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RESUMO

RIBEIRO, Rickson Souza. Efeitos de LED azul e laser vermelho de baixa poténcia na
sobrevivéncia celular e expressao génica de fotoliases em culturas de Escherichia coli e
da viabilidade celular e expressao de genes circadianos em células de cancer de mama.
2023. 114 f. Dissertagdo (Mestrado em Biociéncias) — Instituto de Biologia Roberto Alcantara
Gomes, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2023.

Lasers e LEDs terapéuticos de baixa poténcia sdo usados com base na
fotobiomodulagédo, mas os efeitos da fotobiomodulagéo nos mecanismos de reparo do DNA em
células bacterianas e na expressao dos genes envolvidos no ciclo circadiano de células tumorais
de mamiferos ainda ndo foram avaliados. Assim, o objetivo desse trabalho foi avaliar os efeitos
do laser vermelho (658 nm) e LED azul (470 nm) terapéuticos de baixa poténcia nos genes da
familia das flavoproteinas utilizando modelos procaridticos e eucaridticos. Aliquotas do
plasmideo pUC19 e culturas de E. coli C600, MCF-7 e MDA-MB-231 foram expostos ao LED
azul (470 nm) e ao laser vermelho (658 nm) em diferentes fluéncias. Outras culturas de E. coli
C600 foram expostas a radiacdo UVC e em seguida ao LED azul e ao laser vermelho de baixa
poténcia. Apo6s irradiacao, os plasmideos foram submetidos a eletroforese em gel de agarose
para avaliar as formas plasmidiais, culturas bacterianas foram semeadas em placas de Petri
contendo meio nutritivo para avaliar a sobrevivéncia e proliferacdo bacteriana, e os niveis de
MRNA da fotoliase em células bacterianas foram avaliados por reacdo em cadeia da polimerase
quantitativa em tempo real. Culturas de MCF-7 e MDA-MB-231, apds irradiacdo, também
foram cultivadas em meio DMEM e RPMI, respectivamente, suplementado com soro fetal
bovino. Os niveis de MRNA dos genes circadianos também foram avaliados por reacdo em
cadeia da polimerase quantitativa em tempo real. O ensaio de viabilidade celular por WST-1
foi realizado apds 24, 48 e 72 horas apds irradiacdo. Os resultados sugeriram gque a exposi¢ao
ao LED azul e ao laser vermelho de baixa poténcia ndo causam quebra na fita de DNA em
plasmideos bacterianos e ndo altera a sobrevivéncia e os niveis de mMRNA do gene da fotoliase
em células de E. coli, mas aumenta a sobrevivéncia e proliferacdo em culturas de E. coli
expostas a radiacdo ultravioleta C dependendo da fluéncia do laser. A viabilidade celular, e os
niveis de mMRNA dos genes circadianos em células MCF-7 e MDA-MB231 ap0s exposi¢ao ao
LED azul e ao laser vermelho de baixa poténcia ndo foram alterados nas fluéncias avaliadas.

Palavras-Chaves: Cancer de mama; Escherichia coli; Fotobiomodulacdo; Genes circadianos;
Laser.



ABSTRACT

RIBEIRO, Rickson Souza. Effects of low-power blue LED and red laser on cell survival and
gene expression of photolyases in Escherichia coli cultures and cell viability and circadian
genes expression on breast cancer cells. 2023. 114 f. Dissertacdo (Mestrado em Biociéncias)
— Instituto de Biologia Roberto Alcantara Gomes, Universidade do Estado do Rio de Janeiro,
Rio de Janeiro 2023.

Therapeutic low-power LEDs and lasers are used based on photobiomodulation, but
the photobiomodulation effects on DNA repair mechanisms in bacterial cells and the expression
of circadian genes in mammalian tumor cells have not yet been explored. Thus, the objective
of this work was to evaluate the effects of low-power therapeutic blue LED and red laser on
the genes of the flavoprotein family by prokaryotic and eukaryotic models. Aliquots of plasmid
pUC19 and cultures of E. coli C600, MCF-7 and MDA-MB-231 were exposed to blue LED
(470 nm) and red laser (658 nm) at different fluences. Other cultures of E. coli C600 were
exposed to UVC radiation, followed by low-power blue LEDs and red laser. After irradiation,
plasmids were subjected to agarose gel electrophoresis to evaluate the plasmidial forms,
bacterial cultures were spread on petri dishes containing nutritive medium to evaluate the
bacterial survival and proliferation, and photolyase mRNA levels of bacterial cells were
assessed by real-time quantitative polymerase chain reaction. Cultures of MCF-7 and MDA-
MB-231, after irradiation, were also cultivated in DMEM and RPMI medium, respectively,
supplemented with fetal bovine serum. The mRNA levels of circadian genes were also assessed
by real-time gquantitative polymerase chain reaction. The cell viability assay by WST-1 was
performed at 24, 48 and 72 hours after irradiation. The results suggest that exposure to low-
power blue LED and red laser do not cause DNA strand breaks in bacterial plasmids and do
not alter survival and the mRNA levels of the photolyase gene in E. coli cells, but increase
survival and proliferation in E. coli cultures exposed to ultraviolet C radiation depending on the
laser fluence. The cell viability and the mMRNA levels of the circadian genes in MCF-7 and
MDA-MB-231 cells after exposure to low-power blue LED and red laser did not change in
evaluated fluences.

Keywords: Breast cancer; Escherichia coli; Photobiomodulation; Circadian genes; laser.
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INTRODUCAO

Equipamentos Lasers sdo dispositivos que utilizam o fendmeno fisico de emissao
estimulada para emitir um feixe de luz monocromatica e coerente com pouca divergéncia. A
palavra laser ¢ um acronimo para “light amplification by stimulated emission of radiation”
(amplificacdo da luz por emissdo estimulada de radiacdo). (HEISKANEN, HAMBLIN, 2018).
O primeiro laser funcional foi desenvolvido por Theodore Maiman, nos anos de 1960, ao incidir
luz sobre um cristal sintético de rubi, obtendo um feixe com comprimento de onda de 694 nm
(MAIMAN, 1960). Mas o dispositivo j& havia sido hipotetizado por Albert Einstein em 1917
através de seu trabalho “Zur quantum Theories der Strahlung” (Teoria quantica da radiagdo)
(Einstein, 1917).

O equipamento laser é um dispositivo que emite feixes de radiacbes com
caracteristicas bem definidas quando comparadas com fontes ordinarias. Dentre essas
caracteristicas estd a monocromaticidade, onde a radiacdo emitida apresenta um comprimento
de onda dentro de uma faixa bem definida do espectro eletromagnético, outra caracteristica é a
sua coeréncia temporal e espacial, que pode ser entendida radiagdes com mesma frequéncia e
diregdo que mantém uma relacéo de fase constante entre si, a colimag&o € outra caracteristica a
se destacar na qual os feixes de radiacéo se tornam paralelos, atingindo um ponto bem definido
e a por fim, sua alta densidade de energia, que consiste na energia total transmitida pelo laser
por unidade de area (BIRNGRUBER, 1989).

Os lasers também variam de acordo com sua poténcia. Os lasers de alta poténcia
apresentam geram efeitos térmicos, ablacdo, sendo comumente utilizado na medicina em
procedimentos cirargicos (DANTAS et al, 2021). Os lasers de média poténcia também geram
efeitos térmicos, mas ndo abrasivos, sendo utilizados em procedimentos estéticos como
fotodepilacdo (MARTINS, PAULA, SIMOES, 2017). Os lasers de baixa poténcia nio geram
efeitos térmicos e séo utilizados para terapias de fotobiomodulacao, que se baseia na interacao
dos fétons com as células desencadeando eventos celulares, moleculares e sistémicos (SILVA
et al, 2023).

Para avaliar os efeitos dos lasers de baixa poténcia, séo analisados alguns parametros
como a fluéncia, medida em J/cm?, que € a grandeza fisica que avalia a possibilidade de
estimulagdo, inibicdo ou ndo manifestacdo dos efeitos terapéuticos; sdo avaliadas também a
irradiancia, medida em W/cm2, que é o calculo da poténcia de saida de luz por unidade de area

e avalia a possibilidade de danos termicos (RIBEIRO et al, 2011).
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Outro fator relevante nos tratamentos com lasers de baixa poténcia € a escolha do
dispositivo. Existem diferentes meios emissores capazes de emitir radiacGes pelo processo laser
com diferentes comprimentos de onda, como o He-Ne (632,8 nm), rubi (694 nm) e Nd-YAg
(1064 nm) (OLIVEIRA et al, 2013; YU, LAN, YU, 2019; YANG, et al, 2022). A escolha do
dispositivo e comprimento de onda é de grande importancia para estudar os fendmenos
celulares, visto que as células apresentam cromdéforos que absorvem radiagdo de comprimentos
de onda em faixas especificas, desencadeando assim os efeitos envolvidos na fotobiomodulagéo
(KARU, PYATIBRAT, KALENDO, 2003).

Os equipamentos LEDs sé@o dispositivos baseados em materiais semicondutores que
realizam um fendmeno denominado de eletroluminescéncia. Esse fendmeno ocorre quando uma
corrente elétrica passa por materiais semicondutores, liberando energia luminosa (RENK,
2012). Diferente dos lasers, as radiacdes emitidas por esses equipamentos ndo sao coerentes,
sdo quase monocromaticas e os feixes da radiagdo emitida apresenta divergéncia (Figura 1)
(HEISKANEN, HAMBLIN, 2018). O primeiro LED de luz visivel foi desenvolvido por Nick
Holonyak Jr. Em 1962. Estudos posteriores foram feitos e novos LEDs foram criados, dentre
esses, LEDs emissores de luz no espectro da luz laranja, amarela e verde entre os anos de 1962
e 1970 (COURTLAND, 2014).

Os LEDs apresentam vantagens em relacdo aos lasers, devido ao seu custo mais
reduzido, vida util maior, emissdo em diversas faixas de comprimento de onda (380 — 1200 nm)
e tamanho pequeno. Entretanto, na pratica experimental e clinica ainda ha estudos comparativos
sendo realizados para demonstrar a eficacia desses dispositivos em terapias baseadas na
fotobiomodulagdo, visto que as caracteristicas de coeréncia e colimacdo sdo levadas em
consideracdo durante a irradiacéo do tecido para atingir um resultado esperado (ENWEMEKA,
2006; ANTIPA et al., 1996).
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Figura 1 - Esquema representativo da radiagdo emitida por laser e LEDs.
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Legenda: (a) radiacdo emitida por laser com caracteristicas de monocromaticidade, coeréncia e colimacao. (b)

radiacdo emitida por LEDs com radiagdo quase monocromatica, sem colimacao e se coeréncia.
Fonte: O autor, 2023.
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1. REVISAO DA LITERATURA

1.1 Efeitos fotobiomoduladores

Alguns anos apos o desenvolvimento do dispositivo laser, foram realizados os primeiros
estudos sobre os efeitos bioldgicos das radiacdes emitidas por esses dispositivos. O fisico Leon
Goldman foi o primeiro a estudar os efeitos do laser sobre lesbes na pele, que publicou os
resultados da sua pesquisa avaliando os efeitos do laser rubi na destruicdo de melanomas
malignos em 1964. No mesmo ano, Endre Master se interessou pelas aplicagdes clinicas no
tratamento de melanomas (STRAIGHT, 2016; MCGUFF et al., 1964; MESTER, MESTER,
2017).

Endre Master iniciou seus estudos sobre os efeitos da radiacdo emitida pelo laser rubi
de baixa poténcia na pele de camundongos e demonstrou que os pelos da pele dos camundongos
irradiadas com o laser cresce de forma mais acelerada quando comparada com os pelos da pele
do grupo ndo irradiado. Entretanto, quando a dose aplicada era aumentada, os pelos nédo
cresciam mais, 0 oposto do que acontecia com o grupo ndo irradiado onde os pelos cresciam
normalmente (MESTER, MESTER, 2017). Este foi o primeiro experimento documentando a
aplicacdo da lei biofisica de Arndt-Schulz para lasers, onde o laser pode apresentar efeitos
estimulatorios ou inibitérios dependendo da dose aplicada (MESTER et al, 1969).

As contribuicdes de Tiina Karu também tiveram grande impacto na compreensdo dos
efeitos da fotobiomodulacdo. Seus estudos explorando os efeitos de lasers em células HelLa
auxiliou na elucidagdo da interacdo da radiacdo vermelha e infravermelha no aumento da
atividade mitocondrial e sintese de ATP, DNA e proteinas (KARU, PYATIBRAT, KALENDO,
2003). Assim como seus estudos sobre os efeitos dessas radiacbes em procariotos, elucidando
suas interacdes e consequéncias nesses organismos (KARU et al, 1994).

Embora terapias baseadas na fotobiomodulacdo sejam utilizadas para diversos
propositos terapéuticos, como a cicatrizacdo de feridas, alivio da dor, tratamentos
odontoldgicos e de acne, ainda ha controvérsias sobre o uso dessa terapia em pacientes
oncolégicos (HAMBLIN, NELSON, STRAHAN, 2018). Essas controvérsias se devem as
propriedades proliferativas encontradas nas terapias de fotobiomodulagdo, que poderiam
resultar em uma piora do quadro clinico de um paciente com o aumento da atividade
proliferativa das células tumorais (HAMBLIN, NELSON, STRAHAN, 2018). Entretanto, ha
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estudos demonstrando terapias baseadas em fotobiomodulagéo no tratamento de mucosite oral
em pacientes submetidos a quimioterapia e radioterapia (CRONSHAW et al, 2020).

1.2 Familia das flavoproteinas

1.2.1 Fotoliases

As fotoliases sdo enzimas pertencentes a familia das flavoproteinas. Essas enzimas
apresentam um cofator enzimatico derivado da riboflavina, o dinucleotideo de flavina e adenina
(FAD). As flavinas foram descobertas e caracterizadas em 1930, sendo reconhecidas por
processos bioldgicos de transferéncia de um ou dois elétrons para oxidacdo de substratos
organicos e transferéncia de elétrons na cadeia respiratoria (MASSEY, 2000).

As enzimas fotoliases estdo presentes em quase todos 0s grupos de seres vivos, com
algumas excecdes como os mamiferos placentarios (SANCAR, 2004). Em bactérias, o gene
responsavel por codificar a fotoliase é o gene phr. Essas enzimas desempenham funcéo vital no
processo de reparo de lesbes no DNA induzido por radiacdo ultravioleta (LIU, WANG,
ZHONG, 2015).

As lesdes provocadas pela radiacdo ultravioleta (UV), em especial a radiacdo
ultravioleta C (UVC), podem ser causadas por duas vias, direta e indireta. Na via direta, a
molécula de DNA absorve a energia do foton de radiacdo UV nas regides com bases
pirimidinicas adjacentes (SINHA, HADER, 2002, JIANG et al., 2009). Apds a absorgdo da
energia, essas bases formam ligacGes covalentes, gerando uma deformacdo na fita de DNA que
impedem a transcrigdo e replicacdo (ZHANG, WANG, ZHONG, 2017). Essas lesdes séo
chamadas de dimeros de pirimidina e podem ser de dois tipos, os ciclobutanos de pirimidina
(CPD) e os fotoprodutos 6-4 pirimidina-pirimidona (6-4 PP), cuja diferenca esta nas ligacfes
covalentes formadas entre os carbonos nas bases pirimidinicas adjacentes (Figura 2) (ZHANG,
WANG, ZHONG, 2017). A via indireta est4 associada com a geragdo de espécies reativas de
oxigénio (ERO), como oxigénio singleto (*:0,) que causa danos oxidativos no DNA (JIANG et
al., 2009).
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Figura 2 - Representacao esquemaética das lesdes causada pela radiagdo ultravioleta em bases
pirimidinicas adjacentes.

Dinucleotideo de timina Ciclobutano de
pirimidina

Fita de DNA esquematica 6-4 Pirimidina Pirimidona

Legenda: Fita esquematica de DNA: F — Fosfato, DR — Desoxirribose, A — Adenina, T — Timina, G — Guanina, C
— Citosina; Ciclobutano de pirimidina: Ligages covalentes (linha vermelha) entre os carbonos C5 e
C6, UV - Radiacéo ultravioleta; 6-4 Pirimidina Pirimidona: Ligacéo covalente cruzada (linha
vermelha) entre os carbonos C6 e C4.

Fonte: O autor, 2023.

As enzimas fotoliases apresentam dois cofatores, o dinucleotideo de flavina e adenina
(FAD), que é responsavel pelo reparo catalitico dos dimeros de pirimidina induzidos por
radiacdo UV (LIU, WANG, ZHONG, 2015), funcionando também como cromoforo primario
e os cromoforos secundarios, ou cromoforos antena que absorvem a energia dos fétons
incidentes dentro de faixas de comprimento de onda que vdo da faixa do UVA (315 nm),
passando pelo espectro visivel do violeta (400-425 nm), ao azul (425-500 nm) (SANCAR,
2008). Existem diversos cromoforos secundarios para as fotoliases, dependendo do tipo de
organismo: metil-tetra-hidro-folato (MTHF); 8-hidroxi-7, 8 dimetil-5 deazariboflavina (8-
HDF) e 6, 7-dimetil-8- ribitilumazina (DMRL) (TERAI et al., 2020).

As fotoliases reconhecem os dimeros de pirimidina na fita de DNA e se associam a
estes. O processo de reparo se inicia atraveés da absor¢do direta da energia dos fotons da radiacéo
incidente pelo cromoforo antena, o que leva a transferéncia de um elétron para o FAD que
assume uma forma instavel e reduzida, atingindo um estado energeticamente excitado (FADH"
*). O elétron é entdo transferido para as ligacGes covalentes que formam os dimeros de
pirimidina na fita de DNA. Como consequéncia da transferéncia de elétron, as ligagdes

covalentes sdo desfeitas, reestruturando as bases pirimidinicas adjacentes e as ligacGes de
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hidrogénio entre as bases nitrogenadas, resultando na integridade do material genético (Figura
3) (SANCAR, 1993; SANCAR, 2008; LIU, WANG, ZHONG, 2015; TERAI et al., 2020).

Figura 3 - Representacao esquematica do reparo de dimeros de pirimidina por fotoliases.
Fotoliase
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Fotoliase Q& Fotoliase ;
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11 | AEEEEENN] |
Absorc¢ao da radiacdo incidente pelos croméforos
da fotoliase, havendo redug¢do do cofator FADH

1
Adesdo ao DNA Lesionado

Legenda: incidéncia da radiacdo ultravioleta no DNA (a) seguido da formacdo do dimero de pirimidina que gera
uma alteracdo conformacional na fita de DNA (b) com posterior reconhecimento da enzima fotoliase
(c) que absorve radiagdes na faixa do Ultravioleta A, violeta e azul pelos cromdéforos antenas, gerando
uma reducao do cofator FADH e transferéncia de um elétron para as ligagGes covalentes na leséo (d)
como resultado, a lesdo é desfeita e a fita de DNA é restaurada (e).

Fonte: O autor, 2023.
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Por outro lado, tem sido sugerido efeitos bactericidas das radiagdes violeta e azul. De
fato, a luz azul inativa tanto bactérias gram-positivas quanto gram-negativas em altas doses
(FUKUI et al., 2008; FERRER-ESPADA et al., 2019; DOS-ANJOS et al., 2020). Os efeitos
bactericidas da luz violeta e azul nas bactérias se deve a absorcao dos fotons dessas radiagdes
por cromdforos enddgenos, como as porfirinas, que leva & producdo de espécies reativas de
oxigénio (EROs) e ao estresse oxidativo, culminando na morte celular. (ZHANG et al, 2013;
GOMEZ et al, 2015; YOSHIDA et al, 2017). Entretanto, apesar das radia¢des violeta-azul
serem propostas como agentes bactericidas, o uso dessas radiaces emitidas por LEDs de baixa
poténcia em baixas fluéncias poderiam aumentar a resisténcia bacteriana contra a radiagdo UV

devido ao aumento da acédo das fotoliases.

1.2.2 Criptocromos

Os criptocromos foram inicialmente identificados em Arabidopsis thaliana e a sua
funcdo foi associada com o alongamento do hipocétilo, de maneira dependente da luz azul e
posteriormente outros estudos demonstraram a presenca desse gene em diversas plantas
desempenhando diferentes processos de crescimento e desenvolvimento vegetal. (AHMAD,
CASHMORE, 1996; CHAVES et al., 2011). Os criptocromos sdo ort6logos as fotoliases e
apresentam em sua estrutura, de forma conservada, o cofator catalitico FAD e o croméforo
antena MTHF, entretanto ndo apresenta funcéo de reparo do DNA (KAVAKLI et al., 2017).

Em animais, incluindo os seres humanos, 0s criptocromos atuam como repressor
transcricional (feedback negativo), regulando o relégio circadiano em nivel molecular junto
com diversas outras proteinas em loops de feedback positivo e negativo ao longo de um periodo
aproximado de 24 horas (SANCAR et al., 2010; MASRI, KINOUCHI, SASSONE-CORSI,
2015; KAVAKLI et al., 2017). Todas as células de um mamifero apresentam um relégio
circadiano préprio que s@o sincronizados por um “reldgio central” ou “reldogio mestre”. As
células que compde esse “relogio mestre” estdo localizadas no nicleo supraquiasmatico,
estrutura presente na porcao anterior do hipotdlamo e acima do quiasma Optico, recebendo
estimulos de claro e escuro (dia e noite) e assim desencadeando sinais humorais e neurais para
sincronizar os relogios periféricos (SANCAR, 2004).

Aproximadamente 50% dos genes de uma célula sdo expressos ritmicamente,

modulando processos fisioldgicos e metabdlicos, esses genes sdo designados como “genes
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controlados por relogio” (CHAN, LAMIA, 2020). Os genes responsaveis pelo controle
circadiano séo BMAL1, CLOCK, PER1, PER2, PER3, CRY1 e CRY2. Os genes BMAL1 e
CLOCK, codificam proteinas que formam heterodimeros (BMAL1-CLOCK) que se ligam a
promotores (CACGTG) no nucleo atuando como fatores de transcricdo de diversos genes
estimulando sua expressdo, dentre esses genes, estdo aqueles que codificam as proteinas
periodo (PER1, PER2 e PER3) e os criptocromos (CRY1 e CRY2). As proteinas periodo e
criptocromos se acumulam no citoplasma onde formam heterodimeros (PER-CRY) que migram
para o nucleo e atuam como repressores transcricionais de BMAL1-CLOCK e assim reduzindo
a concentracdo das proteinas controladas por reldgio, incluindo as proteinas periodo e
criptocromos até reiniciar todo o ciclo (Figura 4) (KAVAKLI et al., 2017; SHAFI, KNUDSEN,
2019; CHAN, LAMIA, 2020).

Figura 4 - Representacdo esquematica da regulacdo dos genes circadianos.
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Legenda: As proteinas BMAL1 e CLOCK formam heterodimeros (BMAL1-CLOCK) que se associam a
promotores no DNA estimulando a expressdo de PER1, PER2, PER3, CRY1 e CRY2. Essas proteinas
formam heterodimeros no citoplasma (PER-CRY) que inibem BMAL1-CLOCK reduzindo a
expressao de outras proteinas. Até reiniciar o processo.

Fonte: O autor, 2023.
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As proteinas periodo e criptocromos também estdo envolvidos em outros processos
além da regulacdo do ritmo circadiano. Essas proteinas também estdo associadas fortemente
com o reparo de danos no DNA, controle do ciclo celular, em especial em checkpoints (G1/S e
G2/M), apoptose. Dada a relevancia desses genes em diversos processos biologicos, ja foi
relatado que alteragdes nesses genes circadianos contribuem para a agressividade de diferentes
tumores, tais como: linfomas, gliomas, prostata, mama, ovario e pancreas (SANCAR et al.,
2010; MASRI, KINOUCHI, SASSONE-CORSI, 2015; SHAFI, KNUDSEN, 2019).

Embora ja esteja bem descrita a fungcdo de CRY1 e CRYZ como reguladores
circadianos, ainda ndo foram avaliados os efeitos de radiagdes emitidas por lasers e LEDs
de baixa poténcia na expressdo desses genes. Por apresentar regides conservadas em sua
estrutura bioquimica como o cromoéforo de luz azul FAD e MTHF, essa proteina apresenta
a capacidade de absorver f6tons na faixa do violeta-azul (400-500 nm) (Figura 5) (LIN,
TODO, 2005). Entretanto nao ha estudos demonstrando se ha alteracao no perfil de

expressao de proteinas circadianas ap0ds exposicdo ao laser e LED de baixa poténcia.

Figura 5 - Estrutura cristalografica do Criptocromo.

Fonte: NCBI, 2023.
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1.2.3 Criptocromos DASH

Os criptocromos DASH (Drosophila, Arabidopsis, Synechocysstis, human (DASH)-
type cryptochrome (CRY)) também pertencem a familia das flavoproteinas, encontrada em
bactérias, algas, plantas e animais (BRUDLER et al., 2003). Essas proteinas apresentam
semelhancas filogenéticas com as fotoliases, sendo inicialmente classificadas como
criptocromo pois até entdo ndo apresentavam atividade de fotoliases que pudesse ser
identificada in vitro ou in vivo pelo ensaio de complementagdo de fotoliases (HITOMI et al.,
2000; WORTHINGTON et al., 2003; ASIMGIL, KAVAKLI, 2012). Entretanto, estudos mais
recentes demonstram que o0 CRY-DASH apresenta funcdo de fotoliases através do reparo de
dimeros de pirimidina em fitas simples de DNA em vez de fita dupla, sendo designados como
fotoliases de fita simples (SELBY, SANCAR, 2006; TAGUA et al, 2015).

1.3 Cancer e 0s genes circadianos

Nos ultimos anos, evidéncias crescentes vém sugerindo uma associacao entre genes
circadianos e o desenvolvimento e progressao de diversos tipos de tumores (CHEN, et al., 2005;
OSHIMA et al., 2011; RAHMAN et al., 2019; DONG et al., 2019). Uma das relac6es dos genes
circadianos com o cancer é sua participacdo em processos de reparo do DNA por excisdo de
nucleotideos, onde a expressdo da proteina XPA, XPC, TP53, ERCC6 e RPA3 é controlada por
genes do reldgio circadiano (KANG et al., 2010, KORITALA et al, 2021) e mutagdes nesses
genes podem desencadear uma instabilidade genémica.

Os genes circadianos também controlam a expressdo da proteina c-MYC, responsavel
por promover a proliferacdo celular. Em células com os genes BMAL1 e PER2 mutantes, ha
uma super-expressdo dessa proteina contribuindo para uma maior incidéncia em linfomas
induzidos por radiagdo (FU et al., 2002). O gene CDKN1A, que codifica a proteina p21 também
é regulado por BMAL::CLOCK, sendo esse gene importante para a manutencao do checkpoint
G1/S durante o ciclo celular. A regulacdo negativa desses genes pode induzir a parada do ciclo
celular e apoptose em células tronco de glioblastomas, (GRECHEZ-CASSIUAU et al., 2008,

DONG et al, 2019). Estudos refor¢aram a hipdtese desse mecanismo e sugeriram o Jetlag como
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agravante no desenvolvimento de adenocarcinoma de pulméo (PAPAGIANNAKOPOULOS et
al, 2016).

Além da regulacdo no reparo do DNA e ciclo celular, os genes circadianos também
tém sido relacionados a processos apoptoticos, onde as proteinas CRY1 e CRY2 participam da
via extrinseca da apoptose regulando a sintese de TNFa envolvida no processo inflamatorio. A
auséncia desses genes contribui para uma maior expressao de TNFa (HASHIRAMOTO et al.,
2010, CHAN, HUBER, LAMIA, 2020).

Em relacdo ao cancer de mama, estudos demonstraram a relacao entre distdrbios nos
genes circadianos e a progressdo deste tipo de tumor (BLAKEMAN et al., 2016). Os genes
PER1 e PER2 desempenham fungdes de supressao de tumor. As alteragfes encontradas para 0s
genes PER1 e PER2 foram associados a progressao ciclo celular, aumentando a proliferacéo e
reducdo da apoptose, aumentando a sobrevivéncia (GERY, KOEFFLER, 2018). Além das
proteinas PER2 e BMALL1 estarem envolvidas na formagéo dos acinos mamarios (ROSSETTI
etal., 2012).

Ainda ndo foi verificado se radiacfes emitidas por LEDs e lasers de baixa poténcia
interferem ou influenciam na expressao de genes circadianos e como isso poderia ocorrer em
células tumorais. Além disso, os criptocromos podem participar como potencial alvo em
terapias baseadas na fotobiomodulagdo induzida por estes LEDs e lasers devido a sua
homologia com as fotoliases que dependem da luz para sua ativacao.

Devido as fotoliases e os criptocromos serem ortologos, pertencentes a mesma familia
de flavoproteinas e apresentar os fotoaceptores conservados evolutivamente, estas proteinas
podem ser alvos para terapias baseadas na fotobiomodulagdo. O estudo da participacdo das
fotoliases na fotobiomodulacdo pode ampliar a compreensdo dos mecanismos de resisténcia a
radiacdo ultravioleta em procariotos. Da mesma forma, o estudo da participacdo dos
criptocromos na fotobiomodulacdo pode ampliar a compreensao deste efeito na apoptose, no

ciclo celular e mecanismos de reparo do DNA em células tumorais.
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar os efeitos do laser vermelho (658 nm) e LED azul (470 nm) terapéuticos de
baixa poténcia nos genes da familia das flavoproteinas através de modelos procarioticos e

eucarioticos.

2.2 Objetivos especificos

Avaliar os efeitos da radiacdo emitida por laser vermelho e LED azul na(os):
a) Inducdo de lesbes no DNA plasmidial;
b) Viabilidade celular em culturas de Escherichia coli expostas a radiacdo ultravioleta C;
c¢) Area das colbnias de Escherichia coli expostas a radiagdo ultravioleta C;
d) Niveis de mMRNA do gene phr em células de Eshcerichia coli;
e) Viabilidade celular em culturas de células MCF-7 e MDA-MB-231,;
f) Niveis de mRNA dos genes BMAL1, CLOCK, PER1, PER2, PER3, CRY1 e CRY2 em
células MCF-7 e MDA-MB-231.



29

3 MATERIAIS E METODOS

3.1 Fontes de radiagdo

Foram utilizados um laser terapéutico vermelho (658 + 5 nm) e LED azul (470 + 10
nm) de baixa poténcia presentes em um cluster comprado na HTM eletrénica (Fluence, S&o
Paulo, Brasil). O laser vermelho se encontra ao centro do cluster e os 3 LEDs ficam
posicionados pelo cluster formando um triangulo equilatero. O laser foi usado em modo de
emissdo continuo com poténcia de 10 mW nas fluéncias de 3 e 9 J/cm?2 correspondente aos
tempos de 30 e 90 segundos, respectivamente. Os LEDs azuis também foram usados em modo
de emissédo continuo, com poténcia de 1500 mW nas fluéncias 160 e 640 J/cm?2 correspondente
aos tempos de 30 e 90 segundos, respectivamente. Também foi utilizado uma lampada UVC

(Philips, Holanda), com poténcia de 500 mW na fluéncia de 50 mJ/cmz2.

3.2 Eletroforese do plasmideo pUC19 ap06s exposicao ao laser e LEDs de baixa poténcia

3.2.1 Eletroforese em gel de agarose

Amostras do plasmideo pUC19 (New England Biolabs, EUA) (aproximadamente 200
ng) foram expostos ao laser vermelho (3 e 9 J/cm32), ao LED azul (160 e 640 J/cm?) e
simultaneamente ao laser vermelho e ao LED azul (3 + 160 J/cm2 e 9 + 640 J/cm?). O cluster
laser-LED foi posicionado a 7 cm acima das amostras de plasmideo, de forma que a irradiacéo
incidisse toda a aliquota. Cada amostra de plasmideo foi misturada com o tampdo de
carregamento, gelred (Promega, EUA) e agua ultrapura, para entdo ser aplicada no gel de
agarose 0,8%, pH 7,4 (Kasvi, Espanha). O marcador de peso molecular utilizado foi o ladder
(100 pares de bases) (Thermoscientific, Lituania). O procedimento da eletroforese foi realizado
em cuba horizontal contendo TAE 1x (90V, 400 mA, 120W, 70 min).
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3.2.2 Fotodocumentacdo e analise

As formas topoldgicas do plasmideo obtidas pela eletroforese foram visualizadas
através de um sistema transiluminador de LED azul (Kasvi, Brasil). Os géis foram fotografados
(Xiomi redmi note 9, China) e as formas plasmidiais topoldgicas foram analisadas através da
densitometria de bandas utilizando o programa de computador Imagel

(https://imagej.nih.gov/ij/).

3.3 Cultura bacteriana

3.3.1 Cepa e cultura bacteriana

Foi utilizada a cepa de Escherichia coli C600 (E. coli C600), proficiente em
mecanismos de reparo do DNA. Os estogues de E. coli C600 eram mantidos em freezer (-20°C).
Aliquotas de 100 pL foram utilizados para fazer os pernoites em 5 ml de meio nutritivo Luria-
Bertani (Kasvi, Brasil) e encaminhados para estufa bacterioldgica (De Leo, Brasil) até atingir a

fase estacionaria de crescimento (37°C, 18 h, 10% células/ml).

3.3.2 Exposicdo das culturas de E. coli ao laser e ao LED

Culturas de E. coli C600 em fase estacionaria de crescimento foram divididos em dois
grupos. O primeiro grupo foi exposto de forma individual ao laser vermelho (3 e 9 J/cm?), ao
LED azul (160 e 640 J/cm?) e simultaneamente ao laser vermelho e ao LED azul (3 + 160 J/cm?
e 9 + 640 J/cm?). O segundo grupo foi pré-exposto ao laser vermelho e ao LED azul nas mesmas
condigdes do primeiro grupo, seguido de uma exposi¢éo unica a radiacdo UVC na fluéncia de
50 mJ/cm? (Figura 6). Como controles, suspensdes bacterianas néo irradiadas, ou irradiadas

somente com UVC. O tempo de exposi¢édo ao laser e ao LED foi controlado automaticamente
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pelo equipamento de acordo com as fluéncias utilizadas. A fluéncia da lampada de UVC foi
mensurada com um radiometro de ultravioleta (Instrutherm, Brasil), e o tempo de irradiagéo foi
de 100 segundos. O cluster laser-LED, assim como a lampada de UVC, foi posicionado a 7 cm
acima das suspensdes bacterianas, de forma que a irradiacdo incidisse toda a superficie das

aliquotas.

Figura 6 - Representacdo esquematica das irradiacdes das culturas de E. coli C600.

54

(b)

Legenda: Grupo 1: Células de E. coli C600 expostas ao laser vermelho de baixa poténcias nas fluéncias de 3e 9
Jicm?, LED azul de baixa poténcia nas fluéncias de 160 e 640 J/cm? e laser vermelho e LED azul
simultaneos nas fluéncias 3 + 160 J/icm2 e 9 + 640 J/cm? (a). Grupo 2: Células de E. coli C600 pré-
expostas ao laser vermelho, LED azul e laser vermelho e LED azul simultdneos nas mesmas fluéncias
do grupo 1, seguido pela exposicdo a uma dose Unica de 50 mJ/cm? de radiacdo ultravioleta C (b).
Todas as amostras foram irradiadas a uma distancia de 7 cm da saida de radiacdo do equipamento
laser/LED.

Fonte: O autor, 2023.

3.4 Ensaio de viabilidade e proliferacdo em culturas de E. coli C600

3.4.1 Ensaio de viabilidade e proliferacdo em culturas de E. coli C600
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Culturas de E. coli C600 em fase estacionaria de crescimento (5 ml, n=8) foram
centrifugadas (3.000 RPM, 15 min) e suspensas duas vezes em solucdo salina estéril (NaCl
0,9%). Aliquotas (300 uL) foram divididas de acordo com os grupos de tratamento e entdo
irradiadas. ApoOs o tratamento, as suspensdes bacterianas foram diluidas em salina estéril,
aliquotas (10 pL) espalhada em placas de Petri contendo meio nutritivo Luria-Bertani (Kasvi,
Italia) e 4gar bacterioldgico (HiMedia, India) incubados em estufa bacterioldgica (37°C, 18h).
Apbs incubacdo, as placas foram fotografadas (Xiomi redmi note 9, China) para avaliacdo da

sobrevivéncia e proliferacdo bacteriana.

3.4.2 Avaliacdo da viabilidade e proliferacdo em culturas de E. coli C600

As unidades formadoras de coldnias (UFC) geradas ap0s o tratamento e incubagéo
foram contadas e a fracdo de sobrevivéncia (FS) foi calculada pela razdo entre nimero de
coldnias viaveis ap0s tratamento e 0 nimero de coldnias viaveis sem tratamento (controle).

Para avaliacdo da proliferacdo bacteriana, a area das coldnias (em mm2) foi mensurada
pelo programa de computador ImageJ e a fracdo de area foi calculada pela razdo entre a area

das colbnias das células tratadas e a area das coldnias das células ndo tratadas (controle).

3.5 Avaliacéo dos niveis de mMRNA do gene phr

3.5.1 Procedimento experimental e pardmetros do tratamento

Culturas de E. coli C600 em fase estacionaria de crescimento (10° células/ml, 18h,
37°C) foram centrifugadas (3000 RPM, 15 min) e suspensas duas vezes em solucgéo salina
estéril (NaCl 0,9%). Aliquotas de suspensdes bacterianas (400 pL) foram expostas ao laser
vermelho (9 J/cm?), LED azul (640 J/cm?) e laser vermelho + LED azul (9 + 640 J/cm?) a uma
distancia de 7 cm entre a fonte e as amostras. Como grupo controle, suspensdes bacterianas ndo

expostas ao laser vermelho e ao LED azul.
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3.5.2 Extracdo de RNA total

Ap0s o tratamento, 0 RNA total das bactérias foi extraido com kit de extracdo de mMRNA
(TRIzol™, Invitrogen, EUA) e purificado com kit de purificacdo (kit de purificacdo de RNA,
Invitrogen, EUA). A suspensdo bacteriana de cada microtubo foi brevemente incubada com
solucéo de lise celular (200 pL, 95°C, 2 min), em seguida adicionado o reagente TRIzol (1 ml),
homogeneizado e incubado (5 min, temperatura ambiente). Foi adicionado cloroférmio (200
pL), homogeneizado, incubado (1 min, temperatura ambiente) e as preparagdes foram entéo
centrifugadas (13.000 RPM, 15 min, 4°C) para separar a fase orgénica da fase aquosa. Os
sobrenadantes foram transferidos para outros tubos e entdo adicionado isopropanol (500 uL) e
incubados (15 min, temperatura ambiente), as preparaces foram centrifugadas (13.000 RPM,
30 min, 4°C), o sobrenadante descartado e o precipitado foi lavado com etanol-DEPC (80%
etanol, DEPC 0,1% em &gua) e novamente centrifugado (13.000 RPM, 15 min, 4°C). O
sobrenadante foi removido e 0 RNA total foi suspenso (15 uL) em solucdo aquosa de DEPC
(0,1%) para entéo ser quantificada. Para determinar a concentracdo de RNA e pureza, foi usado
um espectrofotdmetro (Avantor, EUA) para calcular a razdo de densidade Optica através da
absorbéancia das preparacdes nos comprimentos de onda 230, 260 e 280 nm.

3.5.3 Sintese de cDNA e cadeia da polimerase quantitativa em tempo real

A sintese do DNA complementar (cDNA) foi realizada com kit de sintese de cDNA
(Promega, EUA) em duas etapas. A primeira etapa consistiu em tratamento com DNAse e a
segunda etapa com a transcriptase reversa (GoScript) e outros reagentes (oligoDT, dNTPs e
MgCl,) seguindo o protocolo do fabricante. O total da reagcdo gerou um volume de 20 pL de
cDNA das culturas bacterianas.

A reacdo em cadeia da polimerase quantitativa em tempo real (RT-gPCR) foi realizada
em um termociclador rotor gene (Qiagen, Holanda) usando 2,5 uL de cDNA e 7,5 pL de mix
contendo agua livre de RNAse (2 pL), o primer de interesse (0,5 uL) e sybr green (5,0 pL)
(Promega, USA), totalizando um volume de 10 pL em cada tubo de reagdo. Como genes de
referéncia foram usados araC, rpoA, gyrA (TEIXEIRA et al., 2016). O gene de interesse foi o
phr (fotoliase de E. coli) (Tabela 1).



34

Tabela 1 - Sequéncias de primers utilizados para a técnica de RT-gPCR com cDNA das
células de Escherichia coli.

Gene Sequéncia Tm (°C)

araC | F: 5 - CGCTGACAGTACCCAGATTC-3* | 62.8
R: 5 - CTCGAAATCGGTGCAGATGA -3 | 66.7
rpoA | F:5° -CTTCCAGTTGTTCAGCCAGA -3’ 63.5
R:5 - GTGGAGCGTATTGCCTACAA -5 | 63.1
gyrA | F: 5 —CAGATTTACCTTTCCCGCCA -3’ 66.2
R: 5> - CGTCGTACTGAAATCACCG -3’ 62.3
phr | F: 5°- ACAACCCAGGGCGAGAAATT -3 | 57.2
R: 5’-TCGCTTCTTTGTGCTCGACT -3’ 56.8

3.6 Cultura de células de tumor de mama

3.6.1 Linhagens celulares

Foram utilizadas as linhagens MCF-7 e MDA-MB-231. A linhagem MCF-7 € um tipo
de célula epitelial derivada de um adenocarcinoma de mama que apresenta receptores de
estrdgeno, progesterona e glicocorticoides (CAMARILLO et al., 2014; COMSA, CIMPEAN,
RAICA, 2015). A linhagem MDA-MB-231 é um tipo de célula epitelial derivada de um
adenocarcinoma de mama em estado metastatico. E uma linhagem dita como “triplo negativa”
onde ela ndo apresenta receptores estrdgeno, progesterona e HER2 (Receptor do fator de
crescimento epidérmico humano, tipo 2) sendo altamente agressiva, invasiva e pouco
diferenciada (HUANG, YU, TANG, 2020).

3.6.2 Culturas de MCF-7 e MDA-MB-231

As células das linhagens MCF-7 e MDA-MB-231 foram cultivadas em meio DMEM
e RPMI, respectivamente, suplementados com 10% de soro fetal bovino e 1% de
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antibiético/antimicdtico (Gibco, EUA) em frascos de cultura celular de 75 cm2 com filtro
(Corning, EUA) e incubadas em estufa celular (48h, 37°C, 5% CO,) até atingir uma confluéncia

aproximada de 60-70%.

3.7 Avaliacdo da viabilidade celular das culturas de células de tumor de mama

3.7.1 Procedimento experimental, pardmetros de irradiacio e ensaio de WST-1

Culturas de células MCF-7 e MDA-MB-231 cultivadas em frascos de 75 cm? foram
lavadas 2 vezes com tampdo PBS (Phosphate buffered saline), adicionada tripsina (0,25%) e
entdo incubadas em estufa de cultivo celular (37°C, 5% CO», 2 min). Para inativar a tripsina,
foi adicionado 5 ml de meio DMEM (para MCF-7) e RPMI (para MDA-MB-231) nos frascos
e entdo o contetdo foi transferido para um tubo falcon (15 ml). O conteudo foi entéo
centrifugado (3.000 RPM, 3 min) e lavadas duas vezes com tampéo PBS e o sobrenadante foi
descartado. Em seguida, foi realizada a contagem de células na cAmara de Neubauer. As células
foram entéo suspendidas em meio DMEM e RPMI em tubo falcon (15 ml) e aliquotadas 1,8 ml
de solugdo com células em 4 microtubos (2 ml), em seguida centrifugados (3.000 RPM, 3 min).
Os 4 microtubos foram referentes aos tratamentos com laser vermelho (9 J/cm?2), LED azul (640
J/icm?), laser vermelho + LED azul (9 + 640 J/cm?) e controle (ndo irradiado). As fluéncias
foram selecionadas de acordo com resultados preliminares encontrados por outros
pesquisadores do mesmo grupo de pesquisa (Dados ndo publicados). O cluster laser-LED, foi
posicionado a 7 cm acima das suspens@es de células, de forma que a radiacdo incidisse sobre
toda a superficie das aliquotas. Apos a centrifugacdo, o sobrenadante foi descartado e a
irradiacdo realizada. As células foram entdo suspensas em meio DMEM e RPMI e aliquotadas
150 pL de suspensdo celular em 3 pocos para cada tratamento, totalizando 12 pogos em uma
placa de 96 pocos. Para cada experimento, foram utilizadas 3 placas referentes aos tempos de
avaliacdo da viabilidade celular (24, 48 e 72 horas). Em seguida, as suspensdes de células foram

distribuidas nas placas e incubadas em estufa celular (37°C, 5% CO>).



36

3.7.2 Afericdo da absorbancia do reagente

Ap0s a incubacdo durante os periodos de 24, 48 e 72 horas, foi adicionado o reagente
WST-1 aos pogos contendo as células e incubadas em estufa de cultivo celular (37°C, 5% CO3)
durante 1-2 horas. Apds esse periodo a placa foi posta em um leitor de ELISA (Celer, Brasil)

para afericdo da absorbancia em 405, 450, 492 e 630 nm e célculo da viabilidade celular.

3.8 Avaliacédo dos niveis relativos de mMRNA dos genes circadianos

3.8.1 Escolha dos genes para estudo

Para esse estudo foram selecionados os genes BMALL (Basic helix-loop-helix ARNT
like 1), CLOCK (Clock circadian regulator) que estdo relacionados com a expressdo dos genes
PER1, PER2, PER3 (Period circadian regulator 1, 2 e 3), bem como, CRY1 e CRY2
(Cryptochrome circadian regulator 1 e 2). Esses genes fazem parte do reldgio circadiano
central (MOHAWK, GREEN, TAKAHASHI, 2012) sendo responsaveis pelo controle da
expressdao de diversos genes associados ao reparo de DNA, apoptose, ciclo celular e
metabolismo celular (SHAFI, KNUDSEN, 2019).

3.8.2 Procedimento experimental e parametros de irradiacdo

Culturas de células de MCF-7 e MDA-MB-231 foram realizadas em frascos de 75 cm?,
foram lavadas 2 vezes com tampédo PBS 1x (phosphate buffered saline), adicionada tripsina
(0,25%) e entdo incubadas em estufa de cultivo celular (37°C, 5% CO2, 2 min). Para inativar a
tripsina, foram adicionados 5 ml de meio DMEM (para MCF-7) e RPMI (para MDA-MB-231)
nos frascos e entdo o contetdo foi transferido para um tubo falcon (15 ml). O contetdo foi entdo

centrifugado (3.000 RPM, 3 min) e o sobrenadante foi descartado e os precipitados celulares
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foram suspensos duas vezes com tampao PBS. As células foram suspensas em 4 ml de meio
DMEM e RPMI e distribuidas para 4 microtubos (1,5 ml) referentes aos tratamentos com laser
vermelho (9 J/cm?2), LED azul (640 J/cm?2), laser vermelho + LED azul (9 + 640 J/cm?) e
controle (ndo irradiado). As fluéncias foram selecionadas de acordo com resultados
preliminares encontrados por outros pesquisadores do mesmo grupo de pesquisa (Dados ndo
publicados). Para a irradiacdo, o cluster laser-LED foi posicionado a 7 cm acima das suspensdes
de ceélulas, de forma que a radiacdo incidisse sobre toda a superficie das aliquotas. As
suspensdes foram centrifugadas (7.200 RPM, 2 min) e o sobrenadante descartado. As células
foram irradiadas em seguida adicionado meio DMEM e RPMI (1 ml) e homogeneizado. As
células irradiadas foram entdo transferidas para frascos de cultura de células de 25 cm2 contendo
0 meio das respectivas células (4 ml) e incubadas em estufa de cultivo celular (37°C, 5% CO,
48h).

3.8.3 Extracdo de RNA total

Apbs a irradiacdo, 0 RNA total das células tumorais de mama MCF-7 e MDA-MB-231
foram extraidos com kit de extragdo de mRNA (TRIzol™, Invitrogen, EUA). Os meios foram
descartados e os frascos de cultura celular, lavadas com tampé&o PBS. O excedente de PBS foi
removido e entdo adicionado reagente TRIzol (1 ml) nos frascos de cultura celular de 25 cm?,
homogeneizado e incubado (5 min, temperatura ambiente). Apds a lise das células, a solucéo
foi adicionada em um microtubo (1,5 ml) e entdo centrifugada (13.000 RPM, 10 min, 4°C) e
seu sobrenadante transferido para outro microtubo (1,5 ml). Em seguida, foi adicionado
cloroférmio (200 uL), homogeneizado e incubado (1 min, temperatura ambiente) e as
preparacdes foram entdo centrifugadas (13.000 RPM, 15 min, 4°C) para separar a fase organica
da fase aquosa. Os sobrenadantes foram transferidos para outros microtubos e adicionados
isopropanol (500 pL) e incubados (15 min, temperatura ambiente), as preparacdes foram
centrifugadas (13.000 RPM, 30 min, 4°C), o sobrenadante descartado e o precipitado foi lavado
com etanol-DEPC (80% etanol, DEPC 0,1% em agua) e novamente centrifugado (13.000 RPM,
15 min, 4°C). O sobrenadante foi removido e 0 RNA total foi suspendido (15 pL) em solucéo
de &gua tratada com DEPC (0,1%) para entdo ser quantificada. Para aferir a concentracdo de

RNA e pureza, foi usado um espectrofotobmetro (Avantor, EUA) para calcular a razéo de
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densidade dptica através da absorbancia das prepara¢des nos comprimentos de onda 230, 260
e 280.

3.8.4 Sintese de cDNA e RT-gPCR a partir do mRNA das culturas de células MCF-7 e MDA-
MB-231

A sintese do DNA complementar (cDNA) foi realizada com kit de sintese de cDNA
(Promega, EUA) em duas etapas. A primeira etapa consistiu em tratamento com DNAse e a
segunda etapa com a transcriptase reversa (GoScript) e outros reagentes (oligoDT, dNTPs e
MgCl) seguindo o protocolo do fabricante. O total da reacdo gerou um volume de 20 pL de
cDNA das culturas de células tumorais de mama MCF-7 e MDA-MB-231.

A reacdo em cadeia da polimerase quantitativa em tempo real (RT-gPCR) foi realizada
em um termociclador rotor gene (Qiagen, Holanda) usando 2,5 uL de cDNA e 7,5 pL de mix
contendo agua livre de RNAse (2 L), os primers de interesse (0,5 UL de cada) e sybr green
(5,0 pL) (Promega, USA), totalizando um volume de 10 pL em cada tubo de reagdo. Como
gene de referéncia foi utilizado o ACTB (beta actina) (TEIXEIRA, et al., 2017).

Tabela 2 - Sequéncias de primers utilizados para a técnica de RT-gPCR com cDNA das
células MCF-7 e MDA-MB-231.

Gene Sequéncia Tm (°C)
BMALL | F: 5 — GGGCTGGATGAAGACAACGA -3’ 57,3
R: 5> - GCTAGAAGGCGATGACCCTC - 3’ 57,4
CLOCK | F: 5> — GGGCACAGTCAGCAAACATC -3 56,8
R: 5> - GTGACTGAGGGAAGGTGCTC - 3’ 57,6
PER1 F: 5 - GCATGAGTCTAGAGGCGCAT -3’ 57,1
R: 5 - CCCAGCAGTTCCATTGCCTA -3’ 57,5

PER?2 F: 5 —TTTCACCTCCCCGTACAAGC -3’ 57,3
R: 5> - GCCACGAGAATGAAATCCGC -3’ 56,8
PER3 F: 5 - TCGGAACCTTGCTGTCTCAC -3’ 57,2

R: 5 - GAGGAGGAAAAGTGGGAGGC -3’ | 57,7
CRY1 F: 5 - TGGGAATGGAGGCTTCATGG -3’ 57,4
R: 5 - AGTGCCCATGGAGCTTCTTC -3’ 57,5
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CRY2 | F:5 —-CCCCACTGAAGGACTTGGTC -3’ 57,7
R: 5" - CTACACGGCAGCTACCAACA -3’ 57,2

3.9 Analise estatistica

Dados sobre as formas plasmidiais, fracdo de sobrevivéncia, fracdo de area, expressao
dos niveis relativos de mRNA dos genes phr, BMAL1, CLOCK, PER1, PER2, PER3, CRYl e
CRY2 e viabilidade celular das células MCF-7 e MDA-MB-231 foram analisados pelo teste de
Kolmogorov-Smirnov para verificar a normalidade. A comparagéo entre os grupos foi feita pelo
teste de Kruskal-Wallis seguido do teste de Dunn como pos-hoc teste e p<0,05 como menor
nivel significativo. Os testes estatisticos foram feitos pelo programa InStat GraphPad
(GraphPad InStat versdo 8.0 para Windows 10, GraphPad Prism Software, San Diego, CA,
EUA).
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4 RESULTADOS

4.1 Perfil eletroforético do plasmideo pUC19 apds exposicao ao laser vermelho e ao LED

azul de baixa poténcia

A figura 7 representa a densitometria de bandas plasmidiais e fotografia representativa
de géis de agarose apos eletroforese do plasmideo pUC19 exposto ao LED azul e ao laser
vermelho em diferentes fluéncias. Dados nesta figura indicam que a exposic¢do ao LED azul
e/ou ao laser vermelho néo € capaz de alterar a mobilidade do plasmideo bacteriano pUC19,
indicando que ndo houve quebras do tipo simples e dupla no DNA plasmidial. Esses achados
foram confirmados pela quantificagcdo da forma topoldgica superenrolada do plasmideo pUC19.
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Figura 7 — Porcentagem das formas plasmidiais (a) e fotografia representativa do gel de
agarose apos exposicdo ao LED azul e ao laser vermelho de baixa poténcia (b).
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Legenda: Colunas — (1) pUC19 ndo irradiado, (2) pUC19 + LED azul 160 J/cm?, (3) pUC19 + LED azul 640
Jiemz, (4) pUC19 + laser vermelho 3 J/cmz, (5) pUC19 + laser vermelho 9 J/cm?, (6) pUC19 + LED
azul 160 J/cm2 + laser vermelho 3 J/cmz, (7) pUC19 + LED azul 640 J/cm2 + laser vermelho 9 J/cm?2.

4.2 Sobrevivéncia e proliferacdo em culturas de E. coli C600 ap6s exposi¢do ao LED azul

e ao laser vermelho de baixa poténcia

Na figura 8 estdo apresentados os valores da fracdo de sobrevivéncia das culturas de E.
coli C600 expostas ao LED azul e ao laser vermelho de baixa poténcia. Os dados nessa figura
sugerem que a exposicdo aos LED azul e ao laser vermelho de baixa poténcia ndo alterou
significativamente (p<0,05) a sobrevivéncia das culturas de E. coli C600 nas fluéncias

avaliadas.
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Figura 8 — FracGes de sobrevivéncia das culturas de E. coli C600 expostas ao LED azul e ao
laser vermelho de baixa poténcia.
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Legenda: N=8. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 160 J/cm LED azul 640 J/cm?,
laser vermelho 3 J/cm?, laser vermelho 9 J/cmz2, LED azul + laser vermelho 160 + 3 J/cm2, LED azul
+ laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no gréafico estao as
medianas e os quartis.

Na figura 9 estdo apresentados a razdo de area das col6nias das culturas de E. coli C600
expostas ao LED azul e ao laser vermelho de baixa poténcia. Na figura 10 estdo apresentadas
duas fotos representativas de col6nias de E. coli C600. Os dados nessa figura 9 sugerem que a
exposicao ao laser vermelho nas fluéncias de 3 e 9 J/cm? reduz significativamente (p<0,05) a

area das coldnias de E. coli C600.
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Figura 9 — Razdo das areas das col6nias das culturas de E. coli C600 expostas aos LED azul e
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Legenda: N=8. Diagrama de caixa — grupo controle, ndo irradiado, LED azul 160 J/cm2, LED azul 640 J/cmz2,

laser vermelho 3 J/cm?, laser vermelho 9 J/cmz2, LED azul + laser vermelho 160 + 3 J/cmz2, LED azul
+ laser vermelho 640 + 9 J/cm2, As barras indicam a amplitude em cada grupo e no grafico estao as
medianas e os quartis. (****) p<0,0001 quando comparado com a area das coldnias do grupo controle
(ndo tratado com LED azul e laser vermelho). (**) p<0,001 quando comparado com a area das
colénias do grupo controle.
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Figura 10 — Fotos representativas das coldnias de E. coli C600 do grupo controle (a) e grupo
irradiado com laser na fluéncia de 3 J/cm? (b).

Leend: Unidades formadoras de coldnias de E. coli C60 do grupo controle, ndo expostas as radiacdes
emitidas por lasers e LEDs de baixa poténcias (a) e unidades formadoras de coldnias de E. coli C600
expostas ao laser vermelho na fluéncia de 3 J/cm? (b).

Fonte: O autor, 2023.

4.3 Sobrevivéncia e proliferagdo em culturas de E. coli C600 apos exposi¢do ao LED azul

e ao laser vermelho de baixa poténcia seguido pela exposi¢do a radiacdo UVC

Na figura 11 estdo representados a fragdo de sobrevivéncia das culturas de E. coli C600
pré-expostas ao LED azul e ao laser vermelho de baixa poténcia, sequido pela exposicdo a
radiacdo UVC na fluéncia de 50 mJ/cm2. Os dados nessa figura sugerem que a pré-exposicao
ao laser vermelho (9 J/cm?) e ao LED azul + laser vermelho aumenta significativamente

(p<0,001) a sobrevivéncia das culturas de E. coli C600 expostas a radiagcdo UVC.
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Figura 11 — FracGes de sobrevivéncia das culturas de E. coli C600 pré-expostas aos LED azul
e ao laser vermelho de baixa poténcia seguido pela exposicdo a radiacdo UVC.
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Legenda: N=8. Diagrama de caixa — grupo controle, irradiado somente com UVC, LED azul 160 J/cmz2, LED
azul 640 J/cmz, laser vermelho 3 J/cmz, laser vermelho 9 J/cm?, LED azul + laser vermelho 160 + 3
Jicmz?, LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no
grafico estdo as medianas e os quartis. (****) p<0,0001 quando comparado com o grupo controle
irradiado somente com 50 mJ/cm? de radiacdo UVC. (***) p=0,001 quando comparado com 0 grupo
controle.

Na figura 12 estdo representados a razdo da area das colonias de E. coli C600 pré-
expostas aos LED azul e ao laser vermelho de baixa poténcia seguido pela exposicao a radiacédo
UVC na fluéncia de 50 mJ/cm2. Na figura 13 estdo apresentadas duas fotos representativas de
colbnias de E. coli C600. Os dados na figura 12 indicam alteracéo significativa (p<0,05) nas
fracOes de area das culturas bacterianas expostas ao laser vermelho na fluéncia de 9 J/cm?2 e ao
LED azul + laser vermelho na fluéncia de 160 + 3 J/cm2. As culturas bacterianas expostas ao
laser vermelho (9 J/cm?) apresentaram aumento da sua fracdo de area (p=0,0009), indicando
uma maior taxa de proliferacdo. Entretanto, as culturas expostas ao LED azul + laser vermelho
(160 + 3 J/cm?) apresentaram diminuicdo da fracdo de area (p<0,0001), indicando menor taxa

de proliferacéo.
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Figura 12 — Raz&o das areas das colbnias das culturas de E. coli C600 pré-expostas ao LED
azul e ao laser vermelho de baixa poténcia em diferentes fluéncias, seguido pela
exposic¢do a radiagdo UVC
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Legenda: N=8. Diagrama de caixa — grupo controle, ndo irradiado, LED azul 160 J/cm?2, LED azul 640 J/cm?,
laser vermelho 3 J/cm?, laser vermelho 9 J/cm?, LED azul + laser vermelho 160 + 3 J/cm?, LED azul +
laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estdo as
medianas e os quartis. (****) p<0,0001quando comparado com a area das col6nias o grupo controle
irradiado somente com 50 mJ/cm?2 de radiagdo UVC. (***) p=0,001quando comparado com a rea das
coldnias do grupo controle.
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Figura 13 - Fotos representativas das coldnias de E. coli C600 do grupo controle, irradiado
somente com UVC (a) e do grupo Laser vermelho + LED azul nas fluéncias de 3
+ 160 J/cm? (b).

Legenda: Unidades formadoras de coldnias de E. coli C600 do grupo controle, expostas apenas a radiacao

ultravioleta C, na fluéncia de 50 mJ/cm? (a) e unidades formadoras de colénias de E. coli C600 pré-
expostas ao laser vermelho e LED azul de baixa poténcia na fluéncia de 3 + 160 J/cm? (b).
Fonte: O autor, 2023.

4.4 Efeitos nos niveis de RNA mensageiro do gene phr em culturas de E. coli C600 ap6s

exposicao ao LED azul e ao laser vermelho de baixa poténcia

Na figura 14 estdo representados os valores dos niveis relativos do mRNA do gene phr
nas células de E. coli C600 apos exposi¢do ao LED azul e ao laser vermelho de baixa poténcia.
Esses achados indicam que a exposi¢do a essas radiacfes ndo alteram significativamente
(p>0,05) os niveis de mMRNA em células de E. coli C600.
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Figura 14 — N=3. Niveis relativos do mMRNA do gene phr em células de E. coli C600 apos
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=3. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no gréfico
estdo as medianas e 0s quartis.

4.5 Sobrevivéncia de células de tumor de mama apds exposicdo ao LED azul e ao laser
vermelho de baixa poténcia

Nas figuras 15 e 16 estdo apresentados os valores das fracdes de sobrevivéncia das
células MCF-7 e MDA-MB-231, respectivamente, ap0s 24, 48 e 72 horas de tratamento. Os
dados sugerem que a exposicao ao LED azul e ao laser vermelho de baixa poténcia ndo alteram

significativamente (p>0,05) sua sobrevivéncia os periodos avaliados.
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Figura 15 — Sobrevivéncia das células MCF-7 ap0s 24, 48 e 72 horas de exposi¢do ao LED
azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Colunas — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/icm?, LED azul
+ laser vermelho 640 + 9 J/cm2. As barras de erro indicam o desvio padrdo da media.
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Figura 16 — Sobrevivéncia das células MDA-MB-231 apds 24, 48 e 72 horas de exposicao ao
LED azul e ao laser vermelho de baixa poténcia

2.0=
<
(@)
Z 15-
% El 0 J/cm?2
E l B3 640 Jicm?
m = 9 J/cmz?
O 1.0+ I l L
N =3 64049 J/cm?
m 1
[a)
(@)
<L
4
5 0.5=
L

0.0- T T T

24 Horas 48 Horas 72 Horas
TEMPO

Legenda: N=5. Colunas — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?, LED azul
+ laser vermelho 640 + 9 J/cm2, As barras de erro indicam o desvio padrdo da média.

4.6 Niveis de RNA mensageiro dos genes circadianos em culturas de células de tumor de

mama apos exposicdo ao LED azul e laser vermelho de baixa poténcia

Nas figuras 17 e 18 estdo apresentados os valores dos niveis relativos do mRNA do gene
BMAL1 nas células MCF-7 e MDA-MB-231, respectivamente, apds exposi¢do ao LED azul e
ao laser vermelho de baixa poténcia. Esses achados indicam que a exposicao a essas radiagdes
ndo altera significativamente (p>0,05) os niveis de mRNA nas células MCF-7 e MDA-MB-
231.
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Figura 17 — N=5. Niveis relativos do mRNA do gene BMAL1 nas células MCF-7 ap6s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?2,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico
estdo as medianas e os quartis.
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Figura 18 — N=5. Niveis relativos do mRNA do gene BMAL1 nas células MDA-MB-231 apds
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no gréfico

estdo as medianas e os quartis.

Nas figuras 19 e 20 estdo apresentados os valores dos niveis relativos do mRNA do gene

CLOCK nas células MCF-7 e MDA-MB-231, respectivamente, apds exposi¢do ao LED azul e

ao laser vermelho de baixa poténcia. Esses achados indicam que a exposi¢édo a essas radia¢oes

ndo altera significativamente (p>0,05) os niveis de mRNA nas células MCF-7 e MDA-MB-

231.
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Figura 19 — N=5. Niveis relativos do mRNA do gene CLOCK nas células MCF-7 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no gréfico
estdo as medianas e 0s quartis.
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Figura 20 — N=5. Niveis relativos do mMRNA do gene CLOCK nas células MDA-MB-231 apds
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico
estdo as medianas e os quartis.

Nas figuras 21 e 22 estdo apresentados os valores dos niveis relativos do mRNA do gene
PER1 nas células MCF-7 e MDA-MB-231, respectivamente, apds exposicao ao LED azul e ao
laser vermelho de baixa poténcia. Esses achados indicam que a exposicao a essas radiagdes ndo
altera significativamente (p>0,05) os niveis de mRNA nas células MCF-7 e MDA-MB-231.
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Figura 21 — N=5. Niveis relativos do mRNA do gene PER1 nas células MCF-7 ap6s exposi¢ao
ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico
estdo as medianas e 0s quartis.
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Figura 22 — N=5. Niveis relativos do mRNA do gene PER1 nas células MDA-MB-231 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia

10=
8-
<
E —
6-
£
L
o
n
LIJ -
>
e
_|_ ——
2- 1
O 1 1 1 1
0 640 9 640+9
Controle LED laser LED + Laser

FLUENCIA (J/cm2)

Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico

estdo as medianas e os quartis.

Nas figuras 23 e 24 estdo apresentados os valores dos niveis relativos do mRNA do gene

PER2 nas células MCF-7 e MDA-MB-231, respectivamente, apds exposicao ao LED azul e ao

laser vermelho de baixa poténcia. Esses achados indicam que a exposicao a essas radiagdes néo
altera significativamente (p>0,05) os niveis de mRNA nas células MCF-7 e MDA-MB-231.



Figura 23 — N=5. Niveis relativos do mMRNA do gene PER2 nas células MCF-7 ap6s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?2,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico

estdo as medianas e 0s quartis.
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Figura 24 — N=5. Niveis relativos do mRNA do gene PER2 nas células MDA-MB-231 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: N=5. Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cmz, laser vermelho 9 J/cm?,
LED azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico

estdo as medianas e os quartis.

Nas figuras 25 e 26 estdo apresentados os valores dos niveis relativos do mRNA do gene

PER3 nas células MCF-7 e MDA-MB-231, respectivamente, apds exposic¢do ao LED azul e ao

laser vermelho de baixa poténcia. Esses achados indicam que a exposi¢éo a essas radia¢des ndo
altera significativamente (p>0,05) os niveis de mRNA nas celulas MCF-7 e MDA-MB-231.



Figura 25 — N=5. Niveis relativos do mMRNA do gene PER3 nas células MCF-7 ap6s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo

as medianas e os quartis.
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Figura 26 — N=5. Niveis relativos do mRNA do gene PER3 nas células MDA-MB-231 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia

10=-
8-
<
&
= 6= 1
L
a)
2
TR
>
Z
|
2_
O | | 1 1 | |
0 640 9 640+9
Controle LED laser LED + Laser

FLUENCIA (J/cm?)

Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo
as medianas e os quartis.

Nas figuras 27 e 28 estdo apresentados os valores dos niveis relativos do mRNA do gene
CRY1 nas células MCF-7 e MDA-MB-231, respectivamente, ap0s exposicdo ao LED azul e ao
laser vermelho de baixa poténcia. Esses achados indicam que a exposicao a essas radiagdes néo
altera significativamente (p>0,05) os niveis de mRNA nas celulas MCF-7 e MDA-MB-231.
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Figura 27 — N=5. Niveis relativos do mRNA do gene CRY1 nas células MCF-7 ap6s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo
as medianas e os quartis.
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Figura 28 — N=5. Niveis relativos do mRNA do gene CRY1 nas células MDA-MB-231 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo
as medianas e os quartis.

Nas figuras 29 e 30 estdo apresentados os valores dos niveis relativos do mRNA do gene
CRY2 nas células MCF-7 e MDA-MB-231, respectivamente, apos exposi¢do ao LED azul e ao
laser vermelho de baixa poténcia. Esses achados indicam que a exposicao a essas radiagdes ndo
altera significativamente (p>0,05) os niveis de mRNA nas células MCF-7 e MDA-MB-231.
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Figura 29 — N=5. Niveis relativos do mMRNA do gene CRY2 nas células MCF-7 ap6s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo
as medianas e os quartis.
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Figura 30 — N=5. Niveis relativos do mRNA do gene CRY2 nas células MDA-MB-231 ap0s
exposicdo ao LED azul e ao laser vermelho de baixa poténcia
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Legenda: Diagramas de caixa — grupo controle, ndo irradiado, LED azul 640 J/cm?, laser vermelho 9 J/cm?, LED
azul + laser vermelho 640 + 9 J/cm2. As barras indicam a amplitude em cada grupo e no grafico estéo
as medianas e os quartis.
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5 DISCUSSAO

A densitometria de bandas plasmidiais em géis de agarose apos eletroforese tem sido
usada para avaliar quebras de fita simples e dupla em moléculas de DNA induzidas por agentes
fisicos ou quimicos (FONSECA et al., 2012). Amostras de plasmideos pUC19 foram expostas
as radiaces do LED azul e do laser vermelho de baixa poténcia e foi realizada anélise das
formas topoldgicas do plasmideo (figura 7). Os resultados demonstram auséncia de inducédo de
quebras do tipo simples e dupla apds exposicdo ao LED e ao laser (sozinhos ou simulténeos).
Esses resultados estdo de acordo com os relatados por outros autores, que reportaram uma
auséncia semelhante dos efeitos por laser vermelho (658 nm) e infravermelho préximo (830
nm) de baixa poténcia (FONSECA et al., 2010; FONSECA et al., 2012). Entretanto, ndo ha
dados disponiveis sobre o perfil eletroforético de plasmideos expostos a radiagcdes emitidas por
LEDs azuis de baixa poténcia.

Ensaios de sobrevivéncia em células procarioticas tém sido utilizado para avaliar a
viabilidade celular apds tratamentos com agentes fisicos e quimicos. Diversos estudos utilizam
essa técnica para avaliar os efeitos de fotobiomodulacdo em células de E. coli (FONSECA et
al., 2010; FONSECA et al., 2012; CANUTO et al., 2015; KOHLI, GUPTA, 2003; FONSECA
2012; THOME et al., 2018). Os resultados encontrados demonstram que o laser vermelho de
baixa poténcia na fluéncia de 9 J/cm?2 e irradiacdo simultanea com LED azul na fluéncia de 160
J/icmz2 e laser vermelho na fluéncia de 3 J/cm?, assim como 640 J/cm? e 9 J/cm? protegem as
células de E. coli C600 dos efeitos bactericidas da radiacdo UVC (figura 11). Achados similares
foram demonstrados com culturas de E. coli AB1157 na fase exponencial de crescimento pré-
expostos ao laser vermelho (660 nm) de baixa poténcia na fluéncia de 8 J/cm2 (CANUTO et
al., 2015). Outro estudo realizado por Kohli e Gupta (2003) demonstrou efeitos de foto-protecéo
e aumento da sobrevivéncia bacteriana em culturas de E. coli AB1157 expostas a radiacdo UVC
apos exposicao ao laser vermelho (632,8 nm) de baixa poténcia na fluéncia de 7 kJ/m2 (KOHLI,
GUPTA, 2003). Esses resultados sugerem que o laser vermelho, assim como, o laser vermelho
e LED azul simultaneos de baixa poténcia em fluéncias terapéuticas aumentam a sobrevivéncia
de culturas de E. coli expostas a radiagdo UVC.

Ensaios de area das col6nias pode ser usado para avaliagcdo da proliferacdo celular de
células procaridticas devido ao estimulo dos efeitos proliferativos ou inibitérios da
fotobiomodulagdo (RIBEIRO, et al. 2023). As células de E. coli C600 foram expostas ao LED

azul e laser vermelho e de baixa poténcia em diferentes fluéncias e os resultados indicam
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alteracOes na proliferagdo bacteriana em culturas expostas ao laser vermelho de baixa poténcia
(figura 9). Os resultados sugerem que o laser vermelho na fluéncia de 3 J/cm? diminui a taxa
proliferacdo das células de E. coli C600, mas o laser vermelho na fluéncia de 9 J/cm2 aumentou
a taxa de proliferacdo. Além disso, a pré-exposicdo ao LED azul de baixa poténcia e ao laser
vermelho alterou a area das colénias bacterianas de células de E. coli C600 expostas a radiacdo
UVC (figura 12). Os resultados indicam que a pré-exposicao ao laser vermelho na fluéncia de
9 J/cm2 aumenta a proliferacdo celular, mas a pré-exposicdo ao LED azul e laser vermelho
simultaneamente nas fluéncias de 160 e 9 J/cmz?, diminuem a proliferacéo celular. Karu (1994)
demonstrou a relacdo de dose-dependéncia para estimulacdo da proliferacdo de células E. coli
apos da exposicdo ao laser He-Ne (632,8 nm) e indicou que rea¢bes bioquimicas que propiciam
a estimulacédo do crescimento ocorrem por duas vias diferentes, sendo um ativado pela dose de
irradiacdo e o outro por um valor critico do tempo de exposicdo (KARU et al., 1994). Estudos
relacionados aos efeitos da luz azul emitida por LEDs tém sugerido a inativacdo de diversos
procariotos, incluindo E. coli (MACLEAN et al., 2009; DE LUCCA et al., 2012; KIM et al.,
2013). Os resultados demonstraram que a exposicdo ao LED azul de baixa poténcia nas
fluéncias de 160 J/cm2 e 640 J/cm?2 ndo alteraram a taxa de sobrevivéncia e proliferacdo das
culturas de E. coli C600 (figura 8).

As avaliacOes de RT-qPCR sdo utilizadas para acessar 0s niveis relativos de mMRNA
de genes em células procarioticas e eucaridticas (TRAJANO et al., 2014; TEIXEIRA et al.,
2016; FONSECA et al., 2013; FONSECA et al., 2014; FONSECA et al., 2014). Células de E.
coli C600 foram expostas ao LED azul e ao laser vermelho de baixa poténcia em diferentes
fluéncias e os niveis relativos de MRNA do gene da fotoliase (phr) foi acessado. Os resultados
sugerem que a exposi¢do ao LED azul e ao laser vermelho ndo altera os niveis relativos de
MRNA do gene phr em E. coli C600 (figura 14). Essa € a primeira vez que os efeitos de LED
azul e laser vermelho de baixa poténcia sdo avaliados no mecanismo de fotorreativacdo e
expressdo do gene phr. Esses achados sdo relevantes pois demonstram a incapacidade da
radiacdo azul emitida por LED terapéutico, na fluéncia de 640 J/cm?, de modular o mecanismo
de reparo do DNA dependente de luz azul. Entretanto, estudos tém demonstrado que lasers de
baixa poténcia modulam a expressao de genes relacionados a mecanismos de reparo do DNA,
como reparo por excisdo de bases e reparo por excisdo de nucleotideos em tecidos bioldgicos
(FONSECA et al., 2013; FONSECA et al., 2014; FONSECA et al., 2014).

Estudos sobre fotobiomodulagdo em procariotos demonstram a capacidade de as
radiacGes desencadearem efeitos em células simples, mas entender como essas radiagcdes geram

efeitos em células eucaridticas é fundamental para a compreensdo desses efeitos em células
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mais complexas. O ensaio de viabilidade celular por WST-1 tem sido utilizado para avaliar a
sobrevivéncia de células eucaridticas ap0s tratamentos com agentes quimicos e fisicos
(TEIXEIRA et al., 2018).

Nesse estudo foi demonstrado que o tratamento com LED azul e laser vermelho de
baixa poténcia, em diferentes fluéncias, nas células MCF-7 e MDA-MB-231 ndo altera a
sobrevivéncia das células mesmo apds periodos de 24, 48 e 72 horas (figuras 15 e 16). Estudos
sobre os efeitos do LED azul e laser vermelho em células da linhagem MCF-7 e MDA-MB 231
ja foram realizados (TEIXEIRA et al., 2018, ANIOGO, GEORGE, ABRAHAMSE, 2023),
entretanto, ha escassez de estudos sobre os efeitos das radiacbes emitidas por esses
equipamentos de baixa poténcia nesses modelos celulares. No estudo de Teixeira e
colaboradores (2018) é demonstrado que o LED azul (470 nm) néo altera a viabilidade das
culturas de MDA-MB-231 nas fluéncias 160, 320 e 640 J/cmz2, mas € capaz de potencializar o
efeito citotoxico da doxorubicina na fluéncia de 640 J/cmz2. Nesse estudo n&o foi utilizado laser.
No estudo de Aniogo, George e Abrahamse (2023), foi demonstrado a utilizagdo do laser
vermelho (681 nm) nas fluéncias de 20 e 100 J/cmz2 diminui a viabilidade das células MCF-7 e
associado com a Ftalocianina de zinco potencializa o efeito tdxico desse agente
fotossensibilizador. Nesse estudo néo foi utilizado LED.

As avaliaces de RT-gPCR também foram utilizadas nas células da linhagem tumoral
de mama MCF-7 e MDA-MB-231, para acessar os niveis relativos de mRNA dos genes
circadianos BMAL1, CLOCK, PER1, PER2, PER3, CRY1 e CRY2 ap0s exposicdo ao LED azul
e ao laser vermelho de baixa poténcia em diferentes fluéncias. Os resultados sugerem que a
exposicdo ao LED azul e ao laser vermelho ndo alteram os niveis relativos de mMRNA desses
genes circadianos em ambas as linhagens celulares estudadas (figuras 17 a 30). Os genes
BMALL e CLOCK sdo reguladores centrais responsaveis por coordenar a expressao de diversos
genes entre eles PER1, PER2, PER3, CRY1 e CRY2 e também regular processos de supressao
de tumor como a parada do ciclo celular através da expressdo do gene WEEL e inibi¢do da
CDK1 permitindo a passagem de fase do ciclo celular (G2/M) e a apoptose através da repressao
do regulador anti-apoptético DEC2. (WU et al., 2011; BHATTACHARYA et al., 2013;
SHAFI, KNUDSEN, 2019; QU et al., 2023). Nao foram encontradas alteracbes nos niveis de
expressdo dos genes BMALL e CLOCK apos irradiagdo com LED azul e laser vermelho de
baixa poténcia em ambas as células analisadas (figuras 17 a 20)

Os genes PER1, PER2 e PER3 também tém sido reportados como genes importantes

em diversos canceres em humanos, estando envolvido na tumorigénese e progressdo tumoral,
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devido sua relacdo no controle do ciclo celular, respostas a danos no DNA e apoptose
(CLIMENT et al., 2010; WANG et al., 2020; GONG, TANG, YANG, 2021).

A super-expressdo de PER1 esta associado a uma supressdo de tumor, onde é relatado
uma reducdo da proliferacdo, migracdo e invasao, controlando a agressividade das células
(YANG et al., 2020; LIU et al., 2021). O tratamento com LED azul e laser vermelho de baixa
poténcia ndo alteraram o perfil de expressdo do gene PER1 das células MCF-7 e MDA-MB-
231 (figuras 21 e 22). Ja foi relatado que a expressao desse gene é significativamente reduzida
em tumores de mama (LIU et al., 2021). Entretanto a relacdo entre PER1 e a patogénese do
cancer de mama permanece incerto. O mecanismo esta relacionado com uma expressao alterada
de proteinas envolvidas na progressdo do ciclo celular, entre elas ATM e CHK2 permitindo a
passagem do ciclo celular (G1/S) e aumentando a proliferacio (BLAKEMAN et al., 2016;
SHAFI, KNUDSEN, 2019).

O gene PER2 também tem sido reportado como gene envolvido no ciclo celular e
apoptose (MITCHELL, ENGELBRECHT, 2016; BLAKEMAN et al., 2016; SHAFI,
KNUDSEN, 2019). A expressdo normal dessa proteina esta associada com a parada do ciclo
celular e controle da proliferacdo. Ambas as células analisadas nesse estudo apresentavam
expressdo do PER2 (figuras 23 e 24), mas o tratamento com LED azul e laser vermelho de
baixa poténcia ndo alteraram o perfil de expressdo do gene nas células analisadas. A expressao
deficiente dessa proteina esta relacionada com a maior incidéncia de tumores, devido a sua
relacdo com instabilidade gendmica e maior sensibilidade a radiacdo atraves da ativacdo do
mediador pré-apoptético c-MYC (FU et al., 2002; SHAFI, KNUDSEN, 2019).

O gene PER3 é um forte candidato a maior risco de surgimento de tumores, entretanto,
0 mecanismo exato de atuacdo ainda permanece incerto, mas ha estudos correlacionando
delecdes ou mutacBes do PER3 com a recorréncia de cancer de mama positivo para receptores
estrogeno (CHEN et al., 2005; CLIMENT et al., 2010). Nesse estudo, as células MCF-7 e
MDA-MB-231 apresentaram expressdo do gene PER3 (figura 25 e 26). O tratamento com LED
azul e laser vermelho de baixa poténcia ndo alteraram o perfil de expresséo do gene PER3 das
células MCF-7 e MDA-MB-231.

Os genes CRY1 e CRY2 também estdo associados em vias de regulacdo do ciclo
celular, onde em camundongos deficientes nessas proteinas apresentavam desregulacdo na
expressdo de proteinas WEE-1 e Ciclina D1, levando a disturbios na regulagéo do ciclo celular
(MATSUOQ, 2003). H& também estudos demonstrando a atuacao das proteinas CRY1 e CRY?2
na resposta a danos no DNA em fibroblastos “Knockout” onde tornava essas células mais

sensiveis a radiagdo ionizante aumentando a mortalidade (GAUGER, SANCAR, 2005; FU et
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al., 2002). Os niveis relativos de mRNA dos genes CRY1 e CRY2 foram avaliados nas células
MCF-7 e MDA-MB-231 pela técnica de RT-qPCR, (figura 27 a 30). A exposic¢ao ao LED azul
e laser vermelho de baixa poténcia ndo alterou os niveis relativos das proteinas CRY1 e CRY2
apesar destas proteinas possuirem cromdéforos para luz azul em sua estrutura, que possui
homologia com as fotoliases (KAVAKLI et al, 2017; MICHAEL et al. 2017).
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CONCLUSAO

Os resultados encontrados no presente trabalho sugerem que a exposi¢éo as radiagoes

emitidas pelo LED azul e laser vermelho de baixa poténcia:

a)
b)

c)

d)

f)

Né&o causam quebras na fita de DNA do plasmideo bacteriano pUC19

Aumenta a sobrevivéncia de células de E. coli, quando expostas a radiacdo ultravioleta C,
dependendo da fluéncia do LED e do laser.

Aumenta a proliferacdo das células de E. coli quando expostos a radiacdo ultravioleta C,
dependendo da fluéncia do LED e do laser.

N&o altera os niveis de mMRNA do gene da fotoliase (phr) em células de E. coli

N4o altera a viabilidade celular nas células MCF-7 e MDA-MB-231.

N&o alteram os niveis de mMRNA dos genes relacionados com o ciclo circadiano BMAL1,
CLOCK, PERL, PER2, PER3, CRY1 e CRY2.
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Abstract

Low-power lasers and light-emitting diodes (LEDs) are used for photobiomodulation therapy,
but the photobiological effects on DINA repair mechanisms in bacteria cells are disputed yet.
This work aimed to evaluate the induction of DNA damages in plasmids, bacterial survival and
proliferation, and photolyase mRMNA levels in E. coli cultures exposad to low-power blue LED
and red laser, followed by ultraviolet ¢ (UVC) radiation. Aliguots of pUC 19 plasmids and

E. coli C600 culiures were exposed to low-power blue LED (470 nm) and red laser (658 nm) at
different fluences. Other E. coli C600 cultures were exposed to UVC radiation after exposure to
low-power blue LED and red laser. After irradiations, plasmids were submitied to agarose gel
electrophoresis to evaluate DNA damage, bacterial cultures were spread onto Petri dishes
content rich medium and incubated to evaluate bacterial survival and proliferation, and
photolyase mRNA levels in bacterial cells were evaluated by reverse transcription-quantitative
polymerase chain reaction. The results suggest that exposure to blue and red lights emitted from
low-power LEDs and lasers does not cause DNA strand breaks in bacterial plasmids and does
nol alter the survival and mENA levels from photolyase gene in E. coli cells, bul increases
bacterial survival and proliferation in E. coli cultures exposed to UVC radiation depending on
LED and laser fluences.

Keywords: photobiomodulation, DNA damage, bacterial survival
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1. Introduction

Low-power lasers and light-cmitting diodes { LEDs) devices
are used as non-onizing rediation sources for  differ-
ent purposes, such as wound healing, anti-inflammatory
effects, pain reduction, and acne treatment [|1-3]. Low-
power laser devices emit monochromatic, collimated, and
coherent  radiations, and low-power LEDs emit quasi-
monochromatic, non-collimated, and non-coherent radiations
[4]. Photobiomodulation (PBM) 15 the basis for therapeutic
applications of these devices at low-power densities and doses,
in the so-called therapeutic window (400-1 100 nm) [5, &].

The PEM action mechanism is under investigation vet, but
it established that the non-iomizing radiations are absorbed by
endogenous cellular molecules (chromophores, or photoac-
ceptors), such as cytochrome Bd in prokaryotes cells and cyto-
chrome ¢ oxidase in mammalian cells [7, B]. After absorb-
ing radiations at specific wavelengths, biochemical changes
are generated, which trigger transduction signal pathways
and transform the pnmary photo signal into amplified signals
[7,8). The result is an increase in deoxynbonucleic acid
{DMA), nbonucleic acid (ENA), protein, and adenosing tn-
phosphate (ATF) synthesis, as well as an increase in reactive
oxygen species levels [7, B]. In prokaryotic cells and eoka-
ryotic cells, radiation can simulate the gencration of free rad-
icals, which can induce oxidative DNA damage [1, 6]

To repair DNA damage, the eukaryotic and prokaryouc
cells present different mechanisms able to repair DNA, such as
excision base repair, nucleotide excision repair, homologous
recombination, and mismatch repair [9]. The specific mechan-
1sm of repair of lesions caused by ultraviolet ¢ (UVC) radianion
in prokaryotic cells is the photoreactivation mechanism, which
is mediated by the photolyase enzyme [ 10-12]. Photolyaseisa
direct repair enzyme responsible for repairing injuries, such as
pyrmidine cyclobutanes and photoproducts of 64 pynmidine
pyrimidons [12]. To repair UVC-induced DNA damage, the
photolyase depends on the absorption of energy photons. This
process changes the redox state of the molecule, acguinng
the reduced character, which leads to electron transport events
that revert UVC-induced DNA damage and restore the neutral
redox state of the enzyme [12].

Due to the UVC-induced bactenicidal effect, several disin-
fection methods are based on UVC LED and UVC lamp treat-
ment systems [13]. Disinfection based on UVC systems helps
inactivate pathogens in food, water, and beverages [13-13]. In
healthcare and hospital settings, UVC has been used on room
surfaces to inactivate pathogens that can cause infections by
multdrug-resistant bactenia [16].

Although the mechanism of action of photolyases has been
well descrnbed, 1t has not yet been venified whether the radi-
ation contained by low-power devices influences the modula-
tion of the expression of this enzyme, which is directly associ-
ated with direct DINA repair and increasing bactenal survival.
Thus, this work aims to evaluate induction DNA damages, bac-
terial survival and proliferation, and photolyase phr messenger
nbonucleic acid (mRNA) levels in E. coli cultures exposed to
low-power blue LED and red laser, and to UVC radiation.

2. Materials and meathods

2.1 Radiation sources

A cluster containing a therapeutic low-power red laser and
blue LED was purchased from HTM Eletrénica (Fluence, Sao
Paulo, Brazil). The low-power red laser (AlGalnP, 10 mW),
with emission at 638 + 5 nm and laser output at the cluster's
center. The therapeutic low-power blue LEDV 1500 mW ), with
emission at 470 + 10 nm, and constituted of three LEDs
positioned as the vermices of an eguilateral tnangle in the
cluster. The UVC source was a germicidal lamp (Philips,
MNetherlands).

2.2 Electrophoresis of pUC19 plasmids after axpasure o
biwe LED and red lasar

Samples of pUCID plasmids (approximately 200 ng) were
exposed to low-power red laser (3 and 91 — Uem®y, low-power
bluc LED {160 and 640 J cm—2}, and simultancous low-power
red laser and blue LED (3 J cm 2 red laser and 160 em— blue
LED, 9J em— red laser and 6401 cm—? blue LED). Each plas-
mid sample was mixed with a loading buffer and applied on
(1.8% neutral agarose gel. The electrophoresis procedure was
performed in a horizontal chamber containing a tris-acetate-
ethylenediamine tetraacetic acid (EDTA) buffer. The topolo-
gical plasmid forms were visualized under Auonescence using
a bluz LED trans-illumination system (Kasvi, Brazil). The gels
were photographed and the plasmid topological forms were
quantified using the Imagel software.

2.3. Evaluation of low-powar hive LED and rod laser
aexposure on sunival in E. coli cultures and bactenal
proliferation

Cultures of E. coli C600 (wild-type) in the stationary growth
phase were divided into two groups (300 gl a = &, for each
fluence). The first group was exposed to a low-power red laser
(3 and 97 —' cm®), low-power blue LED (160 and 640 J cm—2),
and simultancous low-power red laser and blue LED (3 J em -1
red laser and 160 J cm=? blue LED, 9 J cm~ red laser and
640 J cm—2 blue LED). The second group was pre-exposed
to the low-power red laser and a blue LED at the same con-
ditions as the first group, followed by a single exposure o
50 mJ em~? of UVC. Bacterial cultures not expossd to the
blue LED, and red laser and bacterial cultures exposed o UVC
alone were used as controls. The cluster device controlled laser
fluence, LED fluence, and irradiation time. UVC Auence was
measured by an ultraviolet radiometer (Instrutherm, Brazl),
and irradiation time at 10 5. The cluster device was posi-
tioned T em above the bactenial suspension aliquots covening
the entire surface. E. coli CO, DNA repair wild type, from
frozen stocks were used to prepare bactenal cultures in Luna-
Bertani nutritive medium up to reach stationary growth phase
(10" cells ml—", 18 h, 37 “C). Bacteria cultures were centri-
fuged (3.000 RPM, 15 min, chinical centrifuge) and suspended
twice in sterile saline (0,99 NaCl). Bacterial suspensions were
diluted in saline and spread 10 gl onto Petni dishes containing
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nch medium. Colony forming wnit (CFU) from irradiation
imcubation (37 “C, 18 h) were counted, and the survival frac-
tions were calculated by the ratio between the numbers of
viehle czlls from irradiation cultures and the numbers of viable
cells from non-irradiated cultures. For the evaluation of bac-
terial proliferation, bactenal colony areas were measured by
an Image] software and the area fractions were calculated by
the ratio between the bacterial coloay areas from irradiated
cultures and the bactenal colony areas from non-irradiated
cultures.

2.4. Evaluation of photolyase mANA levels

2.4.1 Total RNA extraction.  Bactenal suspensions of E
celi C600 in the stationary growth phase (10" cells ml—,
18 h, 37 “C) were centrifuged (G000 RPM, 15 min, clin-
ical centrifuge) and suspended twice in saline (400 ul, 0.9%
MaCl). The bacterial suspensions were divided into 100 ul
in 4 microtubes (for cach Avence: control, LED 640 ] cm—2,
laser 9 J cm—2, and LED 640 J cm— + laser 9 1 em 0.
After irradiation, bacterial total RNA was extracted by a bac-
terial mRMA extraction kit (TRIzol'™ plus RNA purification
kit, Invitrogen, USA). Briefly, bactenal suspension (100 gl)
was incubated with a cell lysis solunon (2000 gl, 95 =C,
2 min}, TRIzol was added (1 ml), homogenized, and incubated
{5 min, room temperabure). After that, chloroform (200 gl)
was added, homogenized, and incubated {room temperature,
| min) and the preparations were centnifuged (13000 RPM,
13 min, 4 *C} to separate the organic phase from the aqueous
phase. Supematants were transferred to other tubes and isopro-
panal {1 ml) was added. After incubation (room temperature,
|3 min), preparations were centrifuged again (13,000 EPM,
15 min, 4 ©C), supernatants were discarded, and precipit-
ates were washed with ethanol-diethyl pyrocarbonate (DEPC)
{805 ethanol, DEPC 0.1% in water). After centnfugation
(13.000 RPM, 5 min, 4 “C), supematants were withdrawn,
and total RNA was suspended in water-DEPC (0, 1% ) solution
and stored {at —20 “C) unti] complementary DNA synthesis
procedure.

242 Complementary ONA (cDNA) synthesizs.  cDNA syn-
thesis was carmied out using a two-step cDNA synthesis kit
{Promega, USA). One microgram of RNA was reverse tran-
scribed intoc DN A using GoScipt reverse transcriptase accord-
ing to the manufacturer’s protocol wsing a total reaction of
0 pl. To determine the BRNA concentration and purity was
used a spectrophotometer for calculating the ratio of optical
density at a wavelength ratio of 260280 nm.

2.4.3. Realtime guantitative polymerase chain reaction (RT-
gPCR). The RTgPCRs were performed in Rotor-gene
{Qiagen, Netherlands) wsing 2.5 gl of ¢cDNA and 7.5 pl of
mix contaiming free RNAse water (2 ), the primer of intesest
(0.5 pel) and svbr green (3.0 pl) (Promega, USA) totalizing
10 gl in each reaction tube. Such reference gencs were used

aralC, rpoA, and gyrA [17]. The interest gene was phr (E. celi
photolyase).

2.5 Smanstical analysis

Data of peroentage of supercoiled plasmid forms, survival
fraction, area ratio, and phr relative mENA levels were
analyzed by Kolmogorow—Smirnov test to verify normality.
Comparison between the groups was done by the Kruskal-
Wallis test followed by the Dunn test as a post hoo test with
p < 0.05 as the less significant level. Statistical tests were per-
formed by InStat GraphPad software (GraphPad InStat version
8.0 for Windows 10, GraphPad Prism Software, San Diego,
CA, USA).

3. Resulis

3.1 Hectrophoretic profie of plasmid DNA afer axposurne o
fowe-power red lasar andior bive LED radiations

Figure | shows the guantification of the clectrophoretic pro-
file and the photograph of agarose gel electrophoresis of bac-
terial plasmid pUC1Y exposed to low-power blue LED and/or
red laser at different fluences. Data on this figure indicate
that exposure to blue LED andfor red laser is not capable
to alter the mobility of bactzrial plasmid pUC19 indicating
that there were no single and double-strand breaks in plas-
mid DNA. These findings were confirmed by quantification
of supercoiled pUC19 plasmid topological forms.

3.2 Survival in E. colil CE00 culturas affer axposure o
fowe-power bive LED and red laser radiations

Figure 2 shows survival fractions for £ coli C600 cultures
exposed to low-power blue LED and red laser. Data on this
figure suggest that exposure to low-power blue LED and the
red laser did not significantly (p = 0.03) alter the bacterial sur-
vival at fluences evaluated.

3.3 Survival in E. coll CB00 culture pre-axpased (o
lowe-power bive LED and rad lazer radiations followed by
axposwe o UVE

Figure 3 shows the survival fraction for pre-exposure to low-
power blue LEDY and red laser radiation on E. coli CA&00 cells
followed by exposure to 50 mJ em—2 of UVC radistion. Data
on this figure suggest that pre-exposure to red laser alone and
simultancous red laser and blue LED increase significantly
(p = 0.001) the survival of E coli CO00 cultures exposed o
Uve.

3.4, Evaluation of E. coli CE00 colony areas afer axposure io
fowe-power bive LED and red laser radiations

Figure 4 shows the arca ratios of E coli C600 colonies from
bacterial cultures exposed to low-power red laser and blue
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Figure 1. Percentnges of plasmid forms (ay and photography of o representative agarose gel after exposure to low-power blue LED and red
laser (b). Samples of pUCTY plasmids were exposed to a low-power red laser and a blse LED at different fluences, incubated with a loading
buffer, and applied on 0U8%: neatral agarose gel. The electrophoresis procedore was performed in a horizontal chamber containing
iris-acetate-EDNTA buffer. The topological plasmid forms were visualized under fluorescence using a blue LED trans-illumination system.
Lanes: (1) pUC19 noa-irradiated, (2) pUC1® + blue LED 160 ] cm =, (3) pUC19 + blue LED &40 1 cm—_ i) pUC19 + red laser
3Jem2, (53 pUCIY + red laser 91 cm 2, (6) pUCIY + blug LED 1600 cm—* + red laser 3 Jem~2, (7) pUC19 + blue LED

&40 ] cm— + red laser 9 1 cm .

LED radiations. Data on this figure suggest that exposure o
red laser at 3 and 9 J ecm~? significantly (p < 0.03) reduced
the hacterial area ratio.

3.5. Evaluation of E. coli C&00 coloniss areas pre-axposed o
low-power blue LED and red laser radiations followed by
axposure to VG

Figure 5 shows the colony arca ratios for E. coli Ca00 pre-
exposed to low-power blue LED and red laser radiation fol-
lowed by exposure to UVC radiation at 50 ml em—2. Data on
this figure indicate significant (p < 0.05) alteration in the area
ratios from bacterial cultures exposed to laser at @ -1 cm?
and simultancous blue LED and red laser at 160 + 3 J cm—.
Bacterial culturss exposed at 9 J cm—? increase the area ratio,
indicating a higher proliferation rate while bacterial cultures
exposed at 160 + 3 ] cm 7 decrease their area, indicating a
lower proliferation rate.

3.6. Evaluation of phr mANA relative levels in E. coli C600
cells after exposure to low-power bive LED and red lasar
radiations

Figure & shows the phr mBNA relatve levels in E coli C
600 cells after exposure to low-power blue LED and red laser
radiations. These findings indicate that exposure to these radi-
ations did not sigmficanily (p = 0.03) alter the phr mRNA

levels in E. colt cells.

4. Discussion

Quantification of supercoiling and open circular forms of
bacterial plasmids in agarose gels after electrophoresis has
been used to evaluate single and double-strand breaks in
DNA molecules induced by physical or chemical agents [15].
Bactenial plasmid pUC1% samples were exposed to low-power
blue LED and red laser radiations and plasmid topological
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Figure 2. Swurvival in E. coli C800 cultures exposed to low-power blue LED and red laser. Bacterial cultures were exposed to low-power
blue LED at 160 and 640 J cm—2, low-power red laser at 2 and 9 J cm *_ and simultaneous low-power blue LED and red laser at

160 + 3 Tem . and 640 + 9 1 cm . Aliquots of bacterial cultures were diluted in saline (0.9% MaCl), spread onto Petri dishes containing
matritive medivm, incubated (37 ©C, 18 h), and colony forming wnit (CFLU) were counted to calculate survival fractions.
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Figure 3. Survival in £ colf C600 cultures pre-exposad o low-power blue LED and red laser followed by exposure to 500 mJ cm fuve
radiation. Bacterial cultures were exposed to low-power blue LED at 160 and 640 1 cm™ . low-power red laser &1 3 and 9 Jcm™ and
simultaneous low-power blue LED and red laser at 160 + 3 1 cm ™", and &40+ 9 J cm ? followed by a single exposure to 50 ml cm L of
UV radiation. Aliquots of bacterial cultures were diluted in saline (0099 Na(Cl). spread onto Pedri dishes containing nutritive mediem,
incubated (37 *C, 18 h), and colony forming wnit {CFL) were counted to calculate survival fractions. (* %% ) p < 0.0001 when compared to
the control group (exposed to UYC alone) (% %) p < (0001 when compared to the control growp.
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Figure 4. Colonies areas of £ coli CH00 cultures exposed to low-power blue LED and red laser radiations at different fluences. Bacterial
cultures were expased to low-power blue LED at 160 and 640 1 cm 2, low-power red laser at 3 and 9 1 cm— and simultaneous ow-power
blue LED and red laser at 160 + 3 ] cm— 7, and 640 + 9 J cm—>. Aliquots of bacterial coltures were diluted in saline (0.9% MaCl). spread
onto Petri dishes containing nutritive medinm, and incubated (37 *C_ 18 h), and wnits forming colonies were measured by Image] Pro plus
software for area measurement. (%) p < (L0001 when compared to the coleny area ratio of the control growp (not exposed to red laser and
bluwe LED. **) p < 0001 when compared to the colony area ratio of the control growp.

forms analysis was carmed out {figure 1). Results demonstrated
the absence of induction of single or double-strand breaks
exposed to such laser and LED {alone or simultancously).
These resulis agree with those reported by other authors, who
reported a similar absence of effects by low-power red laser
(558 nm) and near-infrared (830 nm) lasers at similar Auences
[19, 20]. However, there are no available data about the elec-
trophoretic profile of plasmids exposed to radiation emitted
from the low-power blue LED.

Survival assays of prokaryotic cells have been used to eval-
uate the viability of cells after treatments with physical and
chemical agents. Several studies used such a techmigue to eval-
vate the PBM cffects on E coli cells [18-23]. Our research
demonsirated that a low-power red laser at 9 J em—2 and sim-
ultancous low-power red laser at 3 ] em—? and a blue LED at
160 J cm—2 as well as at 9] em—2 and 640 J cm—? protecis the
E. coli Co0) cells from the bactenadal effect of UVC radi-
ation {figure 3). Similar finds were reported 1n E. coli AB1157
cultures in the exponeniial growth phase pre-exposed to low-
power red laser (660 nm) at 8 J em—2 [18]. Another study
carnied out by Kohli and Gupta (2003) reports photoprotec-
tion and an increase in bactenal survival in E. coli ABL157
exposed to UVC after exposure to low-power red (6328 nm)
laser at 7 kJ m—2 [21]. This suggests that a low-power red laser
as well as simultancous low-power red laser and a blue LED
at therapeotic Auence increases survival in E. coli cultures

exposed to UVC.

Colonies area assays could be wsed for the evaluation of
cell proliferation of prokaryotic cells to estimate the PEM-
induced proliferative or infabitory effects [24]. The E. colf
CHNY cells were exposed to low-power blue LED and red laser
at different fluences and the resulis indicated alicrations of
bacterial proliferation in cultures exposed to low-power red
laser (Agure 4). The results suggested that a low-power red
laser at 3 J cm~? decreases the proliferation rate of E. cali
CAON cells, but a low-power red laser at 9 J cm~? increases
the proliferation rate. Also, pre-exposure to low-power blue
LED and red laser altered the bacterial colony arca of E. colf
CHNY cells exposed to UVC radiation (Aigure 5). The resulis
suggest that pre-cxposure o low-power red laser at 9 J em =2
increases cell proliferation, but simultansous pre-exposure to
low-power blue LED and red laser at 160 and 9 J em—2,
respectively, decreases cell proliferation. Kar (1994 demon-
strated the dose dependence for stimulation of E. coli prolif-
crafion by He—Ne laser (6328 nm) and indicated that the bio-
chemical reactions providing for growth stimulation occur by
two different channels, one being activated by irradiation dose
and the other by a cntical value of the exposure tme [24].
Studies related to the blue hight effects emitted from LEDs
have suggested the inactivation of several prokaryotes, includ-
ing E. coli [253-27]. Results demonstrated that exposure to low-
power blue LED at 1600 em—2 and 640 cm—2 did not alter the
survival and proliferation of E cofi COM cultures (figures 2
and 4}
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Figure 5. Colony area ratios from £, coli C600 cultures pre-exposed to low-power blue LED and red laser radiations at different fluences
followed by exposure to UVC radiation. E. coli C600 cultures were exposed to low-power blue LED at 160 and 640 1 cm 2 low-poser red
laser at 3 and 9 J cm—2, and simultancous low-power blue LED and red laser at 160 + 3 J cm— 2, and 640 + 9 J cm— 2. Aliguots of bacterial
culiures were diluted in saline (0.9% NaCl), spread onto Petri dishes containing nutritive medium, incubated (37 “C. 18 h), and colony
forming unit (CFU) were measured by Imagel] Pro plus software for area measurement_ (****) p < 0.0001 when compared to the colonies
area of the control group. (***) p = (001 when compared to the colonies area of the control group.
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Figure 6. Phr relative mRMNA levels in E coli Co00 cells afier exposure to low-power red laser and blue LED. Aliguots of £ coli C600
were exposed to low-power blue LED at 640 J cm z low-power red laser at 9 J cm ?_ and simultancous low-power blue LED and red laser
(640 and 9 J cm~?, respectively). Total RMA extraction was performed to cDMA synthesis and quantification of relative phr mRMA levels
by reverse transcription-guantitative polymerase chain reaction.
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RT-gPCR measurements are used to assess mENA relat-
ive levels from penes in prokarvotic and eukaryvotic cells [1,
17, 28-30]. E. coli Co00 cells were exposed to low-power
blue LED and red laser at different fluences and the mRBNA
relative levels from the photolyase gene (phr) were assessed.
The results suggested that exposure to low-power blue LED
and the red laser does not alter phr mENA relative levels in
E coli Co600 (figure 6). This is the first time the effects of
low-power blue LED and a red laser on phr gene involved in
the photoreactivation mechanism have been evaluated. These
findings are relevant due to the inability of blue radiation to
madulate the DNA repair mechanism dependent on blue light.
However, studies have shown that low-power lasers modulate
the gene expression related to DNA repair mechanisms, such
as base excision repair and nucleotide excision repair, in bio-
logical tissues [28-30].

5. Conclusion

Our research sugpests that exposure to blue and red lights
emitted from low-power LEDs and lasers does not cause DNA
strand breaks in bacterial plasmid and does not alter the sur-
vival and mENA levels from photolyase gene in E. ooli, but
increases bacterial and proliferation in E. celi culiures exposed
to UWC radiation depending on LED and laser fluences.
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Abstract

CrossMark

Low-power blue light-emitting diode (LED) and red laser have been used for therapeutic
proposals based on photobiomodulation (PEM). This effect is trigged after absorption of
radiation by photoacceptors, which lead to molecular, cellular and systemic responses.
Cryptochromes are involved in circadian cycle control, and associated with development and
progression of tumors. Despite such proteins are able to absorb violet-blue lights, there are few
data on their participation in PBM. Thus, this work aims to evaluate the effects of radiations
emitted by low-power blue LED (470 nm) and red laser (658 nm) on mRNA levels from
cryptochromes genes as well as those from involved in their regulation in human breast cancer
cells. The MCF-7 and MDA-MB-231 cells were exposed to low-power blue LED (470 am,
640 J cm 1}1 and red laser (660 nm, 9 J cm 2y, and relative mRNA levels from CRY 1, CRY2,
PERZ. BMALI and CLOCK genes were evaluated by reverse transcription-quantitative
polymerase chain reaction. The results suggesied that exposure to low-power blue LED and red
laser do not alter the mENA levels from cryptochromes genes, and those involved in their
regulation, in MCF-T and MDA-ME-231 human breast cancer cells.

Keywords: cryptochromes, laser, LED. mRNA levels, photobiomodulation

1. Introduction

Low-power light-emitting diodes (LEDs) and lasers are
devices that emitted radiations with clinical applications,
such as pain relief, wound healing, treatment of acne and
anti-inflammatory activity based on the photobiocmodulation
(PBM) process [1-4]. Lasers are able to emit monochromatic,

.

Author to0 whom any comespondence should be addressed.

1E86-BE11/123M16602+7553.00  Printed in the UK

coherent, and collimated radiation, and LEDs emit quasi-
monochromatic, non-coherent, and non-collimated radiations
[5, 6]. The wavelength, coherence, and collimation are some
of key factors for PBEM effect, which is the base for clin-
ical protocols based on low-power radiation sources, as LEDs
and lasers (Fonseca. 2020). PBM occurs as a consequence
of photon-photoacceptor interactions, which lead to the pro-
duction of trigger molecules capable of inducing signal-
ing. effector molecules, and transcription factors, which are
responsible for cellular effects, which in turn are responsible
for systemic effects [5. 7].

0 2023 Astro Lid
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Cytochrome C oxidase is able to absorb photons belong
red and near-infrared (600 up to 1100 nm) range of electro-
magnetic spectrum, and in consequence ATE, DNA and RNA
synthesis is increased [8]. Cryptochromes are intracellular pro-
teins that present a dinucleotide of Aavin and adenine in their
structure, which is able to absorb radiations in violet-blue
(400 up to 300 nm} range of electromagnetic spectrum [9].
The cryptochromes are involved in the control of circadian
rhythm, acting as a transcriptional repressor, and their activ-
ity oscillates during periods of 24 h [10-12]. Approximately
50% of genes are on influence of the circadian clock, these
genes are so-called clock-controlled genes [13]. The circadian
clock is controlled by loops of positive and negative feedback
of proteing CRY 1, CRY2, BMALI, CLOCK, PER1. PERZ,
and PER3. The BMALI (basic helix-loop-helix ARNT like
I} and CLOCK {clock circadian regulator) genes are pos-
itive regulators (positive feedback) and form heterodimers
(BMALIZCLOCK) in the cytoplasm that move to nucleus,
and bind at gene promotors (CACGTG) in DNA o stimu-
late the expression of the period proteins (PER1. PER2 and
PER3) and cryptochromes (CRY | and CRY2). The PER and
CRY are negative regulators (negative feedback), and form
heterodimers (PER::CRY) in cytoplasm to act in the nucleus
to inhibit BMALI:CLOCEK, and to reduce the expression
of clock-controlled genes, including PER and CRY proteins,
which restarting the cycle [12-14].

A relationship between circadian genes and the develop-
ment of several types of tumors has been proposed [15, 16],
and studies have demonstrated the participation of circadian
genes on DNA repair mechanisms, cell cycle, apoptosis, and
metabolism [15-19]. Despite the cryptochromes (CRY1 and
CRY2) absorb violet-blue lights, there are few data on their
participation in PBM. Thus, this work aims to evaluate the
effects of radiations emitted by low-power blue LED (470 nm)
and red laser (658 nm) on mRNA levels from cryptochromes
genes as well as those from involved in their regulation in
human breast cancer cells.

2. Material and methods

2.1 Low-power red laser and Blue LED source

The cluster containing a therapeutic low-power red laser and
blue LED was purchased from HTM Eletronica (Fluence, Sao
Paulo, Brazil). The low-power red laser (AlGalnF, 10 mW),
which emission at 658 & 5 nm and laser exit point at the cluster
center. The therapeutic low-power blue LED (1300 mW) was
constituted of three LEDs positioned as the vertices of an equi-
lateral triangle. which emission at 470 + 10 nm in the cluster.

2.2, Call culture conditions, low-power red laser, and biue
LED exposure on MCF-7 and MDA-MB 231 cultures

The MCF-7 and MDA-MB 231 breast cancer cells cul-
tures were maintained in DMEM and REPMI medium
(Sigma-Aldrich, USA). respectively, supplemented with 1045
boving fetal serum FBS (Sigma-Aldrich, USA) and 1%

penicillin-streptomycin (Life Technologies, USA) and sus-
tained in a humidified atmosphere at 37 °C and 5% COa
until reaching 60%—70% confluence. Cells were washed in
phosphate-buffered saline (PBS) twice, trypsinized. centri-
fuged (1300 RPM, 5 min). and suspended in 4 ml of DMEM
or RPMI medium supplemented with 10% fetal bovine serum.
Aliguots (1 mlp were separated in 4 microtubes (Eppendorf,
1.5 ml}, centrifuged (7200 RPM. 2 min) and the supernatant
was removed and added 50 ul of PBS. Each cell suspen-
sion aliquot in the microtubes was exposed o a low-power
source, being: (i) control, {ii) blue LEDY {640 ] cm'z}, (Hii)
red laser (9 J em—2) and (iv) simultaneous blue led and red
laser (640 J cm~? 4 9 J cm~2). The control group was the
not exposed cell suspension aliguot. The cluster device was
positioned 7 cm above the cell suspension aliquots covering
the entire surface. After exposure, the cells were suspended in
I mlof DMEM or RPMI medium supplemented and incubated
in t-flasks of 25 cm® during 48 h in a humidified atmosphere
at 37 *C and 5% CO,.

2.3. Ewaluation of CRY{1, CRY2, PER2, BMAL1, and CLOCK
mRNA levals

2.3.1 Total ANA extraction.  After incubation, the t-flask was
washed twice with PBS and added TRIzol {1 ml), homo-
genized, incubated (5 min, room temperature), and centri-
fuged (13 000 RPM, 10 min, 4 “C). After that, the super-
natant was transferred to other microtubes, added chloroform
(200 pl), homogenized, and incubated (1 min, room temper-
ature), and the preparations were centrifuged (13 000 RPM.
I5 min, 4 *C) to separate the organic phase from the agueous
phase. Supernatants were transferred to other tubes and isopro-
panol (1 ml) was added. After incubation (room temperature,
I5 min), preparations were centrifuged again (13 000 RPM,
15 min, 4 °C), supernatants were discarded, and precipitates
were washed with ethancl-DEPC (80% ethanol, DEPC 0.1%
in water). After centrifugation (13 000 RPM. 5 min, 4 °C),
supernatants were withdrawn, and total RNA was suspended
in water-DEPC (0,1%) solution to determine the RNA con-
centration, and purity, was used a spectrophotometer for cal-
culating the ratio of optical density at a wavelength ratio of
260¢280 and 2307260 nm. After that, isopropanol (1 ml) was
added and the total mRNA preparation was stored (at —20°C)
until complementary DNA synthesis procedure.

2.3.2. Complementary DNA synthesis. Complementary
DNA (cDMA) synthesis was carried out using a two-steps
cDNA synthesis kit (Promega, USA). Oneg microgram of
total RNA was reverse transcribed into cDNA using GoScipt
reverse transcriptase according to the manufacturer's protocol
using a total reaction of 20 ul.

2.3.3. Real-time polymerasa chain reaction {RT-gPCR). The
real-time quantitative polymerase chain reactions (RT-gPCR)
were performed in Rotor-gene Q) (Qiagen, Netherlands) using
2.5 plof cDMNA and 7.5 pl of mix containing free RNAse water
(2.0 ply, primer of interest (0.5 ply and sybr green (5.0 ul)
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Figure 4. BMALI relative mBNA levels in MCE-T cells (a) and MDA-MB-231 (b) after exposure to low-power red laser and blue LED.

Aliguots from MCF-T and MDA-MB-231 cell cultures were exposed to low-power blue LED at 640 ] em 2, low-power red laser 9 J em ™2,

2

and simultaneous low-power blue LED and red laser (640 and 9 1 em 2, respectively). After that, BMALJ relative mRNA levels were

evaluated by RT-gPCR.

LED (640 J cm ™), red laser (9 J cm~7) and simultaneously
blue LED and red laser (640 + 91 cm 2. Similar to those
CRYI and CRYZ relative mRMA levels, data on this figure sug-
gest that exposure to low-power red laser and blue LED, alone
or simultanepusly, did not significantly (p = 0.05) alter the
PER2? mRNA levels.

Figure 4 shows the BMALJ relative mRNA levels, in MCF-
7 and MDA-MB-231 cells, after exposure to low-power blue
LED (640 J cm ™), red laser (9 J cm~7) and simultaneously
blue LED and red laser (640 + 9 J em2). Similar to those
CRYI, CRY2 and PER2 relative mRNA levels, data on this
figure suggest that exposure to low-power red laser and blue
LED, alone or simultanzously, did not significantly (p = 0.05)
alter the PER2 mRNA levels.

Figure 5 shows the CLOCK relative mENA levels, in MCF-
T and MDA-MB-231 cells, after exposure to low-power blug
LED (640 J em~2), red laser (9 J cm—2) and simultaneously
blue LED and red laser (640 + 9 J cm~2). Similar to other
genes, data on this figure suggest that exposure to low-power
red laser and blug LED, along or simultaneously, did not sig-
nificantly (p = 0.05) alter the CLOCK mENA levels.

4, Discussion

Studies on the PBM induced by exposure to low-power red
laser and blue LED in MCF-7 and MDA-MB-231 cells have
already been performed [21, 2Z]. However, there are no
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Figure 5. CLOCK relative mBMA levels in MCFE-7 cells (a) and MDA-MB-231 (b) after exposure to low-power red laser and blue LED.
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experimental data of effects of radiations emitted from these
low-power devices on circadian genes.

The RT-gPCR measurements are used (o assess mRENA rel-
ative levels from genes in prokaryotic and eukarvotic cells
[20, 23-27]. MCF-7 and MDA-MB-231 cells had their total
mRMNA extracted and their relative levels of circadian genes
CRYI, CRY2, PERZ, BMALI, and CLOCK were evaluated
after exposure to low-power red laser and blue LED, both
alone and simultaneously. The results suggest thal exposure
to low-power blug LED and red laser does not alter the rel-
ative mRNA levels of these genes in both cell lines evaluated
(figures [-5).

The CRY! and CRYZ2 penes also work on cell cycle regu-
lation, such as deficient mice in these genes present deregu-
lations in expression of WEE] and cyclin D1 proteins, which
lead disturbs in the cell cycle [28]. Studies demonstrated par-
ticipation of CRY | and CRY 2 proteins in DNA repair in fibro-
blast knockout, which make such cells more sensitive to ioniz-
ing radiations [29, 30]. CRYT and CRY2 mRNA relative levels
were evaluated in MCF-7 and MDA-MB-231 cells. Exposure
to low-power red laser and blue LED does not alter the CRYY
and CRYZ relative levels (figures | and 2), at least at radiation
exposure evaluated.

PER penes have been reported in several types of cancer,
where they are involved in tumorigenesis and tumor progres-
sion, due to such genes are related with cell cycle control,
response o DNA damage, and apoptosis [31-33]. PER2 gene
has been reported as a gene involved in the cell cycle and
apoptosis, through the regulation of ¢-MYC, cyclinDI, and
GADD45 [ 14, 34, 35]. Expression of such proteins is associ-
ated with cell cycle arrest and proliferation control. Cultures of
human breast cancer cells utilized in this study present expres-
sion of PER2, but the exposure to low-power red laser and
blue LED did not alter the PERZ mRMNA levels in MCF-7
and MDA-MB-231 cells (figure 3). Deficient expression of

PER2 is related to higher incidence of tumors, due to a higher
genomic stability and sensibility to radiation [14, 36]. Altered
PERZ gene expression is related to high risk of tumors, but
the exact mechanizm remains uncertain. Otherwize, studies
have showed a relationship between mutations in PERT gene
and recurrence of positive breast cancer to estrogen receplors
[15, 31]. Exposure to low-power red lazer and blue LED did
not alter the expression profile of the PERY gene in MCF-7
and MDA-MB-231 cells.

The BMAL! and CLOCK genes are central regulators
responsible to coordinate the expression of several genes,
among them PER!, PERZ, PER3, CRYI. and CRY2. Also, reg-
ulate the process of tumor suppression., such as cell cycle arrest
by the expression of the WEET gene and inhibition of CDK
allowing G2/M transition and block of apoptosis by repres-
sion of DEC2 anti-apoptotic regulator [14, 37, 38]. The res-
ults suggest that do not have alterations in expression levels of
BMALI and CLOCK after exposure to low-power red laser and
blue LED in both MCF-7 and MDA-MB-231 cells (figures 4
and 5).

5. Conclusion

Our research sugpests the results suggested that exposure to
low-power blue LED and red laser do not alter the mRNA
levels from cryptochromes genes, and those involved in their
regulation, in MCF-T and MDA-MB-231 human breast cancer
cells.
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Abstract

Since the reporting of Endre Mester’s results, researchers have investigated the biological effects induced by non-ionizing
radiation emitted from low-power lasers. Recently, owing to the use of light-emitting diodes (LEDs), the term photobio-
modulation (PBEM) has been used. However, the molecular, cellular, and systemic effects involved in PBM are still under
investigation, and a better understanding of these effects could improve clinical safety and efficacy. Our aim was to review
the molecular, cellular, and systemic effects involved in PBM to elucidate the levels of biological complexity. PBM occurs
as a consequence of photon-photoacceptor interactions, which lead to the production of trigger molecules capable of induc-
ing signaling, effector molecules, and transcription factors, which feature it at the molecular level. These molecules and
factors ame responsible for cellular effects, such as cell proliferation, migration, differentiation, and apoptosis, which feature
PEM at the cellular level. Finally, molecular and cellular effects are responsible for systemic effects, such as modulation of
the inflammatory process, promotion of tissue repair and wound healing, reduction of edema and pain, and improvement of

muscle performance, w hich features PBM at the systemic level.

Keywords Laser - Light-emitting dindes - Photobiomodulation - Phototherapy

Introduction

Dr. Endre Mester, who can be considerad the “father of pho-
tobiomodulation,” was one of the pioneers in describing the
photomodulatory effect. His research involved high-power
lasers aimed at destroying malignant tumors implantad in
the skin of rats. However, the ruby laser he customized did
not have enough power to be considered a “high-power™
laser according to the current parameters [1]. The results
showed accelerated wound healing and hair growth stimula-
tion in the skin of rats exposed to a laser. Although Mester
described this effect in 1964 based on results observed in
animal experiments, it was not conceptualized [2]. It was

(=] Thayssa Gomes da Silva
thay ssa_biomed @ gmail.com

1 Departamento de Biofisica e Biometria, Instituto de Biologia
Roberto Alcantara Gomes, Universidade do Estado do Rio
de Janeiro, ¥ilalzabel, Boulevard 28 de Setembro, B7,

Rio de Janeiro 20551030, Brazil

Departamento de Ciéncias Fisiologicas, Instituto Biomédico,
Universidade Federal do Estado do Rio de Janeim, Rua Frei
Caneca, ™, Rio de Janeiro 2021 104D, Bzl

(5]

Published online: 13 June 2023

only in 1967 that these results were published and the
ohsarved affect was callad “laser biostimulation™ [1, 2].

Based on these results, other researchers began to study
the biological effects of low-power lasers. In 1967, a group
of researchers established the biostimulation effect of low-
power laser irradiation, which stimulated metabolic reac-
tions that potzntiated cellular events related to hair growth
in mice [3]. In 1974, biostimulation effect was first applied
in clinical practice [4-7].

As the studies involving the light for therapeutic
advanced, their terminology was changing. The effect
reported by Mester has been described by different terms,
such as “low-level laser therapy,” “low-level laser irradia-
tion,” “non-thermal laser,” “low-level laser.” “cold laser.”
“soft laser,” “low energy laser imadiation,” “laser therapy.”
and mome rcently, “photobiomodulation” (PB M) [2].

Later, in 1990, light-emitting diodes (LEDs) were
implemented. LEDs are radiztion sources that emit almost
monochromatic radiation, although they are not collimated
or coherent. Similar to low-power lasers, LEDs can also
induce biostimulation effects [6]. Thus, the term “laser”
became inappropriate, as LEDs were also incorporated
into basic research and clinical protocols based on effects
induced by such lasers and LEDs. In addition, several
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studies have reported not only a biostimulation effect but
also the triggering of bicinhibition effects due to biphasic
dose responses [9].

Therefore, a nomenclature consensus was reached
in 2014 at a meeting where the American Association
for Light Therapies and World Association of Laser
Therapy members were brought together. At that meet-
ing, appropriate scientific terminology was established
to describe the effects induced by radiation emitted by
low-power lasers and LEDs. PBM therapy was defined
by Anders et al. (2015) as “a form of light therapy that
utilizes non-ionizing light sources, including lasers,
LEDs, and broadband light. in the visible and infrared
spectrum™ [10]. It is a non-thermal process involving
endogenous chromophores that elicit photophysical
(i.e., linear and nonlinear) and photochemical events at
various biological scales. This process results in benefi-
cial therapeutic outcomes including but not limited to
the alleviation of pain or inflammation, immunomodu-
lation, and promotion of wound healing and tissue
re genaration.

Ower the years, PEM has been reported in in vitro and
in vivo studies, as well as in randomized clinical trials
and case and series reports. However, what exactly is
PBM? If we look for the etymology of the word: “photo™
means “light,” “bio™ corresponds to “life.” and “modu-
lation™ means “to modulate, to vary.” Thus, PBM could
be “roughly™ understood as “modulation of lifz by light.”
Depending on the biological complexity of the study, PBM
has been reported as a set of molecular, cellular, and tissue
responses initiated by the absorption of energy from inci-
dent photons by endogenous chromophores (also called
photoacceptors). Different irradiation parameters can vary
the cellular response obtained.

FBM has acquired great atiention in the field of regen-
erative medicine as the ability of radiation emitted from
low-power lasers and LEDs to induce tissue repair has
been reported. For example, exposure to radiation from
such sources accelerates tissue repair, stimulates fibro-
blasts to produce more collagen fibers, and promotes
extracellular matrix reorganization [11, 12]. In addition,
radiation from low-power sources modulates cell prolif-
eration and migration, as well as the secretion of inflam-
matory cytokines [13, 14]. Experimental and clinical
data from studies on PBM have been used as a scientific
basis for therapeutic protocols in different areas, such as
medicine, dentistry, nursing, physiotherapy, and azsthet-
ics [15]. However, the molecular, cellular, and systemic
effects of PBM are still under investigation, and eluci-
dating them could improve our understanding as well
as their clinical safety and efficacy. Here, we aimed to
review the molecular, cellular, and systemic effects of
PBEM at these levels of biological complexity.
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PBM at different biological complexity levels

The therapeutic applications of PEM have advanced owing
to a better understanding of its mechanisms of action at
the molecular, cellular, and systemic levels. In fact, data
from in vivo and in vitro studies as well as those from
randomized clinical trials and case series on the effects of
radiation emitted from low-power lasers and LEDs have
allowed for a better understanding of the effects of PBM
at different biological complexity levels.

The radiation-induced biological effects of PEM begin
with the interaction of radiation photons with specific
endogenous chromophores (or photoacceptors). Owing
to photoreception, the photoacceptor molecule is exciled,
changing its energy statz from a fundamental to an excited
energy state. As the excited states are unstable, the excited
photoacceptor molecule decays back to the fundamental
energy state, transferring excess energy to other mol-
ecules, which leads to a set of biological processes, such
as increasing electron transfer in the respiratory chain,
NADH pool oxidation, free radical production, and altera-
tion of proton motive force and mitochondrial membrane
potential [16].

Cytochrome ¢ oxidase (CCO), complex 1V of the res-
piratory chain in mitochondria, is considered the main
photoacceptor for visible light and infrared radiation
(700-1100 nm) emitted from low-power light sources,
such as low-power therapeutic lasers and LEDs [9, 16,
17]. Other photoacceptors have been suggested, such as
flavins and flavoproteins that can absorb blue-green lights
(400550 nm), porphyrins that absorb yellow—red lights
(560700 nm), and opsins that absorb ultravioket A-yellow
lights (380-560 nm) [17-19]. Figure | shows the absorp-
tion of radiation by the photoacceptors.

CCO is the terminal enzyme of the electron transport
chain and catalyzes the transfer of four electrons from
cytochrome ¢ to molecular oxygen, forming two water
molecules. During this process, adenosing triphosphate
{ATP) is produced by ATP synthases. Absorption of red-
near infrared light at low-powers promotes the photodisso-
ciation of nitric oxide from CCO, which increases enzyme
activity due to the non-covalent binding of nitric oxide
between the heme centers a3 and CuB and inhibits CCO
activity. This is considered the mechanism of increased
ATP production involved in PEM induced by radiation
emitted from low-power therapeutic lasers and LEDs.

Maolecular level

Increased intracellular production of reactive oxygen
species (ROS) has been associated with non-ionizing
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Fig.1 Representation of the
absorption of rdiations by
photoacceptors. Designed using
BioRender. OO0, cytochmme

¢ oxidase ; ATF, adenosine
triphosphate; RS, reactive
oxygen species; Ca’™, calcium
jons; Ay, membrane poken-
tial; cAMP, cyclic adenosine
monophosphate; MO, nitric
oxide; [H +], hydrogen ions; O,
DXYZED

radiations at low-powers [20]. It has been suggested that
CCO produces free radicals after absorption of red-near
infrared light, and such chemical species are involved in
the photosignal and transduction chains, which lead to
PEM [16, 21]. On the other hand, photosensitization has
been associated with the production of ROS by exposure
of flavins to violet-blue lights [22] and porphyrins to vel-
low-—red lights [23]. Free radicals have been suggested as
second messengers participating in cell signaling cascades
[24, 25] and can induce molecular events by stimulating
signaling and effector molecules (second messengers) and
activating transcription factors [26, 27]. Other chemical
agents, such as nitric oxide (NO), ATP, cyclic AMP, and
Ca’ jons, have been related to radiation-induced effects
involved in PBM [28-30].

ROS production has been associated with PBEM; how-
ever, the role of these compounds remains controversial [31].
It was suggested that PBM reduces ROS levels in stressed
cells [32]. On the other hand, Guo et al. (2021} indicated
that low-level light absorbed by chromophores could lead
to the production of NO and the modulation of ROS [33].
Other authors have suggested that the production of ROS
after exposure to red-near infrared radiation could either be
inhibited or, to some extent, increased depending on the irra-
diation conditions, such as radiation wavelength, irradiance,
and exposure time [34]. Blue light-induced ROS production
may be responsible for ocular phototoxicity [35].

These data suggest that exposure to red-near infrared
light at low powers causes the displacement of NO from
CCO. which is involved in PEM [36]. In addition. Chan
et al. (2011) showed that exposure to red light at low-
power could stimulate the nitrate reductase activity of
CCO and induce NO release in the isolated mitochondria

of yeast and mouse brain cells [37]. Moreover, an
increasa in WO levels in rat endothelial cells [38] and
the restoring of NO levels in human-induced pluripo-
tent stem cell-derived ventricular cardiomyocytes treated
with doxorubicin [39] were detected after exposure to a
low-power red laser.

Invitro and in vivo studies have demonstrated that intra-
cellular ATP levels increase after irmadiation with low-power
therapeutic lasers and LEDs. Huang et al. (2014) reported
increased ATP kevels in primary cortical neurons exposed
to low-level infrared laser therapy [40]. ATP synthesis
increases in carcinoma cells and fibroblasts after exposure
to infrared radiation from a LED array [41]. In addition,
increased ATP synthesis in rat brains has been reported
after exposure to red-near infrared radiation [42—44]. Fur-
thermore, according to some experimental data, exposure
to a low-power red laser accelerates ATP synthesis in rat
skalatal muscle [45].

Taniguchi et al. (2009) suggested that cAMP is
involved in PBM-induced synovial fibroblast prolifera-
tion following exposure to a low-power red laser [46].
Other authors have shown that a low-power red laser can
increase cAMP levels in human skin fibroblasts subjectad
to hypoxia and acidosis [47].

PEM induced by violet-blue light increases Ca™ jon lev-
els in human adipose-derived stem cells [48], by low-power
red laser increases intracellular Ca™* content in rat liver
cells [49], and low-power 980 nm, but not 810 nm, infra-
red laser increases cytosolic Ca®*; otherwise, it decreases
mitochondrial Ca™ levels in adipose-derived stem cells
[50]. In contrast, Amaroli et al. (2016) reported no altera-
tion in the sequestered Ca™ concentration after exposure to
low-power infrared (308 and 908 nm) lasers [51], as well as

€1 Springer



136 Page 4 of 11

96

Lasers in Medical Science (2023) 38136

in dystrophic muscle cells after exposure to multiple LED
wavelengths (420, 470, 660, and 850 nm) [52].

Some of such chemicals could act as trigger agents
for the production and/or activation of signalizing mol-
ecules, transcription factors, and effector molecules in
cells under PBM. Trigger agents could be able to start
signaling pathways and activate transcription factors,
explaining the long-lasting effects involved in PEM [33].
For example, ROS activates signaling pathways that are
dependent on mitogen-activated protein kinase/ex tracel-
lular signal-regulated protein kinase (MAPK/ERK) and
protein kinase B (Akt), which are involved in activation
of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB) and vascular endothelial growth
factor (VEGF) [54]. NO inhibits hypoxia-induced fac-
tor la (HIF-lu) expression and HIF-1 transcriptional
activity [53]; however, but under non-hypoxic condi-
tions, NO induces HIF- la expression [56]. cAMP inhib-
ils tumor necrosis factor-a (THF-o) expression [37],
induces NF-kB binding to the x light chain enhancer
and activates the kB reporter gene [38], stimulates late
phase NF-kB activation, or inhibits early 1L- 1 p-induced
NF-kB [59]. In addition, intra-store Ca’* mobilization
mediates TNF-a- and IL-6-induced glial fibrillary acidic
protein expression [60], and Ca™*-dependent activation
of Akt is inhibited by Ca**-chelating agents [61].

In fact, results have been reported on the relation-
ship between such trigger agents and signaling molecules
involved in PBM has been reported. For example, Agas et al.
(2021) reported activation of the PI3K/AktBel-2 signaling
pathway in pre-osteoblasts after exposure to a low-power
infrared laser [62]. This signaling pathway is also activated
in fibroblasts by a low-power red laser [63]. Using a low-
power infrared laser, p38-MAPK mRNA expression was
decreased in the dorsal root ganglion of diabetic newro-
pathic rats by a low-power infrared laser [64]. Also, it was
demonstrated that the anti-inflammatory effects of the low-
power red laser depend on the activation of ATP-dependent
K +channels and the p38-MAFK signaling pathway [63].
Mohamed Abdelgawad et al. (2021} reported that exposure
to a low-power infrared laser increases gene expression of
Nrf2 in human periodontal ligament stem cells cultured in a
high-glucose medium [66]. Curra et al. (2013) reporied that
preventive andfor therapzutic PBM using a low-power red
laser reduces the severity of oral mucositis by activating the
NF-kB pathway [67]. Other authors have show n that a low-
power infrared laser reduces receptor activator of NF-xB
ligand (RANKL) expression in an ostzoblast/oseoclast co-
culture system [68].

In addition, transcription factors could be related
to trigger agents involved in PBM induced by non-
ienizing radiations emitted from low-power lasers and
LEDs. HIF-1x gene expression in human bone marrow

@ Springer

mesenchymal stem calls was decreased by irradiation with
# low-power infrared laser [69], and neurotoxic polariza-
tion of macrophages and secretion of inflammatory fac-
tors in mice with spinal cord injury was attenuated by
inhibiting the Notch1-HIF-1a/NF-kB signaling pathway
after exposure to low-power infrared laser [70]. However,
# low-power infrared laser was not able to alter HIF- la
immunolabeling in rat pulp tissue after bleaching [71].
Tani et al. (2018) showed that exposure to low-power
red and infrared laser, but not to blue LED. increases
RUNX2 expression in osteoblast cultures [72]. In addi-
tion, de Lima and coworkers (2013) reported that expo-
sure to low-power red laser increases PPARyY expression
in the lungs of rats affected by sepsis [73], and Mohamed
and coworkers (2022) showed an increase in PPARy gene
and protein expression in rat liver fibrosis by exposure to
low-power red-near infrared lasers [74].

Morzover, PEM has been proposed to act on effector
molecules in certain signaling pathways. For example, a
low-power infrared, but not red, laser was able to increase
TGF-p mRNA expression in rat macrophages [75], but
there was no significant change in TGF-pl, and pTGF-
PIR1 was verified in fibroblasts in normal, normally
wounded, diabetic, and diabetic wound models exposed
to a low-power red laser [76]. Ruh et al. (2018) eported
an increase in VEGF gene expression in pressure ulcers
of human diabetic patients after exposure to a low-power
red laser [77], and the low-power red laser was also able
to decrease VEGF in gingival crevicular fluid [78]. A low-
power infrared laser reduced TNF-& secretion from neu-
rons under oxidative stress simulated in vitro [79], and
TNF-x expression in rat skin flaps was reduced by irra-
diation with a low-power red laser [20]. Yin et al. (2017)
reported the upregulation of hepatocyte growth factor
{HGF) in mesenchymal stem cell cultures upon exposure
to a low-power laser [81], and other authors have dem-
onstrated that red LED is able to increase the expression
of HGF in tonsil-derived mesanchymal stam cells [B2].
Red LED was also able to increase BDNF expression in
mouse hippocampal organotypic slices [83], and low-
power red laser increased BNDF expression in cultures
of neural stem cells from the mouse hippocampus [84].
It was reported that low-power laser and LED decreased
pro-inflammatory interleukin (IL} levels, such as IL-6
levels, in diabetic fibroblast cell models after red laser
exposure [83], and low-power infrared laser decreasad
the immunoex pression of IL- 1 in an experimental model
of COVID-19 infection [86]. In addition, radiation from
such light sources was able to increase anti-inflammatory
interleukin levels, as IL- 10 levels were increased in indi-
viduals with relapsing-remitting multiple sclerosis after
sublingual exposure to a low-power infrared (808 nm)
laser [87], and low-power red (635 nm) increased IL-10
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expression in the mouse hippocampus of Alzheimer’s dis-
ease models [84]. However, red (630 nm) and infrared
(850 nm) LEDs decreased IL-10 gene expression in an
acute radiodermatitis animal modeal [88]. In addition, heat
shock proteins (HSP-20 and HSP-60) were upregulated in
rat burn wounds exposed to a low-power infrared (904 nm)
laser [89], and HSP-20 expression is upregulated in rat
skin wound tissues after exposure to another low-power
infrared (830 nm) laser [90].

Thus, the data obtained from available studies suggest
that PBM at the molecular level can be understood as the
ability of non-ionizing radiation emitted from low-power
sources, such as low-power therapeutic lasers and LEDs,
to modulate the levels of signaling, effector molacules, and
transcription factors. Figume 2 shows the radiation-induced
signaling. effector molecules, and transcription factors
involved in PBM at the molzcular level.

Cellular level

The cellular effects involved in PBM occur as a conse-
guence of those molecular effects, caused by the actions of
signaling and effector molecules, as well as transcription
factors, which in turn are induced by trigger agents. Cel-
lular effects induced by exposure to radiation emitted from
low-power lasers and LEDs have been reported, includ-
ing cell proliferation, viability, differentiation, apoptosis,
and migration [91, 92]. In fact, it was demonstrated that
exposure to a low-power green laser increases dental pulp
stem cell proliferation [93], and a low-power infrared

laser increases the viability and proliferation of normal
unsiressed, normal wounded, diabetic, diabetic wounded,
and hypoxic diabetic wounded fibroblasts [94]. However,
other studies have shown that the viability of oral squa-
mous carcinoma cells decreased after repetitive expo-
sure to low-power infrared [95] and red lasers [96], and
4 low-power blue laser decreasad cell viability in bladder
cancer cell culturas [97]. Chaweswannakorn et al. (2021)
showed that red (630 and 608 nm) LEDs were more effi-
cient than infrared (830 nm) LED in inducing osteoblastic
differentiation of periodontal ligament stem cells in vitro
[98]. George et al. (2022) suggested that exposure to a
low-power infrared laser can promote the neuronal dif-
ferentiation potential of primary adipose stem cells [99],
and other authors have shown that a low-power red laser
induces the osteogenic and chondrogenic differentiation of
dental pulp stem cells [100]. A low-power infrared laser
increased the apoptosis of polymorphonuclear cells in the
talocrural and subtalar joints of mice affected by arthritis
[101] and the mENA levels of pro-apoptotic genes in tis-
suas from the talocrural joint of mice [102]. Howaver. a
low-power infrared laser decreased apoptosis markers in
the prefrontal cortex and hippocampus of mice subjected
to subchronic restraint stress [103], and exposure to red
LED reduced apoptosis in organotypic slice-cultured hip-
pocampal tissue of rats [ 104]. Zaccara et al. (2020) demon-
strated that exposure to a low-power red laser increases cell
migration in human dental pulp stem cell cultures [ 103],
and Oyebode et al. (2022) reported increased cell migra-
tion in diabetic wounds in vitro after exposure to another

At the molecular level
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Fig.2 Schematic representation for radiation-induced signaling and
effector molecules, and tramscription factors mvobed in PEM at
the molecular level. Designed using Hiokender. MAPE. mitogen-
activated protein kinases; Akt, protein kinase B; N2, nuclear factor
erythroid 2-elated factor 2; HGF, bepatocyte growth factor; TGE-,
transforming growth factor beta; W EGE, vascular endothelial growth
factor; BDMNF, brain-derived newrctrophic factor; HSP. heat shock

proteins; THF, tumor necrosis factor; RUNXZ, Runt-related transcrip-
tion factor 2; ERK. extracellular signal regulated kinases; RANEL.
meceptor activator of muclear factor kappa-B ligand; PPARY, peroxi-
some proliferator-activated receptor gamma; HIF- 1o, hypoxis- induci-
ble factor; NF-kB, muclear factorxB; Notch]. neurogenic locus notch
homolog protein 1; IL-1f. intereukin-1 beta; [L-6, interleokin 6
IL- 10, interleukin 10
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low-power infrared (830 nm) laser [%4]. However, Schalch
et al. {2019) reported decreased cell migration of carci-
noma cells after exposure to low-power infrared radiation
(780 nm) [95].

Thus, the data obtained from the studies suggest that
FBM at the cellular level could be understood as the ability
of non-icnizing radiation emitted from low-power sources,
such as low-power therapeutic lasers and LEDs, to modu-
late cellular responses such as cell proliferation, viability,
differentiation, apoptosis, and migration, which are con-
sequences of those radiation-induced molecular effects.
Figure 3 shows the radiation-induced effects involved in
FPBM at the cellular level.

Systemic level

The systemic effects involved in PBM occur as a con-
sequence of radiation-induced molecular (signaling
and effector molecules, and transcription factors) and
cellular effects (cell proliferation, viability, differen-
tiation, apoptosis, and migration). In fact, radiations
emitted from these devices induce the systemic effects
involved in PBM. such as modulation of the inflamma-
tory process, promotion of tissue repair and wound heal-
ing, reduction of edema and pain, and improvement in
muscle performance. Although the mechanisms related
to some systemic effects involved in PBM are still not
understood, these effects have been demonstrated in
experimental models and clinical studies, and are being
considered in therapeutic protocols based on radiation
emitted from low-power lasers and LEDs for the treat-
ment of diseases and clinical conditions. For example,
Pigatto et al. (2019) reported that a red LED reduced
the migration of inflammatory cells induced by a single

@ Springer

application of croton oil in ratears [106], and Wang et al.
(2021} reported the alleviation of neurcinflammation in
an experimental model of spinal cord injury after ex po-
sure to a low-power infrared laser [107]. In addition, Le
et al. (2022) demonstrated the anti-inflammatory effect
of a low-power infrared laser after the surgical removal
of mandibular third molars in a clinical model [108].
and Alonso et al. (2022) reported that transcutaneous
systemic irradiation with a red LED reduced lung inflam-
mation in rats [109]. Exposure to both low-power red and
infrared lasers enhances the repair of acute muscle injury
in rats by modulating the inflammation phase, optimizing
the transition from the inflammatory to the regeneration
phase, and improving the final step of tissue regenera-
tion [75]. Red (630 nm) light from a low-power LED
improved the dermo-epidermal junction and modulated
the expression of proteins related to tissue repair in rat
full-thickness skin grafts [110], and red light at the same
wavelength from a low-power LED also enhanced the
number of fibroblasts and amount of collagen in acute
Achilles tendinitis in rats [111]. Based on histopatho-
logical and immunohistochemical analyses, Astuti et al.
{2022) showed that a low-power red laser accelerated
the process of proliferation in wound healing after molar
extraction [112]. Other authors have demonstrated that
exposure to a low-power red laser is effective in decreas-
ing the rate of scar formation and hypertrophic scar for-
mation in children with deep burn ulcers [113]. Cai et al.
{2022} reported that a combination of red and blue light
accelerated the healing process by increasing angio-
genesis density and collagen deposition and alleviating
inflammation in diabetic rat wounds [114]. Red LED
showed an anti-edematogenic effect on rat ear edema
[105], 2 low-power red laser reduced edema formation in
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Fig.4 Repe=ntation of radi-
ation-induced effects imvolved
in PBEM at the systemic level.
Designed using BioRe nder
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a myositis model in rats [115], and a low-power infrared
laser promoted edema reduction after third molar surgery
in a clinical trial [116]. In acute nociception models,
pre-gxposure to red LED reduced nociceptive neurogenic
and inflammatory pain [105]. and a low-power infrared
(810 nm} laser was able to promote pain relief after the
surgical removal of mandibular third molars in a clinical
trial [107]. Another low-power infrared (850 nm) laser
reduced pain levels in the short and medium term in
patients with symptomatic knee osteoarthritis [117]. In
one clinical trial, exposure to an infrared (810 nm) LED
cluster before exercise enhanced muscular performance
and post-exercise recovery [114], and in another clinical
trial, exposure to a low-power infrared laser before physi-
cal exercise enhanced athletic performance and improved
post-exercise recovery [118]. Moreover, treatment with
red {630 nm) and infrared {940 nm) LED before eccen-
tric exercise attznuated exercise-induced muscle damage
without impairing repeated bouts of exercise in healthy
men [119]. However, data from another study suggested
that infrared radiation from a multidiode array did not
have a beneficial effect on muscle fatigue, cycling per-
formance, metabolic parameters, or muscle activity in
male recreational cyclists [120], and exposure to a low-
power infrared laser did not improve biceps brachii per-
formance to exhaustion, rating of perceived exertion, or
delayed onset muscle soreness in untrained women [121].

Thus. the data obtained from these studies suggest that
the effect of PBM at the systemic level can be understood as
the ability of non-ionizing radiation emitted by low-power
sources, such as low-power lasers and LEDs, to modulate
systemic responses, including the modulation of inflam-
matory processes, promotion of tissue repair and wound

Promaotion of tase regar
and wourd haaling

Rducion of sdesra

Iy e of meicle
and pain ardormanie

healing, reduction of edema and pain, and improvement
of muscle performance, which are consequences of those
radiation-induced molecular and cellular effects. Figum 4
shows the radiation-induced effects involved in PBM at the
systemic level.

Conclusion

Radiation emitted by low-power lasers and LEDs has
been increasingly used for the treatment of diseases
and clinical conditions through therapeutic protocols
based on PBM. Experimental and clinical studies have
advanced our understanding the effects involved in
FBM. For PBM-based therapeutic protocols to become
safer and more effective, it is essential to understand the
PBM at molecular, cellular, and systemic levels. PBEM
can occur because of photon-photoacceptor interac-
tions, which lead to the production of trigger molecules.
These molecules induce a cascade of events that lead to
the molecular, cellular, and systemic effects involved
in PEM. Non-ionizing radiation emitted by low-power
sources induces signaling, effector molecules, and tran-
scription factors that feature PBM at the molecular
level. In turn, these molecules are responsible for cel-
lular effects such as cell proliferation, migration, dif-
feremtiation, and apoptosis, which feature PBM at the
cellular level. Finally, molecular and cellular effects are
responsible for systemic effects, such as modulation of
the inflammatory process, promotion of tissue repair
and wound healing, reduction of edema and pain, and
improvement of muscle performance, which are features
of PBM at the systemic level.
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Abstract

Studies have demonstrated bacterial inactivation by radiations at wavelengths between 2400 and 500 nm emitted by low-
power light sources. The phototoxic activity of these radiations could occur by oxidative damage in DNA and membrans
proteins/Tipids. However, some cellular mechanisms can reverse these damages in DNA, allowing the maintenance of
genetic stability. Photoreactivation is among such mechanisms able to repair DNA damages induced by ultraviolet radis-
tion, ranging from ultraviolet A to blue radiations. In this review, studies on the effects of violet and blue lights emitted by
low-power LEDs on bacteria were accessed by PubMed, and discussed the repair of ultraviolet-induced DNA damage by
photoreactivation mechanisms. Data from such studies suggested bacterial inactivation after exposure to violet (4035 nm)
and blue (425460 nm) radistions emitted from LEDs. However, other studies showed bacterial photoreactivation induced
by radiations at 348440 nm. This process occurs by photolyase enzymes, which absorb photons at wavelengths and repair
DNA damage. Although authors have reported bacterial inactivation afier exposure to violet and blue radiations emitted
from LEDs, pre-exposure to such radiations at low fluences could activate the photolyases, increasing resistance to DIMA
damage induced by ultraviolet radiation.

Keywords Bacieria - DNA mpair - LED - Photobiomodulation - Photoreactivation - Ultraviolet radiation

Introduction

Mon-ionizing radiations emitted from low-power light
sources into the vioket-near to infrared range (2001 100 nm,
approximately ) can induce effects on bacteria [1-4]. These
effects can be characterized as stimulation effects, such as
cell proliferation and DNA and RNA synthesis, or inhibition
effects, such as cell inactivation by penerating reactive oxy-
gen species and DNA damage [1, 2, 5, 6]. It seems that lights
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from low-power lasers (light amplification by stimulation
of emitted radiation) and LED (light-emitting diode) can
induce stimulation or inhibition effects on bacteria depend-
ing on endogenous chromophores, which could act as pho-
tosensitizers or as photoacceptors [7].

Endogenous photoacceptors absorb radiation at the high-
est wavelengths (600-1100 nm) and lead to the production
of free radicals at low levels, which in tumn could cause bac-
terigl proliferation, characterizing a photostimulation effect
[7-9]. On the other hand, endogenous photosensitizers
ahsorb radiations at the lowest wavelengths (400500 nm)
and produce free radicals at high levels, which in turn could
cause bacterial inactivation, characterizing a photoinactiva-
tion effect [1, 10, 11].

Radiations belonging to the ultraviolet spectrum can
cause bacerial inactivation, but this effect could not depend
on those endogenous chromophores that behave as photosen-
sitizers because proteins and nucleic acids are chromophores
for ultraviolet radiation, mainly at 260-280 nm [12].

Interestingly, radiations at wavelengths ranging from
300 up to 300 nm (ultraviolet A radiation up to blue light)
can activate enzymes {photolyases) involved in the repair
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of DMNA damages induced by ultraviolet radiation, the so-
called photorepair or photoreactivation mechanism [ 13, 14].
Figure | is a schemalic representation of radiation-induced
photoinactivation and photostimulation mediated by photo-
sensitizers and photoacceptors.

Ultraviolet radiation causes DNA damage through two
pathways: direct and indirect. In the direct pathway, the DNA
absorbs the ultraviolet photon energy in DNA sequences
containing adjacent pyrimidine bases [12, 15]. By absorb-
ing ultraviolet energy. these bases form covalent bonds with
each other, generating deformation in DNA strands, which
prevents DNA ranscription and replication [16, 17]. These
damages are so-called pyrimidine dimers and can be of
two types: (i) cyclobutane pyrimidine (CPD) and (ii) 6-4
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Fig. 1 Schematic representation for radiation-induced photoinactive-
tion and photostimulation mediated by photosensitizers and photoac-
ceptors as well as photoactivation of photolyases in bacteriz. UVA,
ultraviolet A

Fig. 2 Schematic representa-
tiom for uliraviokt induced

pyrimidine dimer production

and ultraviolet-induced photol- TTTTTTT
yases, and for mechanism that
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photoproducts (6-4 PP) and the difference between such
DNA damages is the covalent bound between the carbons
of the adjacent pyrimidine bases [18]. In bacteria, uliravio-
let-induced pyrimidine dimers are reversed by photolyases.
Figure 2 is a schematic representation of ultraviolet-induced
pyrimidine dimer production and the action of photolyases.

Photolyases have two cofactors: (i) a flavin adenine
dinucleotide (FAD) responsible for the catalytic repair of
Uv-induced pyrimidine dimers [19] and (ii} secondary
chromophores or antenna chromophores. Such secondary
chromophores are methyltetrahydrofolate (MTHF), flavin
mononuckotide (FMMN), 8hydroxy-7,8 dimethyl-5 deazar-
iboflavin (8-HDF), and &,7-dimethyl-8-ribityllumazine
(DMEL). the type of secondary chromophore of photol-
yases, which depends on the organism [20-22].

The photolyase enz yme recognizes pyrimidine dimers in
DNA strands and binds in these locations. The DNA repair
process initializes through direct absorption of photon
energy from incident radiation by a reduced form of FAD.,
which raises it to excited form (FADH ™) or through energy
transfer from the excited secondary chromophores [16, 17,
19]. Radiations absorbed by photolyases are those in the
wavelength range between 315 and 500 nm (ultraviolet A up
to violet/blue lights) [16, 21]. After energy absorption, elec-
tron excitation occurs in the catalytic cofactor FAD, which
results in a reduced instability form (FADH™"), and elec-
trons are transferred to covalent bonds that form apyrimidine
dimers in the DNA strand. Due to electron transfer, covalent
bonds in the pyrimidine dimer are broken, restructuring the
adjacent pyrimidine bases and the hydrogen bonds between
nitrogenous bases, resulting in the integrity of genetic mate-
rial [19-21].

Also, exposure to ultraviolet radiations and violet-
blue lights could increase reactive oxygen species. Such
chemical compounds are produced in the skin following
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exposure to ultravioket radiation and are key mediators of
oxidative damage to the skin [23]. Nakashima and cowork-
ers [24] suggested that blue light causes oxidative stress in
keratinocyte mitochondria. Transient formation of super-
oxide anion and accumulation of hydrogen peroxide in
the nucleus of insect cell cultures were increased after
exposure to blue light [25]. In addition, exposure to blue
light increased reactive oxygen species in normal human
epidermal keratinocytes and oral squamous cell carcinoma
[26].

On the other hand, there have been suggested bacteri-
cidal effects of blue-violet radiation [27]. Blue light inac-
tivates Gram-positive and Gram-negative bacteria at high
radiation fluences [28-30]. However, despite the blue-
violet radiations being proposed as bactericidal agents,
using these radiations emitted by low-power sources at low
fluences could increase the bacterial resistance to ulira-
violet radiation due to the increased action of the photo-
reactivation mechanism through photolyases. Also, pre-
exposure to radiations at other wavelengths, such as white
light (from illumination in intensive care units, burn units
of hospitals, corridors of hospitals, and medical applica-
tions), might affect overall ultraviolet C sterilization. Such
an effect could decrease the effectiveness of ultraviolet
disinfection and infection control in controlled environ-
ments [31]. Also, the increased action of photolyases could
alter the bacteria load in foods sierilized by uliraviolet
radiation. Blue-violet radiation can acquire such resistance
through the activation of photolyase enzymes. Activated
photolyase can repair damages caused by ultraviolet in
DMNA, which could increase bacteria survival in harmful
environments.

In this review. studies on the effects of violet and blue
lights emitted by low-power LEDs on backeria were accessed
by PubMed and discussed the rpair of ultraviolet-induced
DMA damages by a photoreactivation mechanism.

Material and methods

Studies performed using blue-violet radiations and bacteria
were those written in English and assessed by MEDLINE/
PubMed. No limit of time was specified for searches by Pub-
Med, and headings and keywords used were “Blue LED and
bacteria inactivation.” “viclet LED and bacteria inactivation,”
“Blue light and bacteria inactivation,” and “violet light and
bacteria inactivation.” A total of 538 articles were retrieved
from PubMed, with only abstracts, and full texts in English
considered. Articles in repetitions/duplicates weme 74, Arti-
cles on bacterial inactivation induced by exogenous photo-
sensitizers in photodynamic therapy were not considered.

Results

The data obtained from a search performed by PubMed
about the inactivation effect of violet-blue lights emitted
from LEDs on Gram-positive and Gram-ne gative baec-
terial cultures are listed in Tables | and 2, respectively.
The studies show that the radiation emitted by low-power
violet-blue LEDs and lasers ranged from 405 to 470 nm
of wavelengths. The fluence was from O up to 3060 J/cm’,
but most studies used the fluence between 0 up to 300 I/
cm?. The irradiance was from 0.17 up to 1260 mW/cm?
{most commonly irradiance between 2.2 up to 400 mW/
cm?), and the exposure time was 38 s up to 24 h (most
commonly exposure time between 4.3 up to 240 min).
Several Gram-positive bacteria have been used, such as
Bacillus cereus. Listeria monocytogenes, Staphylococ-
cus aureus (and MRSA), Staphylococcus epidermalis,
Streptococcus pyogenes, Streptoceccus mutans, Entero-
coccus faecalis, Clostridium perfringens. Lenconostoc
mesentercides, and Bacillus atrophaeus. Several Gram-
negative bacteria have also been used, such as the follow-
ing: Prendomenas aeruginosa, Pseudomonas flurescens,
Salmonella typhimurium, Salmonella emteritidis, Escheri-
chia coli, Porphyromonas gengivalis, Klebsiella pnumo-
niae, Acimetobacter baumannii, Neisseria gonorrhoecae,
Proteus mirabilis, Protens vulgaris, and Aggregatibacter
a'crmam}lca'emcﬂm Hans.

The bactericidal effect of violet light emitted from a
low-power violet (405 nm) laser on in vitro and in vivo
H. pylori was reported by Ganz and coworkers [46]. Such
light from a low-power LED was also effective on other
Gram-negative and Gram-positive bacteria, as reported by
Maclean and coworkers [32]. Also, violet light (405 nm)
from a single-emitter diode lamp was able to inactivate
and reduce the virulence factor of P aeruginosa [33].
Exposure to blue light (470 nm) from low-power LED was
able to inactivate Leuconosioc mesenteroides and P. aer-
uginosa cells, but P aeruginosa cells were more sensitive
to blue light than L. mesenteroides cells [34]. Also, blue
light (470 nm) was able to inactivate L. monocytogenes
cells in stationary and exponential growth phases [35]. The
exposure to blue light (425 nm) emitted from low-power
LEDs reduced survival in Porphyromonas gengivalis, 5.
awreus, and Escherichia coli cultures, whereas ex posure to
red light (625 nm) emitted from another low-power LED
increases bacterial proliferation in cultures of these bac-
teria at similar irradiation conditions used for blue and
violet irradiation. A multidrug-resistant A. baumannii also
showed sensibility to violet light (415 nm) emitted by a
low-power LED [9, 36]. Blue light (460 nm) emitted by
a LED proved effective against Aggregatibacter actine-
mycetemcomitans, but no bactericidal activity was found
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against E. coli [37]. Also, violet light (405 nm) was able
to inactivate S. awreaus, 8. epidermidis, and E. celi cells in
plasma bags [38]. Similarly, violet light (403 nm) from a
low-pawer laser was able to alter membrane intzgrity and
inactivate 8. anrews [39]. A more significant bactericidal
effect was induced by exposure to violet light (405 nm)
emitted from low-power LED than that induced by green
light (520 nm) in 8. aureus, Listeria monocytogenes,

Exposure time  Refiere noe
A0-240min - [43)

Bacillus cereus, P. acruginosa, Salmonella typhimurium,
and E. coli cells, even at low fluence [B]. Violet light at
405 nm from a low-power laser was more effective in inac-
tivating E. coli and S. aurens than violet light at 445 nm
from another low-power laser [40]. The inactivation of
Streptococcus mutans and the reduction of biofilms were
found after exposure to vioket light (403 nm) [41]. Expo-
sure of P. gengivalis cells to blue light (460 nm) emit-
ted from a low-power LED decreased cell viability and
increased reactive oxygen species production [11]. Inhibi-
tion of growth in P. gemgivalis cultures was obtained after
exposure o violet light (405 nm) [28]. Survival of E. celi
multidrug-resistant strains was dacreased after exposure to
violet light (410 nm) emitted from low-power LED [42].
Cultures of a K. prenmonie f-lactamase-resistant strain
showed were more tolerant to the antimicrobial effect of
blue light (410 nm} when compared to other clinically
important bacteria, such as 8. awrens, E. coli, and P. aer-
wginosa [29].

Counting of colny-forming
units

Method e d

Main hiological end point

Survival loss

Discussion

Bactericidal effects of violet and blue lights
on Gram-positive bacterla

Sephy bcoceus epidermidis

Presdomonas fuore seens

Bacteria

Maclean and coworkers [32] demonstrated that Gram-posi-
tive bacteria of medical intemest (8. aurens, 8. epidermidis,
8. pyogenes, E. faecalis, C. perfringens) were in vitro sus-
ceptible to exposure to vielet light (405 nm) emitted from
LEDs. The authors did not use photosensitizing agents and
proposed that the photoinactivation was due to high levels
of coproporphyrin, a natural endogenous photosensitizer
that absorbs viclet light and penerates reactive oxygen spe-
cies. These results were reinforced by Kumar and cowork-
ers [8], who demonstrated that three Gram-positive bacte-
ria of medical interest (B. cereus. L. monocytogenes, and 5.
aurens) had high inactivation rates after in vitro exposure to
violet light at 403 nm from LEDs. Also, the authors carried
out porphyrin quantification in such Gram-positive bacte-
ria and reported high levels of endogenous coproporphyrin.
However, in addition to the concentration of endogenous
porphyrins, the authors proposed that other factors should be
considered, such as metabolic burden and bacterial response
to free radicals. Biener and coworkers [39] reported that a

10, 1—420.5, 2.5-6.9 Fem,
0,7-29.2, 0.17-049 mW

Light parameter s

Prewdowmenas fuorescens and

Sraphwococcus epldermidis

strabe gy for inactivation of
biofilms

Wisihe light a2 an antimicmbial - 4104+ 10, 440+ 20 nm;

Table1 (contmued)
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multi-resistant . aurews is also susceptible to exposure to
violet at 405 nm from a low-power diode laser. The authors
suggested that the antimicrobial activity of blue light was
due to the alteration of membrane integrity, which caused a
decrease in membrane polarization and rapid alteration of
vital cellular functions. In addition, Plavskii and coworkers
[40] compared bacterial inzctivation by violet light at two
wavelengths from low-power lasers. Data from such study
showed that violet light at 405 nm is more effective than
445 nm in inactivating 5. aurens and that the contribution
of porphyrin photosensitizers is most propounced for violet
light at 405 nm, and flavins for vioket-blue light at 445 nm.

In the food industry, viclet light at 405 nm was reported to
inactivate bacteria, such as 8. aureus, B. cereus, L. monocy-
togenes, and P. aerug inosa in food pachging,wnrk surfaces,
liquid foods, horticultural, me at, and seafood products [44].
Dorey and coworkers [35] also reported that blue light at
470 nm inactivates L. monoctogenes but that light-induced
bacterial inactivation was more effective in exponential bac-
terial cultures than in stationary bacterial cultures as well
as in bacterial cultures at 37°C than in bacterial cultures at
30°C.

The contamination of injectable stored biological fluids,
such as blood plasma and platzlet concentrates preserved
in plasma, is also a major health risk. Maclean and cow-
orkers [38] evaluated the effect of violet light at 405 nm
on 8. aurens and 8. epidermidis seeded in stored plasma
ex vivo in different volumes and found significant inactiva-
tion of those bacteria. However, the light fluence should be
increased according to plasma velumes to achieve similar
bacterial inactivation to small volumes due to the optical
[ransmission proprieies.

In addition to bacterial inactivation, biofilm formation
could be reduced by exposure to violet light at 405 nm.
Gomez and coworkers [£1] reported a decrease in biofilm
formation and reduced viability in planktonic cells of S.
mutans. The mechanism involved in the photoinactivation
of 5 mutans is unknown, but it is attributed to endogenous
photosensitizers, such as porphyrins, which are excited by
this radiation and cause cytotoxic effects. However, Anga-
rano and coworkers [43] demonstrated that blue light at
420 nm cannot inhibit biofilms from 5. epidermidiz, while
violet light at 400 nm can cause such an effect.

Bactericidal effects of violet and blue lights
on Gram-negative bacterla

Similar to the studies based on Gram-positive bacterial,
photoinactivation by violet-blue lights has potential against
Gram-negative bacteria, including multidrug-resistant [36],
periodontal [9, 11, 28, 371, and foodborne [44, 45] bacteria,
enterobacteria [8, 9, 30, 32, 3%, 42], as well as biofilm for-
mation [30, £3].

€1 Springer

Regarding multidrug-resistant bacteria, A. bawmannii is
considered one of the most dangerous pathogens due to its
capability to develop resistance to antibiotics and adaptation
to adverse environmental conditions [32], which increases
interest in alternative bactericidal agents. Zhang and cow-
orkers [36] demonstraied that violet light at 415 nm is effi-
cient against A. baumannii at a single exposure. The authors
showed higher susceptibility to blue light than human
keratinocytes and did not develop resistance after 10 cycles
of sublethal bacterial inactivation. The photoinactivation
was related to the presence of porphyrins (coproporphyrin
1), as shown by the fluomescence spectrum.

P. gemgivalis is an infectious agent associated with the
initiation and progression of periodontitis [9, 11, 28]. Fukui
and coworkers [28] demonstrated that exposure to violet
light at 403 nm emitted from a LED device could signifi-
cantly inhibit P. gengivalis. This effect was attributed to
protoporphyrins at high levels, which act as natural pho-
tosensitizers and alter the proteolytic activity of this bacte-
rium, reducing its growth and viability. Kim and coworkers
[9] reported similar effects on P gemgivalis after exposure
to the blue range at 425 nm emitted from a LED device.
However, photoinactivation was related to the production
of reactive oxygen species. Also, Yoshida and coworkers
[11] demonstrated bacterial inactivation in P pemgivaliz cul-
tures after exposure to blue light at 460 nm, and the authors
quantified the concentration of endogenous porphyrins from
lysed bacterial cells, in particular protoporphyrin X, which
is an intracellular pigment able to generate reactive oxygen
species after exposure to blue light.

A. actimomycetemcomitans is another pericdontal patho-
gen in which Cieplik and coworkers [37] demonstrated the
bactericidal effects of blue light at 460 nm emitted from
4 LED device. The authors also examined the production
of reactive oxygen species from lysed bacterial cells and
detected ox ygen singlet production, suggesting the pres-
ence of endogenous photosensitizers, such as porphyrins
and flavins, which are chemical compounds involved in
phototoxicity.

A non-pathogenic E. coli strain was mone susceptible to
violet light at 425 nm than green light at 323 nm and not
susceptible to red light at 625 nm from LEDs [9]. Kumar
and coworkers [8] also reported bacterial inactivation in
E. coli cultures exposed to violet light at 403 nm from a
LED and that such an effect could be related to endogenous
coproporphyrin. In another study, the antibacterial effect of
violet light at 405 nm from a LED array on E. celi in bio-
logical fuids was reported, which suggests that such light
permits bacterial reduction in biological fluids, especially
those injectable fluids relevant to transfusion medicine [38].
Flavskii and coworkars [40] showed that violet lights (405
and 445 nm) from low-power lasers were able to inactivate
E. coli, but the contribution of porphyrin photosensitizers is
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most pronounced for violet light at 405 nm, and favins for
violet-blue light at 445 nm. A multidrog-resistant E. coli was
also inactivated by violet light at 410 nm from a LED, which
supports using of blue light as an antimicrobial against such
pathogens [42]. In addition, Ferrer-Espada and coworkers
[30] reported that E. coli and E. faecali were inactivated by
vioket light at 405 nm from a LED, reinforcing that vioket-
blue lights can inactivate pathogenic microorganisms.

P. aeruginosa thrives in most natural and man-made
environments, including soil. water, plants, and animals,
and infects multiple hosts [33]. Vielet light at 405 nm from
a single-emitter diode lamp was able to inectivate and reduce
the virulence of this bacterium [33]. Moreover, violet light at
405 nm from LEDs could inactivate in vivo and in vitro H.
pylori, particularly in those patients who have failed stand-
ard antibiotic treatment [46].

Some studies have demonstrated that bacteria develop
resistance to violet-blue lights. Development of tolerance to
blue light (415 nm) was reported in subsequently irradiated
E. coli, K. preumoniae, and P. aeruginosa cultures, which
could result in genetic alterations driven by 508 mutagen-
2515 [47]. Metzger and coworkers [48] reporied that the mcA
gene increases survival in E. coli and 5. carnosus cultures
exposed to blue lght (475 nm). indicating a protective mech-
anism conveyed by the bacterial 508 response.

However, Amin and coworkers [49] reported no tolerance
development to blue light (415 nm) in P. aeruginosa cultures
after 10 cycles of sub-lethal inactivation. Also, repeated sub-
lethal exposure of non-proliferating 5. aurens populitions
did not affect the susceptibility to violet-blue light (405 nm)
[30]. Leanse and coworkers [51] reported the absence of
resistance in P. aeruginosa, A. bawmannii, and E. coli cul-
tures after sequential exposure to blue light (405 nm).

The irradiation parameters such as fluence, irmadiance, and
exposure time demonstrated in Tables | and 2 did not vary much
due to these studies which used different bacteria, Gram-positive
and Gram-negative, as a comparison to evaluate the effects of
violet-blue lights from low-power light sources in these organ-
isms and verify the cytotoxic effects generated by exposure to
these radiations at differ2nt fluences.

Violet-blue lights on photolyase action

The hactericidal effect of vioket-blue lights, at wavelengths rang-
ing between 405 and 470 nm, has been reported to P, genghvalis,
E. coli, 8. aureus, B. cerens, L. monocytogenes, and 8. typh-
imuritem [8, 9, 11]. The photoinactivation effect of these lights
is related to the stimulation of endogenous photosensitizers,
such as porphyrins, which can absorb the enerzy of radiation at
specific wavelengths. Consequently, fiee radicals are produced,
such as singlet oxygen, which react with endogenous molecules,
including the DNA, generating oxidative damage [ 1. 10, 11].
Free radicals at low concentrations could cause sub-lethal DNA

damage and active DMNA repair, and pre-exposure to red light
and infrared radiation from low-power lasers seems o increase

free radical levels and induce DMA repair [6]. Such an effect
could explain protection against DNA damage by red light
(632.8 nm) from low-power lasers in £ coli [32]. On the other
hand, other studies have suggested that such violet-blue lights
are usad in therapeutic protocols for the treatment of several con-
ditions, such as mduction of ulcers in disbetic patients, recovery
of injured tissues, and reatment of acne [3, 53].

However, violet-blue lights can also activate photolyases,
which are enzymes involved in repairing of damages induced
in DMA by direct absorption of ultraviolet radiation, mainly
the pyrimidine dimers, reverting such DNA damages [16,
17, 19, 21]. The activation of these enzymes in E. coli cells
occurs at maximum level by exposure to ultraviolet radia-
tion at 384 nm, despite such radiation at wavelengths higher
than 450 nm being less absorbed by photolyases; they can
significantly activate photolyases [20]. Violet-blue lights are
ahsorbed by the chromophore antennas (MTHF and 8-HDF )
in photolyases, as well as by secondary chromophores, such
a5 flavin mononucleotide (FMN), flavin adenine dinuclao-
tide (FAD), and 6.7-dimethyl-2-ribityllumazine (DMRL ).
depending on the cell type [20-22]. As a consequence of such
absorption, the redox state of FAD changes to FADH, acti-
vating the photolyase to reverse lesions caused by ultravioket
radiations as the pyrimidine dimers. Therefore, the photolyase
could be activated by exposition to violet-blue lights emitted
from low-power LEDs. Then, the catalytic cofactor, FADH,
is reduced, which enables the photolyase to repair direct dam-
ages caused by ultraviolet radiation in DNA (Fig. 2).

Sancar (1994) [21] explained the structure and function
of photolyase on DNA damages, summarizing the process in
four steps: {1} the second chromophore or antenna chromo-
phore (MTHF or 3-HDF) absorbs a photon of incident radi-
ation; {ii) transfers the energy to FADH by dipole—dipole
interaction; (iii) the excited singlet state FADH™ transfers
an electron to pyrimidine dimer, resulting in a pyrimi-
dine anion; and (iv) which is later oxidized by the FADH
to restore the pyrimidine and the functional form of flavin
{(FADH™}, which is ready for a new cycle of catalysis.

The mechanism involved in this process consists in the
activation of photolyase by lights into the violat-blue spec-
trum; this phenomenon generates the reduction of catalytic
cofactor FADH™, which could remain in this state until
the formation of pyrimidine dimers. When DNA dam-
ages oceur, the photolyases recognize them and bind at the
pyrimidine dimer, carry out transfer electrons, and undo the
covalent bound. leading to the repair of the DNA. Thus,
the repair capacity of the pyrimidine dimers in DNA could
be increasad without the necessity of a posterior exposition
to radiation if the photolyases are in reduced form before
exposure to uliraviolet radiation and induction of pyrimidine
dimers in DNA.

€1 Springer
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Conclusion

Although several studies have reported the application of radia-
tions in the violet and blue range {400 nm up to 500 nm) to
inactivate bacteria, the previous exposure of such radiations at
low fluences could generate the reduction of cofactors FADH of
photolyases. This effect could increase the bacteria’s resistance
to ultraviolet radiation and reduce its effectivity on decontami-
nation and sterilization procedures of environments and foods
depending on the bacteria type.
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