysplasia (HE, 100x); (D) Invasive oral
squamous cell carcinoma (HE, 100x).
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Fig. 4. The efficacy of 4NQO for experi 1 oral carci is through topical and systemic administration, with their respective parameters.
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2.3 Proposal of a secure and efficient protocol for a murine oral carcinogenesis

model induced by 4-nitroquinoline-1-oxide (4NQO)

Artigo em ‘Under review’ no perioddico Pathology — Research and Practice (Anexo 5).
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Abstract

An important rat model using the chemical carcinogen 4-nitroquinoline-1-oxide
(4NQO) has been described for the study of the process of oral carcinogenesis. This
model replicates the gradual progression seen in oral carcinoma patients. However,
due to its high level of toxicity, its use in fundamental research is challenging. Here,
we propose a secure and efficient modified protocol based on a lower dose of 4NQO
concentration as well as an increased water supply and hypercaloric diet, in order to
guarantee the animal's well-being during the process of oral carcinogenesis. Twenty-
two male Wistar rats were exposed to 4NQO, evaluated clinically once a week and
euthanized at 12 and 20 weeks for histopathological analysis. The protocol involves a
staggered dose of 4NQO up to a concentration of 25 ppm, associated with two days
of pure water, a 5% glucose solution once a week and a hypercaloric diet. This
modified protocol prevents the immediate consequences of the carcinogen. At week 7,
all animals displayed clinically evident tongue lesions. From a histological perspective,
after 12 weeks of 4NQO exposure, 72.7% of the animals developed dysplasia and
27.3% developed in situ carcinoma. In the group exposed for 20 weeks, dysplasia and
in situ carcinoma were diagnosed in one case each, whereas carcinoma was
diagnosed in 81.8% of the cases. Nonsignificant modification of animal’s behavior and
weight was observed. This new proposed 4NQO protocol was secure and effective for

studying oral carcinogenesis and can be used to conduct lengthy investigations.

Keywords: Carcinogenesis; Experimental animal models; Oral cancer; Oral potentially

malignant disorder
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Introduction

Oral carcinogenesis is a multifactorial and intricate process including the expanding
incidence of genetic changes that promote the inhibitory or excitatory activities of tumor
oncogenes and gene suppressors and impair the histophysiology of cell division,
differentiation, and cell death [1-3]. Multiple genetic, molecular, and immunological
modifications are caused in normal oral mucosa by the interaction of environmental
factors such as the synergistic effects of alcohol and tobacco, and hereditary
predispositions [4-6]. Thus, understanding the genetic, immunological, and molecular
background of oral cancer may be of help for the development of preventive
medications and new treatment modalities and may enhance patient prognosis.

The process of carcinogenesis can be investigated using cell lines derived from
patients with carcinoma, transgenic animals, or animal models of chemical
carcinogenesis [3]. Because the chemical components of tobacco and alcohol have
been shown to be a potential cause of most mouth cancers in humans, they have been
selected as the principal chemical agents used in animal models of carcinogenesis
[7,8]. Among the chemical carcinogens used, 4NQO is the preferred agent for the
development of experimental oral carcinogenesis [8-10].

4NQO is a water-soluble synthetic carcinogen that has been considered to be
the best carcinogen currently available for producing oral carcinogenesis in rats. It has
been shown that 4ANQO forms DNA adducts, leading to the replacement of adenosine
by guanosine, thus inducing intracellular oxidative stress [9]. Histologically, changes in
the oral epithelium ranging from hyperplasia to mild, moderate, and severe dysplasia
can be observed before the formation of invasive carcinoma [9].

However, because 4NQO is a highly toxic substance that must be administered
for a long time to have its carcinogenic effects on animals, its use in fundamental
research can be difficult [10]. As a result, during the experimental procedures, adverse
effects and animal losses may occur, and the ideal dosage must balance unwanted
effects with efficient tumor development. In this sense, the aim of this study was to

propose a new protocol using 4-NQO for oral carcinogenesis studies.

Protocol
Animal model

The present protocol was used in an animal model study approved by the
Institutional Committee for Animal Care and Use (GPPG/HCPA, protocol no. 2021-
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0614) according to Brazilian Law 11.794 and the Brazilian Guideline for the Care and
Use of Animals of the National Council for Animal Experimentation Control.

The study was carried out on 8-week-old male Wistar albino rats (n=22)
weighing approximately 250-300 grams. As an enrichment strategy, the animals were
allocated to pairs or trios and received items for shelter and entertainment (tunnel, kraft
paper roll, paper towel sheets, shredded kraft paper, cardboard or a rope pendulum).
The animals were treated for 12 and 20 weeks.

Water consumption control

Prior to the administration of 4NQO, it is necessary to control water consumption
based on the basal consumption of pure water by the animals. To this end, it is
advisable to weigh the water bottles twice a week for two weeks in order to determine
the average water consumption per bottle (per box/number of animals).

4NQO preparation

During the first week, the experiment was started with a lower 4NQO
concentration, i.e., 10 ppm, which was then increased to 25 ppm during the second
week. The carcinogen was diluted in autoclaved water until it reached 25 ppm. For this,
25 mg 4NQO powder (LOT 711645086-1-1, Toronto Research Chemicals Inc.,
Toronto, Canada) was dissolved in 1 ml dimethylsulfoxide (DMSO — Sigma, St. Louis,
MO, USA) and then diluted in water and autoclaved until reaching the desired
concentration (25ppm = 25mg of 4NQO per liter of water).

Fresh solutions must be prepared twice a week and stored in amber bottles duly
identified due to the photolysis and dangerousness of the carcinogen (according to the

manufacturer's instructions in the product insert).

4NQO administration

The animals received the solution in specific drinking bottles that protect the
content from contact with light and the solution was supplemented once a week and
fully changed weekly. The remaining 4NQO was collected into a brown one gallon
container for adequate disposal. Figure 1 illustrates the weekly administration

proposed.

4NQO consumption control
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Consumption control is based on the difference in liquid content of the drinking
bottle between changes. In the present study, the carcinogen consumption per animal
was estimated by dividing the 4NQO consumption per box/number of animals. We
suggest a control once a week.

Offer of pure water, glucose solution and hypercaloric supplementation

The animals received pure water twice a week and a 5% glucose solution once
a week (100 ml per animal) or more frequently if signs of dehydration were identified.
During the first five weeks of the experiment, a hypercaloric diet [2 pellets (6 g) per

animal] was offered once a day.

Monitoring and human endpoints

The animals were observed every day for level of mental alertness, interactions
with their boxmates and the researcher, movement, and interest in food and drink
[11,12], and weighed every 2 days.

Body weights and physiological and behavioral changes were recorded and
evaluated together with the veterinary team at the research center. At first, a weight

loss of more than 20% was considered to be an endpoint for humane euthanasia.

Histopathological analysis

Animal were euthanized with an isoflurane inhalation overdose after 12 weeks
(n=11) and 20 weeks (n=11). All tongues were removed, fixed in neutral-buffered
formalin solution for 24 hours and 3-pm thick sections were obtained and stained with
hematoxylin and eosin for histopathological analysis.

Results
Basal water consumption
Water consumption was measured over a two-week period. A daily consumption

of 35 ml per animal was observed.

4NQO consumption
4NQO consumption was determined once a week, showing an average
consumption of 25 ml of carcinogen per animal per day.
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Weight control

Body weight was monitored every two days as a possible sign of distress. When
comparing the weekly weight, it was observed that, even with the progression of the
lesions and the duration of the treatment, the animals continued to gain weight (Figure
2).

Clinical lesion

Oral cavities were inspected weekly for signs of lesions. The posterior dorsal
surface of the rats’ tongue became white with a rough appearance after 5 weeks of
treatment. At week 7, all 22 animals already had areas of white plaque in the posterior
region of the tongue. Figure 3 illustrates the clinical monitoring along the 20 weeks of
the experiment. Figure 4 shows a different clinical appearance at the end of 12 weeks
(A and B) and 20 weeks (C and D).

Histological changes

Table 1 demonstrates the histopathological diagnosis after the experimental
period. After 12 weeks of 4NQO exposure, 72.7% of the animals developed epithelial
dysplasia and 27.3% developed in situ carcinoma. In the 20 week group, epithelial
dysplasia and in situ carcinoma were diagnosed in one case each, while carcinomas

were observed in 81.8% of the cases. Figure 5 illustrate some of these cases.

Adverse effects

With the offer of progressively increased 4NQO concentrations (i.e., from 10 to
25 ppm), the number of adverse reactions was minimal. During the first week of 4ANQO
administration, some animals eventually showed chromodacryorrhea (n=7),
hypersalivation (n=11) and acute ulcers covered by a white membrane (n=4) (Figure
6). After the period of adaptation to 4NQO, all animals were active and interactive, and
the adverse effects were resolved quickly. The animal's coat lost quality over time,
being more messy than usual. At the end of the experiment, two animals in the 20
week Group had wheezing. No chronic weight loss or death was observed.

Discussion
The literature states that the 4NQO model permits useful advances in the

understanding of the molecular and cellular alterations of carcinogenesis, as well as in



84

the development of new therapeutic strategies. The initial step was to provide clinical
and histological verification that the rat 4NQO model of oral carcinogenesis mimics the
development of human squamous cell carcinoma among white oral potentially
malignant disorders [13]. Since this model started to be used, it has been shown that
significant earlier events at the nuclear and molecular levels come before both the
major clinical findings and the fine microscopic findings [13]. Although effective, the
protocols described so far have reported several adverse effects combined with animal
suffering [10]. In the present modified protocol, we validated a safe and successful oral
carcinogenesis model that does not induce extreme adverse effects. We took special
precautions that would benefit animal welfare, such as offering fresh water twice a
week throughout the experiment and a hypercaloric supplementation for the first five
weeks. Moreover, we started with a lower carcinogen dose and increased it until we
reached the optimal amount in order to prevent acute reactions while administering
4NQO., We strongly advise researchers to use this method in order to achieve better
acceptance by the animal. It is also very important to point out that 4NQO has a strong
flavor and aroma which deters the animals from consuming an excessive quantity. The
animals are less likely to feel disgust after drinking when a reduced concentration is
administered.

Weight regulation is probably the most important factor in the assessment of
animal welfare. In addition to the development of oral cancer, the administration of
4NQO to animals for the purpose of inducing cancer can also cause significant body
weight loss because of decreased appetite, inability to eat, and an increase in
metabolic rate. Using a methodology similar to ours, Spuldaro and coauthors (2022)
exposed 26 rats to 25 ppm of the 4NQO carcinogen solution diluted in drinking water
for 20 weeks [14]. A decline in animal weight was observed in both groups receiving
4ANQO after 16 weeks of drug administration. Also, two animals required early
euthanasia due to a 20% body weight loss caused by the drug. Using a 50 ppm 4NQO
solution in drinking water, Ribeiro and Salvadori (2007) observed a marked decrease
in weight gain in the experimental group, with the animals deteriorating and
progressing to cachexia along the 20 weeks of the study [15]. Al-Koshab et al. (2020)
administered to rats 20 ppm of 4NQO dissolved in drinking water for 8 weeks and
determined the cancerous and precancerous morphological changes induced on the
tongue epithelium of the animals after 22 weeks [16]. The use of 4NQO caused a
significant reduction of body weight in the cancer-induced animals. Similarly, another
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study showed that 4NQO caused a significant body weight loss among the cancer-
induced and vehicle groups during the last weeks of the experiment [17]. In the present
investigation, we gave the animals 100 ml of a 5% glucose solution per animal once a
week throughout the study period plus a hypercaloric supplementation (6 g/animal/day)
for the first five weeks in order to prevent body weight loss. In fact, many studies have
recommended hypercaloric supplementation when necessary (e.g., to prevent severe
weight loss) [18,19]. Nevertheless, none of the previous studies developed a strategy
for daily supplementation to prevent animal suffering. According to our results, no
chronic weight reduction was observed, highlighting the safety of our modified protocol.

Regarding the success of carcinoma induction, even with a not so aggressive
4NQO dose, all animals showed morphological changes within 12 weeks, and most of
the lesions were found to be carcinomas within 20 weeks. Even with two days without
4NQO, our success rate — mainly concerning carcinoma development - was higher
than that reported in several studies employing higher carcinogen doses [15,20-23].
Furthermore, we assume that the animals could be kept healthy for a few more weeks
than the 20 used in the present protocol, which would undoubtedly result in more
malignant neoplasms. In our research, in addition to the tongue lesion, we observed a
significant clinical rise in nodular/ulcerated lesions during the final week of the

experiment.

Conclusion

In conclusion, the proposed 4NQO protocol is secure and effective for studying
oral carcinogenesis and can be used to conduct lengthy investigations. It was observed
that, despite being exposed to the carcinogen for the full period of 20 weeks, the
animals did not experience any significant behavioral or physiological changes. Thus,
the most important take-home messages for researchers working on models of oral
carcinogenesis are:

- Administer a staggered dose until reaching 25 ppm of 4NQO.

- Provide two days of pure water (not consecutively).

- Provide a 5% glucose solution once a week.

- Give a hypercaloric supplementation for the first five weeks.

- Continue weight management every two days.
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- Weight loss greater than 15% that was not minimized after 24 hours of
suspension of 4NQO, and supply of pure water was considered the endpoint for

humane euthanasia.
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Table 1. Histological diagnosis after 12 and 20 weeks of 4NQO administration
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Epithelial dysplasia In situ carcinoma Carcinoma
12 weeks, n=11 8 3 0
20 weeks, n=11 1 1 9
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Figure legends

Figure 1. Proposed protocol

Figure 2. Body weight variation (%) along the experimental period

Figure 3. Clinical progression of the tongue lesion during the study. (A) week 1; (B)
week 8; (C) week 12; (D) week 20

Figure 4. Clinical aspects of the tongue at the end of 12 weeks (A and B) and 20 weeks
(C and D)

Figure 5. Histopathological aspects of some cases. (A, B and C) Epithelial dysplasia;
(D, E and F) In situ carcinoma; (G, H and |) Squamous cell carcinoma

Figure 6. Some adverse effects observed in the animals during the first week of the
experiment. (A) Hypersalivation demonstrated by marked wetness of the hairs around
the mouth; (B) Hypersalivation and chromodacryorrhea; (C and D) Acute ulcers
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Figure 3. Clinical progression of the tongue lesion during the study. (A) week 1; (B) week 8; (C) week
12; (D) week 20



Figure 4. Clinical aspects of the tongue at the end of 12 weeks (A and B)

and 20 weeks (C and D)
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Figure 5. Histopathological aspects of some cases. (A, B and C) Epithelial dysplasia; (D, E and F) In

situ carcinoma; (G, H and |) Squamous cell carcinoma
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Figure 6. Some adverse effects observed in the animals during the first week of the experiment. (A)
Hypersalivation demonstrated by marked wetness of the hairs around the mouth; (B) Hypersalivation

and chromodacryorrhea; (C and D) Acute ulcers



99

24 The impact of photodynamic therapy on rat tongue during the

carcinogenesis process induced by 4-nitroquinoline-1-oxide (4NQO)

Artigo formatado para submissdo no peridédico Photodiagnosis and photodynamic
therapy.

Lauren Frenzel Schuch’, Tuany Rafaeli Schmidt?, Daniela Champagnol®, Tuane
Nerissa Alves Garcez?, Alexia Antunes Deluca?, Vivian Petersen Wagner*, Rogerio
Moraes Castilho®, Marco Antonio Trevizani Martins?®, Vanderlei Salvador Bagnato’,

Cristina Kurachi’, Pablo Agustin Vargas', Manoela Domingues Martins'*2

' Oral Diagnosis Departament, Piracicaba Dental School, Universidade Estadual de
Campinas, Piracicaba, Sao Paulo, Brazil.

2 Departament of Oral Pathology, School of Dentistry, Universidade Federal do Rio
Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil.

3 Experimental Research Center, Hospital de Clinicas de Porto Alegre, Porto Alegre,
Rio Grande do Sul, Brazil.

4 Academic Unit of Oral and Maxillofacial Medicine and Pathology, Department of
Clinical Dentistry, University of Sheffield, Sheffield, United Kingdom

> Michigan University, School of Dentistry, Department of Periodontics and Oral
Medicine, Ann Arbor, MI, United States

6 Department of Oral Medicine, Hospital de Clinicas de Porto Alegre, Universidade
Federal do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil

" Department of Physics and Materials Science, Sdo Carlos Institute of Physics,
Universidade de Sao Paulo, Sdo Carlos, S&o Paulo, Brazil

Corresponding author: Manoela Domingues Martins. Universidade Federal do Rio
Grande do Sul, Faculdade de Odontologia, R. Ramiro Barcelos, 2492, room 503. Porto
Alegre, Rio Grande do Sul, Brazil, CEP: 90035-003. Phone: +55 (51) 3308-5011. E-

mail: manomartins@gmail.com; manoela.martins@ufrgs.br

Keywords: Oral carcinogenesis; oral dysplasia; oral potentially malignant disorders;
photodynamic therapy



100

Abstract

Light therapies have been provided in a variety of medical fields as an alternative or
supplemental treatment for cancer and other potentially malignant conditions.
Regarding its effect on the oral mucosa throughout the carcinogenesis process, there
are still questions. In this regard, the purpose of the current study was to assess how
photodynamic treatment (PDT) affects the development of lesion during chemically
induced oral carcinogenesis. For this, 4ANQO was administered to 40 male Wistar rats.
The carcinogen was given systemically for 12 and 20 weeks at a dose of 25 ppm
diluted in distilled water. The animals were divided into two groups: Control and PDT.
PDT applications were made once every week beginning in week 0. A swab
impregnated with 5-Aminolevuinic acid solution was rubbed on the posterior region of
tongue of the rats. Two hours after the application of 5-ALA, the same point was
irradiated with a laser. All the animals from both groups developed lesions on the
posterior dorsum of the tongue. The lesions began as white patches and, along the
time, erosive lesions, nodule, and ulcers could be observed. Regarding
histopathological diagnosis, at the end of 12 weeks, epithelial dysplasia was the most
common diagnosis, whereas squamous cell carcinoma was the most frequent lesions
in both groups at 20 weeks. Nonsignificant differences were observed between control
and PDT groups regarding clinical appearance neither microscopic analysis in 12 nor
20 weeks. PDT neither promotes nor prevents the development of oral lesions during
the process of 4NQO-induced carcinogenesis.

Keywords: Oral carcinogenesis; oral dysplasia; oral potentially malignant disorders;
photodynamic therapy
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Introduction

Photodynamic therapy (PDT) is a non-invasive form of therapy utilized to treat
both malignancies and non-cancerous conditions [1]. It was discovered in the early
20th century by Oscar Raab, a medical student [2]. Few time later, Dr. Friedrich Meyer-
Betz conducted the first clinical study on humans in 1913 [3]. He applied porphyrins on
his own skin and named it photoradiation therapy. The first study on PDT effects on
tumors was carried out in 1942, using hematoporphyrin-injected tumor-bearing mice
that were then exposed to a quartz-halogen lamp to study tumor necrosis and
fluorescence [4].

This therapy has three fundamental elements: (1) oxygen, (2) photosensitizer
and (3) a specific wavelength of visible light [5]. In this process, the photosensitizer is
activated by light and causes a series of photochemical and photobiological reactions,
resulting in irreversible damage and, eventually, in the death of the target cells [6-10].
As PDT is a cold photochemical process, there is no tissue heating, and connective
tissues, such as collagen and elastin, at the treated site, are not affected; therefore,
there is much less risk of damaging the integrity of underlying functional structures than
with thermal laser techniques and other invasive approaches [5].

PDT began to be employed in the palliative treatment of metastatic breast
cancer in 1975 [11]. In dermatology, PDT is mostly used to treat superficial skin
cancers such actinic keratoses, superficial or nodular basal cell carcinomas, Bowen's
disease, and in situ squamous cell carcinomas [11,12]. Recently, it has also been used
to treat inflammatory and infectious dermatoses like granuloma annulare, warts, and
acne [11]. In oral medicine, some studies have been conducted regarding the effect of
PDT on oral potentially malignant disorders (OPMD) and in oral cancer [13-17]. Our
team conducted an overview to systematically examine and critically appraise
available evidence regarding the impact of PDT on the management of OPMD and oral
squamous cell carcinoma (OSCC) [18]. In summary, despite the adequate and safe
effects of PDT against OPMD and OSCC, its support as a first-line treatment still needs
better-designed cohort studies. However, its safety in mucosa changed by
carcinogenic action has not yet been established, and it is not frequently employed in
clinical centers. In light of this, the objective of the current study was to investigate how
PDT interacts and/or interferes with the promotion of cell proliferation and
differentiation during the process of chemically induced oral carcinogenesis in an

animal model.
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Material and Methods
Ethical approval

This study was approved by the ethics committee of Hospital de Clinicas de
Porto Alegre, Brazil, under process number 2021-0614. All experiments were carried
out in accordance with the Brazilian Law 11.794 and the Brazilian Guideline for the
Care and Use of Animals of the National Council for Animal Experimentation Control.

Animal model

Forty male albinos Wistar rats, 8-weeks-old, weighing 250-300 g, were selected
for the study. The animals were kept under controlled conditions of temperature
(22£2°C), humidity (55+5%) and a 12-hour light-dark cycle. Throughout the
experiment, the animals consumed selected solid feed and autoclaved water ad
libitum, containing or not 4NQO. The animals were kept in individually ventilated
polycarbonate microisolators, with a floor lined with flocked pine shavings and a
maximum density of 3 animals per box. All the handling of the boxes and the animals
was of the controlled conventional type, using materials submitted to a previous

sterilization process.

Sample size

The sample calculation was performed using software developed by the
University of British Columbia available at
https.//www.stat.ubc.ca/~rollin/stats/ssize/b2.html. For the calculation, data on the
prevalence of OSCC in the 4NQO alone and 4NQO + chemoprotective agent groups
from previous studies that used similar dosage and time of application of the
carcinogen were used: Soares et al.,, 2018 (60% vs. 0%, respectively) and
Thandavamoorthy et al., 2014 (83% vs. 16%, respectively) [19,20]. A sample number
of 8 animals per group was identified as necessary for a power of 0.8 and an alpha
value of 0.05. Considering a risk of loss due to adverse effects of the carcinogen of up
to 30% of the sample [21], the final sample number established was 11 animals per
experimental group per day of euthanasia (12 and 20 weeks). The two times of
euthanasia are important to the carcinogenesis process can be evaluated in different
periods [22].
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Experimental design

The experimental animals were divided into four groups, which were organized
according to the two times of euthanasia (i.e., 12 and 20 weeks):

Control Group (n=22): Control animals were treated with normal diet and
provided 4NQO drinking water for 12 weeks (n=11) and 20 weeks (n=11)

PDT Group (n=18): PDT protocol in animals treated with normal diet and
provided 4NQO drinking water for 12 weeks (n=11) and 20 weeks (n=7)

Water and 4NQO consumption control

Based on the animals' baseline consumption of pure water, water consumption
was monitored before the delivery of 4NQO. To determine the average water intake
per box, drinkers were weighed twice a week for two weeks.

The 4QNO consumption was control by weighing the bottles between the

changes, once a week.

Oral carcinogenesis model

All animals were treated with 25 ppm of 4NQO (LOT 711645086-1-1, Toronto
Research Chemicals Inc., Toronto, Canada) solution diluted in the drinking water. The
calculation used was: 25 mg of 4NQO, 1ml of the dimethylsulfoxide solvent (DMSO -
Sigma, St. Louis, MO, USA, and 1 liter of autoclaved water.

The rats had free access to water with carcinogen during all the experimental
periods. To minimize the adverse effects caused by the 4NQO, the animals received
pure water twice a week and 5% glucose solution once a week (100ml per animal).
Moreover, in the first five weeks of the experiment, hypercaloric diet once a day [2
pellets (2g) per animal] were offered.

After the experimental period (12 and 20 weeks), all rats were euthanized by

excess isoflurane inhalation.

PDT protocol

The PDT protocol was based on previous studies [23,24]. PDT was performed
with the animal sedated once a week. Inhalational anesthesia was administered with
isoflurane, diluted in oxygen, supplied by a vaporizer at a concentration of 5% for
induction and 1-2% for maintenance of anesthesia. The photosensitizer 5-
aminolevuinic acid (ALA) was topically applied at 5% by dissolving powdered ALA



104

(Sigma Aldrich, USA) in EDTA (ethylenediaminetetraacetic acid), homogenized with
lanolin and vaseline. A swab impregnated with ALA solution was rubbed on the
posterior region of the dorsum of the tongue, covering an area of approximately
3x3mm. After sedation, 5-ALA was applied to the posterior region of the dorsum of the
tongue. A time of 2 hours is necessary until the fixation of the 5-ALA in the mucosa —
the rat remained anesthetized in a maintenance dose. During this period, the animals
were maintained under superficial anesthesia (0.5-1% isoflurane diluted in oxygen),
receiving basic care such as the use of a heating bed and compresses to avoid
hypothermia. Body temperature was measured using a digital thermometer introduced
in the rectal region.

After 2 hours, a point on the posterior region of the tongue demarcated by the
dye was irradiated with a laser as described in Table 1. These irradiation parameters
were adapted from another study, in which 5-ALA-mediated PDT was applied to oral
potentially malignant lesions induced by 7,12 - dimethylbenzanthracene (DMBA) in
hamsters [25].

Table 1. Irradiation parameters of PDT

Laser Spot Power L Energy Energy
Power Irradiation
wavelength size density density per point
(mW) duration (s)
(nm) (cm?) (W/cm?) (J/em?) (J)
660 100 0.03 3.33 27 90 2.7

nm, nanometer; mW, miliwatt; W, watt; J, Joule; s, second

Widefield fluorescence imaging

Following the laser irradiation step, fluorescence images from the tongue were
acquired in a dark room. The fluorescence image analysis aimed to evaluate the PpIX
production and homogeneous distribution in the dorsum tongue surface. For the
acquisition of the images, a diagnostic system for fluorescence widefield was used
(EVINCE, MM Optics, Sao Carlos — Brazil). The images obtained by widefield

fluorescence were assessed qualitatively through the red color visualization.

Animal monitoring
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The physical and behavioral health of the animals was checked daily. Every two
days, rats were weighed. Once a week, the tongue of the animals was photographed
for clinical follow up.

At the end of the experiment, a blind evaluator scored the clinical appearance.
The lingual mucosa was classified according to the following parameters: Score 1 —
normal mucosa; Score 2 — areas of white spot/plaque with a smooth surface; Score 3
— areas of white plaques with an irregular surface; Score 4 — nodular areas; Score 5 —
ulcerated areas.

Histological analysis of tongues

The whole tongue was excised and fixed in neutral-buffered formalin solution
for 24 hours. The formalin-fixed tongues were then processed and embedded in
paraffin. The 3-pym thick sections were stained with hematoxylin and eosin for
histopathological.

An experienced oral pathologist performed microscopic analysis. All samples
were blinded, both for the group and for the experiment's period. The presence or
absence of epithelial dysplasia, carcinoma in situ, or invasive carcinoma was classified

morphologically.

Statistical analysis

The software GraphPad Prism (GraphPad Software, San Diego, CA) was used
for statistical analysis. Differences between groups within each experimental time were
assessed through multiple t-tests. Different lowercase letters in graphs and tables
denote significant difference (p <0.05).

Results
Clinical evaluation of oral lesions

All the animals from control and PDT groups exhibited lesions on tongue
mucosa localized mainly along the posterior dorsum of the tongue. The lesions began
on week 5, characterized by white patches. Along the time, erosive lesions, white
plaques, nodules, and ulcers could be observed. Nonsignificant differences were
observed in 12 weeks (p=0.26) and 20 weeks (p=0.32) between Control and PDT
Group.
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Widefield fluorescence imaging

During the image acquisition, clinical differences in PpIX production could be
observed since the week 8. Figure 1 shows an example of the qualitative analysis of
the PplX accumulation formed in 2 hours according to the widefield fluorescence

imaging.

Figure 1. PplX fluorescence accumulation after 2 hours of 5-ALA application
| WEEK 5 WEEK 8 WEEK 12 WEEK 15 WEEK 20

PDT does not interfere with the oral carcinogenesis process

The histopathological findings are summarized in the Table 2 and illustrated in
Figure 2. No statistical differences were observed between control and PDT groups in
12 weeks (p<0.54) or 20 weeks (p<0.43). At the end of 12 weeks, 8 (72.7%) animals
of each group (PDT and control) exhibit epithelial dysplasia. After 20 weeks of
experiment, the majority lesions on control and PDT group were squamous cell

carcinoma.

Table 2. Histological diagnosis after 12 and 20 weeks of experiment

Hyperplasia, o .
Epithelial In situ
Acanthosis and . . Carcinoma
. dysplasia carcinoma
Hyperkeratosis
12 weeks
Control Group, n=11 0 8 3

PDT Group, n=11 2 8 1
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20 weeks

Control Group, n=11
PDT Group, n=7 0 0 2

Figure 2. Representative case of oral squamous cell carcinoma. Reddish-white areas
with an ulcer on the left side of the tongue (A and B). Invasive tumor cells (H&E, 100X
magnification) (C). Islands of pleomorphic cells containing keratin pearls (H&E, 100X
magnification) (D).
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Animal monitoring

The animals maintained their well-being, as evidenced by daily assessments
and weight gain over the weeks. Regarding adverse effects, vocalization (n=3), blood
in urine (n=1), nose secretion during the sedation period probably due to the
carcinogen (n=2) and acute oral ulcer in the first week of experiment (n=5) were
observed. We had no losses with the 4NQO model; nevertheless, four animals died in
the first week of the experiment due to a heating bed malfunction that caused

hyperthermia and death.

Discussion

Since the 1970s, PDT has been acknowledged as a successful treatment for
neoplastic lesions of the skin, bladder, breast, stomach, and oral cavity tissues. Animal
model studies published to date have evaluated PDT as a treatment for chemically
induced oral lesions [24-26]. However, little is known regarding its effect on tissues
during carcinogenesis. To the best of our knowledge, this is the first study to investigate
the effects of PDT on carcinogen-induced tongue in rats and its safe in a carcinogen
field. It is important to highlight that our main intention was to safety in use PDT on
altered mucosa, not purposing a treatment. In general, our results showed that 4NQO
rat model is associated with the development of oral potentially malignant and
malignant lesions; however, the PDT did not affect the clinical and histopathological
aspects of these oral lesions.

In our study, all stages of oral carcinogenesis could be demonstrated by the
4NQO rat model, which has been shown to be histologically and molecularly like
human oral carcinogenesis [27]. A rat model also makes it possible to maintain settings
with little change, allowing for the reproducible isolation of all stages of carcinogenesis.
Previous research predicted epithelial dysplasia and OSCC lesions 12 and 20 weeks
after 4ANQO exposure, respectively [22]. PDT did not paralyze the carcinogenic effect
of 4NQO, but it did not enhance its action, according to our data. However, works that
used the methodology to establish the lesion and then remove exposure to 4nqo
showed promising results in the treatment. For example, Barcessat et al. [23] subjected
the animals to 4NQO for 16 weeks before treatment with PDT. The cell dynamics of
possibly malignant lesions following two sessions of 5-ALA-mediated PDT revealed
oscillations in apoptosis and DNA repair by epithelial cells, according to the authors.
In the same way, Khozeimah et al. [26] administered 4NQO for 12 weeks before
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treatment with PDT. Their findings shown that ala-mediated PDT was an effective
therapy approach for oral dysplasia. These results may suggest that as long as the
carcinogen is administered, it does not prevent lesion progression; nevertheless, once
the lesion is established and without the carcinogen stimulating the tissue, the lesion
can present regression/remission.

In an in vitro study conducted by Jin et al. [28], the use of ALA-PDT suppressed
the growth of oral precancerous cells by regulating the TGF-B signaling pathway, and
its suppressive effect was enhanced using LY2109761. These findings indicate that it
could be a promising alternative treatment against oral precancerous lesions. Olek and
coauthors [5] published a systematic review with the objective of presenting an
overview of the use of PDT in the treatment of oral squamous cell carcinoma
throughout preclinical animal model studies. Their results showed that research has
focused mainly on evaluating the effects of PDT on tumor growth, on the animals' life
expectancy and on the occurrence of adverse effects, as well as on the role of the
route of administration in the effects achieved. However, its safety in mucosa affected
by carcinogenic action had not yet been proven. In this sense, our findings are
promising, revealed that PDT with topical 5-ALA does not interfere with the oral
carcinogenesis process.

Despite advancements in laser technology, synthetic chemistry,
nanotechnology, and photobiology, PDT is still not regarded as "standard" therapy
even in fields of medicine where standard therapy has not been able to produce
meaningful improvements in outcomes [29,30]. However, the literature has
demonstrated that PDT will eventually be incorporated into the conventional cancer
treatment regimen in the clinical context, either as a component of a multimodal
approach or as a stand-alone treatment for early cancer or palliative care [31] In this
sense, preclinical studies like the one described in this article can support the use of
therapy and the development of appropriate protocols in this regard by providing

scientific evidence.

Conclusion
Our research has demonstrated that PDT is unable to change the tissue during
the malignant transformation phase.
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Figure legends

Figure 1. PplX fluorescence accumulation after 2 hours of 5-ALA application

Figure 2. Representative case of oral squamous cell carcinoma. Reddish-white areas
with an ulcer on the left side of the tongue (A and B). Invasive tumor cells (H&E, 100X
magnification) (C). Islands of pleomorphic cells containing keratin pearls (H&E, 100X

magnification) (D).
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Abstract

Objective: To assess the impact of photobiomodulation (PBM) on the oral
carcinogenesis process induced by 4NQO.

Material and Methods: Sixty-six male Wistar rats received systemic 4NQO for 12
(n=33) and 20 weeks (n=33). Each animal was assigned to one of three groups: (1)
Control group; (2) PBM 0.3J; and (3) PBM 1J. Applications for PBM were occurred
three times a week and carried out with an InGaAIP diode laser operating in continuous
mode and in contact while employing the punctual technique. At weeks 12 and 20, the

animals were euthanized.

Results: The PBM 1J group had higher scores since it was the only group with nodular
lesions (p=0.005). Most animals in both the control (n=7) and PBM 0.3J (n=10) groups
had clinically erosive lesions. The nodular form was more common in animals
euthanized after 20 weeks. No significant difference was observed among the groups
of 12 and 20 weeks. At 12 weeks, the most common histological diagnosis in all groups
was epithelial dysplasia. After 20 weeks, most of the cases revealed squamous cell

carcinoma.

Conclusion: Our results demonstrate that the exposure to PBM on a neoplastic

mucosa neither promotes tumor growth nor inhibits the neoplastic process.
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Introduction

Oral carcinogenesis is a multifactorial process where mutations build up over
time until a malignant tumor is developed (Tanaka & Ishigamori, 2011). Neoplastic cells
differ from normal cells in a variety of ways, including resistance to anti-growth signals,
evasion of apoptosis, self-sufficiency in growth signals, limitless potential for
replication, encouragement of angiogenesis, capacity for tissue invasion and
metastasis, altered metabolic pathways, and immunity evasion (Hanahan & Weinberg,
2000; Fouad & Aanei, 2017). These features are functionally capable of enabling
cancerous cells to endure, multiply, and disseminate outside of their original site. The
high death rate, destructive nature of conventional treatments, frequent comorbidities,
and frequent oral squamous cell carcinoma (OSCC) diagnoses necessitate a deeper
comprehension of the carcinogenic process and the development of novel therapeutic

approaches.

Photobiomodulation therapy (PBM) is a non-invasive modality that uses non-
ionizing forms of light sources, including lasers and LEDs for producing photophysical
and photochemical events. In general, the effect of PBM has been attributed to
accelerated respiratory metabolism and the activation of cell-signaling mechanisms
that promote cell proliferation, prevention of cell death, restoration of cellular
metabolism, and reduction of pain and inflammation (Anders, Lanzafame, Arany, 2015;
de Freitas, Hamblin 2016; Glass, 2021). In oral medicine, compelling evidence
indicates the use of PBM, including, but not limited to, facial pain and neuromuscular
disorders (e.g., orofacial pain and temporomandibular disorders), dermatologic
diseases (e.g., lichen planus and pemphigus vulgaris), burning mouth syndrome,
xerostomia/hyposalivation, chemo- and/or radiation-induced oral mucositis, recurrent
herpes simplex lesions and recurrent aphthous ulcerations/stomatitis (Pandeshwar et
al., 2016; Al-Maweri et al., 2017; Al-Maweri et al., 2018; Munguia, Jang, Salem, Clark,
Enciso, 2018; Zadik et al., 2019; Amorim Dos Santos et al., 2020; Golez et al., 2022).

The increasing use of PBM in different clinical situations requires that we
understand the safety of its use. Several studies using in vitro assays (Schalch et al.,
2019; Silveira et al., 2019; Martins et al., 2020), animal models (Barasch, Raber-
Durlacher, Epstein, Carroll, 2016; Silveira et al., 2023) and clinical (Antunes et al.,
2017; de Pauli Paglioni et al., 2019) studies have shown that PBM does not interfere
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with tumor behavior. However, there are some articles that claim PBM therapy can
directly harm tumors (Wu et al., 2014; Lu, Zhou, Wu, Liu, Xing, 2016) or stimulate
cancer cells (de Monteiro et al., 2011; AlGhamdi, Kumar, Moussa, 2012; Hamblin,
Nelson Strahan, 2018). In this sense, the literature is still conflicting on whether or not
PBM can intensify the impact of carcinogenesis processes. Therefore, the current
study intends to assess the clinical and microscopic impact of PBM during the process
of oral carcinogenesis induced by 4NQO.

Material and Methods
Animal model

Eight-week-old male Wistar rats were used in this present study. All animals
were maintained in a room with a 12 h light and 12 h dark cycle (lights on from 7 a.m.
to 7 p.m.). They were housed in air-conditioned quarters. The rats were given a
standard pellet diet (Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water ad libitum.
During the first five weeks of study, the animal also received hypercaloric
supplementation once a day (2g per animal) and 5% glucose solution once a week
(100ml per animal).

This study was conducted in accordance with the Guide for the Care and Use
of Laboratory Animals and was approved by the Porto Alegre University Hospital's
(HCPA, Brazil) Ethics Committee on Animal Use under protocol number 2021-0614.

Sample size calculation

Each sample size calculation for the experimental groups was performed based
on previous studies with a similar methodology. The groups were composed of 11
animals to account for the expected mortality rate of ~30% (Wagner et al., 2021) due
to 4NQO-related side effects during the 12 and 20 weeks of carcinogen administration.

Experimental design

The experimental animals were divided into three groups, as follows:
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Control Group (n=22): Animals receiving 4NQO administration and being
handled three times per week while not receiving PBM, for 12 weeks (n=11) and 20
weeks (n=11).

PBM 0.3J (n=22): Animals that, starting on the first day of 4ANQO administration,
will receive PBM with a protocol of 0.3J, three times per week for 12 weeks (n=11) and
20 weeks (n=11).

PBM 1J (n=22): Animals that, starting on the first day of 4NQO administration,
will receive PBM with a protocol of 1J, three times per week for 12 weeks (n=11) and
20 weeks (n=11).

Oral carcinogenesis model

For oral carcinogenesis induction, all rats were treated with 25 ppm of 4NQO
(LOT 711645086-1-1, Toronto Research Chemicals Inc., Toronto, Canada) solution
diluted in the drinking water. The 25 mg of carcinogen was diluted in 1 ml of the
dimethylsulfoxide solvent (DMSO - Sigma, St. Louis, MO, USA), and then in 1 liter of

autoclaved water.

Due to photolysis and the danger of the carcinogen, fresh solutions were
prepared twice a week and stored in amber bottles that were clearly labeled.
Consumption was controlled by overfilling the solution between exchanges. The

animals were given pure water twice per week.
Photobiomodulation protocol

PBM was performed three times a week under inhalational anesthesia with
isoflurane, diluted in oxygen, supplied by a vaporizer at a concentration of 5% for
induction and 1-2% for maintenance of anesthesia. An InGaAIP diode laser (660 nm;
MMOptics, Sao Carlos, Sao Paulo, Brazil) was used in continuous mode and in contact
using the punctual technique in the parameters described in Table 1. A point in the
posterior region of the dorsum of the tongue was irradiated. Two different protocols
were tested (Total radiant energy of 0.3J and 1J) to verify if there is a difference in
safety during the carcinogenesis process.
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Table 1. Irradiation parameters applied in the PBM

PBM 0.3J PBM 1J
Center wavelengths 660410
(nm)
Operating mode Continuous
Peak power (W) 0.01
Average power (mW) 100
Spot size (cm?) 0.03
Beam shape Round
Irradiance at target
(mMWicm?) 3.333
Fluence (J/cm?) 10 33.3
Exposure duration (s) 3 10
Total radiant energy (J) 0.3 1
Photon Fluence 19 63
(p.J/lcm?)
Photon Fluence 4.2 14
(Einstein)
Number of points ’
irradiated
Application technique Contact
Frequency of sessions 3 times/week for 12 weeks

nm, nanometer; mW, miliwatt; W, watt; J, Jaule; s, second; p.J, photon fluence

Animal monitoring

The animals were monitored daily for general health and weighed three times a
week with an electronic scale. Oral examinations were performed three times a week
to monitor changes in the lingual mucosa. Once a week, following isoflurane inhalation
sedation, the animals' tongues were pulled, and the posterior region of the tongue
photographed.

All rats were euthanized by isoflurane inhalation overdose after 12 weeks (n=33)
and 20 weeks (n=33). At the end of the experiment, a calibrated researcher who was
blind to the groups was in responsible of clinical classifying the lesions based on the
following parameters: Score 1, normal mucosa; Score 2, areas of white spot/plaque
with a smooth surface; Score 3, areas of white plaques with an irregular surface; Score
4, nodular areas; and Score 5, ulcerated areas.

Histopathological analysis
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All the tongues were then fixed in 10% buffered formaldehyde for 24 hours,
embedded in paraffin blocks, sectioned at 3 ym and stained with hematoxylin and
eosin (H&E). The histopathological diagnosis was made by an experience oral
pathologist, blinded for the groups. The microscopy features were based on no
dysplasia (atrophy of the epithelium, hyperkeratosis, hyperplasia), epithelial dysplasia,

in situ carcinoma and squamous cell carcinoma.
Statistical analysis

The software GraphPad Prism (GraphPad Software, San Diego, CA) was used
for statistical analysis. Differences between groups within each experimental time were
assessed through multiple t-tests. Different lowercase letters in graphs and tables
denote significant difference (p<0.05).

Results
Establishment of oral carcinogenesis animal model

The model's validity was confirmed once all 66 animals developed lesions, both
clinically and histopathologically. The rats performed well throughout the experiment.
Only in the first week after ingestion of 4NQO were adverse effects such as
chromodacryorrhea, hypersalivation, and acute ulcers covered by a white membrane
noticed in some animals. After a time of adaptation to 4NQO, all animals were
energetic and interactive, and the negative effects were swiftly resolved. The animal's
coat deteriorated with time, becoming more unkempt than usual. Two animals in the
20-week group wheezed at the end of the experiment. However, there was no evidence
of chronic weight loss or death.

Clinical analyze of oral lesions

Oral lesions could be observed since the week 5 as plaques. In 12 weeks
analysis, animals of PBM 1J group showed oral lesions with nodular aspect which was
significant different than control and PBM 0.3J groups that exhibited more erosive
lesions (p=0.005) (Figure 1A-C).
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In 20 weeks evaluation, the nodular lesions was more common in both control
(n=7) and PBM 0.3J (n=6) groups. Five rats in the PBM 1J group had nodular and five
had ulcerated lesions. No significant difference between groups was found (p=0.05)
(Figure 1D-F).

PBM does not change the morphological features

No significant difference in histopathological characteristics was observed
among the groups of 12 (p=0.30) and 20 weeks (p=0.58) (Figure 1G-J). At 12 weeks,
the most common histological diagnosis in all groups was epithelial dysplasia. After 20
weeks, the majority of the cases revealed squamous cell carcinoma.

Figure 1. Clinical and histopathological features of our sample. A, distribution of the cases according to
clinical presentation in the 12 weeks; B and C, clinical aspect of one case at the end of 12 weeks; D,
distribution of the cases according to clinical presentation in the 20 weeks; E and F, clinical aspect of
one case at the end of 20 weeks; G, distribution of the cases according to histopathological diagnosis
in the 12 weeks; H, epithelial dysplasia; |, distribution of the cases according to histopathological

diagnosis in the 20 weeks; J, squamous cell carcinoma
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Discussion

The use of PBM for therapeutic purposes has been investigated for years. This therapy
represents a promising therapeutic approach, exploring the ability of light to modulate
biochemical and molecular processes in living cells (Levchenko et al., 2018; Dompe et

al.,, 2020). In the present study we evaluated the impact of PBM in carcinogenic
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process in rats using a long-term administration of 4NQO with drinking water model.

Our results demonstrate that PBM has no impact on the development of oral cancer.

Several studies have been conducted to elucidate the action of PBM in tumors
cells in in vitro, in vivo, and clinical studies. However, its use in an altered mucosa is
still controverse. Barasch et al. (2016) showed that leukemia cells exposed to PBM
before being exposed to ionizing radiation did not protect against death but rather
made the cells more susceptible, supporting the idea that light has a distinct impact on
healthy and cancerous tissues. A systematic review published by Silveira et al. (2019)
analyzed the effects of PBM therapy on head and neck SCC in 15 articles. Of them,
only two studies evaluated an animal model: one of them reported increased
progression of OSCC (de C Monteiro et al., 2011), while Ottaviani et al. (2016)
observed a reduction in tumor progression. Our findings showed that PBM has no
effect on the development of oral cancer in 4NQO model. We can infer that exposure
to PBM on a neoplastic mucosa neither promotes tumor growth nor inhibits the
neoplastic process. Despite of this, a study by Chiang, Lee, Chen, Chen, Wang (2020)
evaluated the therapeutic potential of PBM in oral submucosal fibrosis (an oral
potentially malignant disorder) in rats induced by areca nut extract. Results showed
that PBM significantly reduced the development of oral submucosal fibrosis, quantified
by changes in submucosal layer thickness and collagen deposition (Chiang et al.,
2020).

A Dbetter knowledge of the in vivo biology and genetics of tumor origin,
promotion, progression, and metastasis is made possible using animal models in the
development and testing of novel methods to disease prevention and treatment, the
identification of early diagnostic indicators, and the development of novel therapeutic
targets (Onaciu et al., 2020). Carcinogenesis of the rat mucosa occurred in four stages
that followed one another, resembling the situation in humans: hyperplasia, atypical
hyperplasia, carcinoma in situ, and squamous cell carcinoma (Morris, Scott, Reiskin,
1961). Our results agree with this since we have different stages of carcinogenesis
during our study protocol. In fact, 4NQO is a powerful inducer of oral cancers (Sagheer
et al.,, 2021). Long-term administration of 4NQO with drinking water or its topical
application led to numerous dysplastic, preneoplastic, and neoplastic lesions that
closely mimicked the neoplastic transformation of the human oral cavity (Tinhofer,
Braunholz, Klinghammer, 2020; Zigmundo et al., 2022). The main benefit of the 4NQO-
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induced animal model is that it may be used to explore the role of genetic and

carcinogenic factors in carcinogenesis.

PBM's security has been the subject of extensive investigations over the years.
Bensadoun et al. (2020) published a systematic review concerning the safety and
efficacy of PBM in cancer patients. Studies which investigated the effect of PBM
therapy on cell proliferation/differentiation, tumor growth, recurrence rate, and/or
overall survival were included. In vivo studies and clinical trials with a follow-up period
demonstrated that PBM therapy is safe with regards to tumor growth and patient
advantage in the prevention and treatment of specific cancer therapy-related
complications. In this same context, our research group has also demonstrated that
PBM therapy with a similar protocol to the one used in this study did not exacerbate
the behavior of head and neck squamous cell carcinoma stem cell lines in terms of its
proliferation, migration, survival, or percentage (Martins et al., 2020). In fact, there are
no effects of light on the behavior of the OSCC, as our team recently shown through
an animal model study (Silveira et al., 2023). However, the field of cancerization is one
of the issues with the use of PBM in patients with head and neck cancer (Bansal et al.,
2020). Our model showed that the PBM activity could not enhance the growth of
neoplasms, demonstrating its safety. We comprehend that expecting a light source to
be able to enhance or hinder the tumor cells' mode of action would be to magnify a
feature that is not a part of PBM. When we compare antineoplastic therapies like
chemotherapy and radiotherapy, for instance, we discover that these potent therapies
frequently fail to stop the growth of tumor cells. Then, it is anticipated that normal oral
keratinocytes under stress during wound healing would react differently than neoplastic
cells. One of the most significant characteristics of cancer cells is their capacity to
proliferate continuously, without the aid of proliferation signals and in the absence of
outside stimuli, leading to limitless growth (Hanahan & Weinberg, 2011). In our
investigation, it was evident that PBM does not appear to have an impact on the
carcinogenesis process, despite its capacity to act on normal oral epithelium cells that
are under metabolic stress. In other words, as demonstrated by the study of Dillenburg,
Almeida, Martins, Squarize, Castilho (2014) and Silveira et al. (2023), it does not result

in DNA damage in healthy oral epithelial cells.

Moreover, in the present study, animals were divided into two different protocols
of PBM therapy, and it is important in preclinical studies. Ottaviani et al. (2016) also
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investigated the effects of different PBM protocols on animal models of mouth cancer
or melanoma (660 nm, 3 J/cm?, 800 nm, 6 J/cm?, and 970 nm, 6 J/cm?). In comparison
to controls, the authors found less tumor growth in all PBM-exposed mice. Recently,
Neculqueo, Estrazulas, Cherubini, Koth, Salum (2022) used two different energies (1J
and 9J) in leukoplakia and OSCC for seven sessions, and the authors stated that both
parameters used, does not influence on clinical and histological characteristics.
Interestingly, our results demonstrated that a higher energy density promoted more
aggressive clinical lesions. At the end of 12 weeks, when the 1J protocol was used,
the nodular aspect was more noticeable, and this was the only result that revealed a
worse effect in the irradiated group. However, this was not reflected from the
histological point of view since this was the group with less aggressive lesions.

It is important to highlight that the PBM parameters used in this study were
based on the most recent update of the MASCC/ISOO for the prevention of OM in
head and neck cancer patients (Zadik et al., 2019). The present article is a pioneering
preclinical study demonstrating that the robustness of the laser did not influence tumor
growth, morphological patterns, or cell proliferation outcomes.

Conclusion

Our findings from an oral carcinogenesis animal model experiment support the
premise that PBM does not change the prolife of clinical and morphological response
of oral tissues exposed to carcinogens.
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3 DISCUSSAO

A carcinogénese oral representa um processo multifatorial em que mutagdes
se acumulam ao longo de um periodo variavel até que se estabeleca a neoplasia
maligna. Em comparag&o com as células normais, as células neoplasicas exibem uma
gama de caracteristicas, incluindo resisténcia a sinais de anti-crescimento, evas&o de
apoptose, autossuficiéncia em sinais de crescimento, potencial replicativo ilimitado,
promocdo de angiogénese, capacidade de invadir tecido e metastase, vias
metabdlicas alteradas e capacidade de evadir o sistema imunolégico (Hanahan &
Weinberg, 2000; Fouad & Aanei, 2017). Tais caracteristicas tém a capacidade
funcional de permitir que as células neoplasicas sobrevivam, proliferem e se espalhem
além de sua localizagéo inicial. Devido a frequéncia de diagndsticos de CEC, ao alto
indice de mortalidade, ao carater mutilador da terapia classica e a inumeras
complicagdes, entender melhor como o processo carcinogénico se estabelece, bem
como propor novos meétodos de tratamento, sdo necessarios. Nos ultimos anos,
terapias de luz tém sido introduzidas em diferentes areas meédicas, como tratamento
alternativo ou adjuvante em casos de desordens potencialmente malignas e céncer
ou como auxiliares no manejo das complicagbes agudas e crbnicas frente ao
tratamento antineoplasico. No entanto, ainda ha duvidas sobre sua seguranga diante
de um tecido com caracteristicas neoplasicas.

Apesar de alguns estudos na literatura apontarem para o uso de TFD como
terapia alternativa para o CEC ou desordem oral potencialmente maligna (DOPM) e a
FBM como auxiliar no manejo de efeitos adversos, a seguranga de ambas as técnicas
ainda ndo € totalmente estabelecida. Diante disso, entender o que pode afetar o
processo de carcinogénese se faz necessario. Nesse sentido, a presente tese foi
construida com o objetivo de identificar se a TFD e a FBM atuam e/ou interferem na
inducao da proliferacéo e diferenciagéo celular durante o processo de carcinogénese
oral quimicamente induzida em um modelo animal. Nossos achados publicados em
nossa Overview revelam que, apesar dos efeitos adequados e seguros da TFD contra
DOPM e CEC, seu suporte como tratamento de primeira linha ainda precisa de
estudos de coorte mais bem desenhados (Schuch et al., 2023). A falta de consisténcia
dos protocolos de TFD, bem como o numero limitado de casos incluidos sem
seguimento a longo prazo nos estudos primarios sdo os principais motivos que
impedem conclusdes definitivas. Sugerimos, portanto, o desenvolvimento de

protocolos padréo para agentes fotoativos, uma compreensao clara dos aspectos de
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dosagem e a frequéncia de tratamentos para essas lesdes. Recentemente Chamoli e
colaboradores (2021) realizaram uma reviséo sobre o CEC, e, dentre as formas de
tratamento, citam a TFD, reforcando seu potencial na morte de células tumorais ao
danificar a vasculatura tumoral e ativar respostas imunes contra células tumorais.
Ainda, os autores indicam que uma combinag¢ao de TFD e inibidores de EGFR gerou
uma proliferagdo reduzida de células cancerigenas, oferecendo uma estratégia de
tratamento combinada. Diante disso, reforcamos a necessidade de estudos futuros
que associem a TFD com outras modalidades, principalmente para casos
criteriosamente selecionados, como, por exemplo, lesdes inoperaveis ou com
margens comprometidas pelo tumor sendo a TFD utilizada como forma de
complementar o procedimento cirurgico.

O segundo artigo desenvolvido na presente tese teve como obijetivo revisar
sistematicamente a literatura e construir um guia de boas praticas com sugestdes para
futuros trabalhos de 4NQO em ratos Wistar. Os pesquisadores que pretendem usar o
modelo de 4NQO para testar drogas quimiopreventivas ou desvendar os mecanismos
basicos da carcinogénese oral podem se beneficiar significativamente desta revisao
para determinar o calculo do tamanho da amostra, cuidados com a solugao, intervalo
de dose e recomendacdes sobre relatérios clinicos e histolégicos. Além do mais, a
partir dessa reviséo sistematica, conseguimos tragar as melhores alternativas para o
desenvolvimento da parte experimental do estudo, visando, além do entendimento
sobre o impacto de fontes de luz no processo de carcinogénese oral, garantir o bem-
estar animal ao longo do experimento (Zigmundo et al., 2022).

Da parte experimental da presente tese, surgiram trés trabalhos. O primeiro foi
baseado no que se aprendeu com a revisido sistematica sobre o 4NQO. Nele, pode-
se sugerir um protocolo modificado que, além de assegurar o desenvolvimento da
carcinogénse com uma dose menor de carcinégeno, garante o bem-estar animal — o
que faz com que longos estudos sejam possiveis. Em relagdo ao sucesso da indugéo
do carcinoma, mesmo com uma dose nao tdo agressiva de 4NQO (25 ppm), todos os
animais apresentaram alteragdes morfologicas em 12 semanas, sendo que a maioria
das lesbes em 20 semanas eram de carcinomas. Mesmo com dois dias sem 4NQO,
a taxa de sucesso - principalmente em relagao ao desenvolvimento de carcinoma - foi
maior do que a relatada em varios estudos que empregaram doses mais altas de
carcinégenos (Ribeiro & Salvadori, 2007; Lim et al., 2014; Valente et al., 2018; Soares
et al., 2018; Cecilio et al., 2020). Além disso, assume-se que 0s animais poderiam ser
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mantidos saudaveis por algumas semanas a mais do que as 20 utilizadas no presente
protocolo, o que sem duvida resultaria em mais neoplasias malignas. Na pesquisa,
observou-se um aumento clinico significativo de lesdes nodulares/ulceradas durante
a ultima semana do experimento.

Através da TFD, teve-se como objetivo avaliar como ela afeta o
desenvolvimento da lesdo durante a carcinogénese oral quimicamente induzida por
4NQO. Os resultados nao demonstraram diferengas significativas entre os grupos
controle e TFD em relagao a aparéncia clinica e microscépica em 12 e 20 semanas.
Sabe-se que a TFD vem sendo utilizada com finalidade terapéutica em varios tumores
(Wang et al., 2015; Collier et al., 2018; Gondivkar et al., 2018; Unanyan et al., 2021;
Ibarra et al., 2022). Vale salientar que o objetivo no presente estudo nao foi avaliar
eficacia de tratamento. Apesar disso, teve-se a expectativa de que ela pudesse
diminuir ou até mesmo bloquear o processo de carcinogénese oral. Isso alerta a que,
enquanto o tecido estiver sofrendo exposigao ao carcindgeno, ndo se observa o efeito
terapéutico da TFD. A partir disso, sugere-se para os proximos estudos a importancia
de ter um grupo de animais que receba o carcinbgeno sem TFD e apds o
estabelecimento da lesdo, seja removido o carcindégeno e utilizada a TFD como
tratamento. Novos protocolos de TFD podem ser testados.

A FBM vem sendo muito investigada ao longo dos anos em termos de
seguranca. Nosso grupo de pesquisa demonstrou recentemente, através de um
estudo em modelo animal que, de fato, ndo ha efeitos da FBM nos parametros
utilizados para prevengao de mucosite oral no comportamento do CEC (Silveira et al.,
2021). No entanto, uma das preocupagdes em relagédo ao uso de FBM em pacientes
com cancer de cabeca e pescoco refere-se ao campo de cancerizacdo. Diante disso,
a ideia deste estudo foi justamente verificar o impacto da FBM durante o processo de
carcinogénese oral. Este modelo demonstrou que a agao da FBM nao foi capaz de
potencializar o desenvolvimento neoplasico, 0 que mostra sua seguranga. Desta
forma, verificamos que as células epiteliais submetidas ao desafio carcinogénico com
4NQO nao respondem a FBM e adquirem o fenétipo maligno independentemente do
uso desta forma de luz.

Assim sendo, podemos - dentro das limitagbes deste estudo - concluir que a
TFD e FBM nos parametros testados ndo modificam o perfil da carcinogénese oral
induzida por 4NQO. Seguindo a visao dos hallmarks do cancer, inferimos que essas

terapias ndo modificaram a capacidade do 4NQO de sustentar a sinalizag&o
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proliferativa, evitar supressores de crescimento, resistir a morte celular, possibilitar a
imortalidade replicativa e ativar a invasao tendo em vista que houve o mesmo padréo
de desenvolvimento de tumores em todos os grupos (Hanahan, 2022). Ao tragar um
paralelo com o tratamento antineoplasico com quimioterapia e radioterapia, por
exemplo, vé-se que muitas vezes esses tratamentos agressivos ndo sao capazes de
conter o mecanismo proprio das células tumorais o que mostra, mais uma vez que, as
células neoplasicas malignas adquirem caracteristicas de imortalidade e de escape
de tratamentos antineoplasicos vigentes.
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4 CONCLUSAO

A presente tese foi construida com o objetivo de investigar o efeito de terapias
de luz atuando no processo de carcinogénese oral. Os resultados demonstram que
tanto a TFD quanto a FBM néo s&o capazes de frear o desenvolvimento tumoral, mas
também ndo o exacerbam, ndo tendo impacto significativo na carcinogénese oral
induzida por 4NQO. Apesar de reconhecer as limitagdes de um estudo pré-clinico, o
presente trabalho fornece evidéncias sobre a seguranga dos tecidos da cavidade oral

expostos a terapias que utilizam luz laser.
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nspcns:nn:s.whll:onllmbcnphmupmuu:dapamalnrmnspamehnenﬂy75%oﬁhcmuzdum.A
complete response was observed in 85.9% of OSCC cases, while 14.1% had no resolution.
Conclusion: Overall, the response to PDT depended on the type of OPMD/OSCC and the parameters used.
Although PDT is an rging candidate for the of OPMD and OSCC, there is heterogeneity of the
methodologies used and the clinical data ob d, particularly regarding the follow-up period.

1. Introduction (SCC), with a global Incidence estimated at 377,713 new cases, with

177,757 deaths in 2020 [1]. The development of oml scc (OSOC) may
Almost 90% of oral cavity are sq cell | be preceded by a significant subset of 1 di 73
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