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RESUMO

Este trabalho teve como objetivo verificar os efeitos da terapia laser de baixa
intensidade (LLLT) na expressdao de genes relacionados a regeneragdo 6ssea de defeitos
tibiais em ratos. Para isso, 100 ratos machos Wistar (3 meses de idade + 250 gramas)
foram submetidos a defeitos tibiais bilaterais e distribuidos aleatoriamente em 2 grupos
experimentais (n=50). No primeiro estudo, foram avaliados os efeitos da LLLT na
expressdo de genes inflamatdrios e angiogénicos no reparo 0sseo de ratos, a partir de
trés grupos experimentais: grupo controle com defeito 6sseo e sem tratamento (GC);
grupo defeito osseo tratado com laser 830 nm (GL). Os animais foram submetidos a
irradiagdo laser em um tunico ponto sobre o defeito 6sseo por 2, 3 e 7 sessdes de
tratamento, a cada 24 horas. A eutandsia dos animais aconteceu em diferentes periodos
(36 horas, 3 dias e 7 dias ap0s a cirurgia). A analise histologica revelou que a LLLT foi
capaz de modular o processo inflamatorio e induzir a deposi¢do de tecido de granulagdo
e osso recém formado na regido do defeito Osseo. A andlise com microarray
demonstrou que a LLLT estimulou a expressdo de genes relacionados com o processo
inflamatério (MMD, PTGIR, PTGS2, Ptger2, IL1, 1IL6, IL8, IL18) e genes
angiogénicos (FGF14, FGF2, ANGPT2, ANGPT4 ¢ PDGFD) apos 36 horas e 3 dias,
seguido pela a diminui¢do da expressdao génica no 7° dia. A andlise imunohistoquimica
revelou que os animais tratados apresentaram maior imunoexpressao de COX-2 apos 36
horas e aumentou a imunoexpressao de VEGF apos 3 e 7 dias. Assim, os achados
indicam que a LLLT foi eficiente em acelerar a deposi¢do de tecido 6sseo neoformado,
provavelmente através da modulagdo de genes inflamatorios e angiogénicos e a
imunoexpressao de COX-2 e VEGF durante a fase inicial de reparo 6sseo. No segundo
estudo, foram avaliadas os aspectos relacionados a estimulacdo de células dsseas e a
neoformacao do tecido 6sseo, a partir de cinco grupos experimentais: GC e GL. O
tratamento laser iniciou-se imediatamente ap6s a cirurgia dos defeitos Osseos e
realizaram-se 1, 2, 3, 5 e 7 sessoes, com um intervalo de 24 horas entre elas. A eutanasia
dos animais aconteceu em diferentes periodos (12 horas, 36 horas, 3 dias, 5 dias e 7 dias
apoés a cirurgia) As analises histologica e morfométrica revelaram que o GL apresentou
aumento de osso neoformado no defeito 6sseo apds 3, 5 e 7 dias. A analise com
microarray evidenciou que a LLLT aumentou significantemente a expressao de TGF-f3,
BMP, FGF, RUNX-2 e OC que podem ter estimulado a proliferagdo e diferenciacdo dos
osteobastos e consequentemente aumentado a deposicdo de osso neoformado. Dessa
forma, pode-se concluir que a LLLT aumentou a expressdo de genes osteogénicos, o
que culminou na aceleracao do reparo dsseo. Finalmente, podemos concluir que a LLLT
foi eficaz em estimular a deposi¢do dssea, ativando a expressao de genes inflamatoérios,
angiogénicos ¢ osteogénicos e ainda, estimulando a imunoexpressdo de proteinas
relacionados a fase iniciais do reparo 6sseo em defeitos tibiais em ratos.

Palavras-chave: reparo 0sseo, terapia laser de baixa intensidade, microarray, expressao
génica.



ABSTRACT

This study aimed to evaluate the effects of low level laser therapy (LLLT) in the
expression genes related to bone defect repair in tibia in rats. For this, one hundred male
Wistar rats (3 months + 250 g) were submitted to bilateral tibial defects and randomly
distributed in two experimental groups (n=50). In the first study the effects of the LLLT
in the expression of inflammatory and angiogenic genes in bone repair of rats were
investigated in three groups: bone defect group (CG) and bone defect treated with laser
830nm (GL). Laser irradiation started immediately after the surgery and it was
performed for two (36 h), three (3 days) or seven (7 days) sessions, with an interval of
24 hours between sessions. The application was punctual transcutaneously above the
site of the injury. Rats were euthanized individually by carbon dioxide asphyxia in
different set points (36 hours, 3 days and 7 days after surgery). Histopathological
analysis showed that LLLT was able to modulate the inflammatory process in the area
of the bone defect and to produce an earlier deposition of granulation tissue and newly
formed bone. Microarray analysis demonstrated that LLLT produced an up-regulation
of genes related to the inflammatory processes (MMD, PTGIR, PTGS2, Ptger2, IL1,
1IL6, IL8, IL18) and angiogenic genes (FGF14, FGF2, ANGPT2, ANGPT4 and
PDGFD) at 36 h and 3 days, followed by a decrease of the gene expression on day 7.
Immunohistochemical analysis revealed that treated animals presented a higher
expression of COX-2 at 36 h after the surgery and an increased VEGF expression on
days 3 and 7. Our findings indicate that LLLT was efficient on accelerating the
development of newly formed bone probably by modulating the inflammatory and
angiogenic gene expression and COX2 and VEGF immunoexpression during the initial
phase of bone healing. In the second study, aspects related to bone cell stimulation and
newly formed bone were evaluated in five groups: CG and LG. The laser treatment
started immediately after the surgery to produce the bone defects and there have been 1,
2, 3, 5 e 7 sessions with an interval of 24 hours. Rats were euthanized in different set
points (12 hours, 36 hours, 3 days, 5 days and 7 days after surgery). Histopathology
revealed that treated animals produced increased amount of newly formed bone at the
site of the injury. Also, microarray analysis evidenced that LLLT produced a
significantly increase in the expression TGF-, BMP, FGF, RUNX-2 and BMP, which
could have stimulated osteoblast proliferation and differentiation, which may be related
to improving the deposition of newly formed bone at the site of the injury. Thus, it is
possible to concluded that LLLT improved bone healing by producing a significant
increase in the expression of osteogenic genes. Finally, we concluded that LLLT was
effective to stimulate newly formed bone by active expression of inflammatory,
angiogenic and osteogenic genes and also stimulate immunoexpression of proteins
related to the initial phases of bone healing in tibial defects in rats.

Key words: bone repair, low level laser therapy, microarray, gene expression.
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APRESENTACAO

Esse trabalho foi estruturado na forma de artigos, sendo dividida em trés partes e
redigida de acordo com as normas do programa de pos-graduacdo em Biotecnologia.

A primeira parte ¢ constituida de uma contextualizagdo, objetivo e detalhamento
da metodologia empregada.

A segunda parte compreende dois artigos que possuem como fundamentagdo a
parte acima descrita. O primeiro trabalho aborda os efeitos da terapia laser de
intensidade na resposta inflamatéria e angiogénica no reparo Osseo de ratos,
denominado " Effects of low level laser therapy on inflammatory and angiogenic gene
expression during the process of bone healing: a microarray analysis", submetido ao
periddico Journal of Biomedical Optics. O segundo artigo aborda os aspectos
relacionados a estimulagdo de células dsseas e a neoformacao do tecido 6sseo, intitulado
"Effects of low level laser therapy on expression of osteogenic genes during the initial
stages of bone healing in rats: a microarray analysis", submetido ao periddico Lasers in
Medical Science. Vale ressaltar que cada um dos artigos estdo apresentados seguindo as
normas de publicagdo dos referidos periddicos.

A terceira parte ¢ composta das consideracdes finais, perspectivas futuras,

referéncias bibliograficas e anexos.
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1. CONTEXTUALIZACAO

O reparo 6sseo constitui um processo altamente complexo, que inclui a interagao
de uma série de eventos bioldgicos, que determinam a restaura¢do da integridade do
tecido 6sseo (BUCKWALTER et al., 2007; ORYAN et al, 2015). Assim, a ossificagdo
endocondral se iniciam imediatamente apos a fratura 6ssea, onde ocorre a destrui¢ao de
matriz, morte celular, rompimento do periosteo e do endosteo. Ainda, vasos sanguineos
do tecido 6sseo e dos tecidos moles adjacentes sdo rompidos e ocasionam extensa
hemorragia, resultando na formag¢ao de um coagulo no local da lesio (GUARTNER e
HIATT, 2003). O codgulo sanguineo induz a sinalizacdo de varios fatores de
crescimento e angiogénicos, que por sua vez ativam a migragdo de células inflamatorias,
que consequentemente infiltram no codgulo e iniciam a degradag@o do tecido necrosado
(HING, 2004; ECKARDT et al, 2005; LU et al, 20006).

Subsequentemente, ocorre a invasao de células mesenquimais que se
diferenciam em fibroblastos, condroblastos e osteoblastos. Tais células sdo responsaveis
pela formacao do tecido de granulagdo, calo 6sseo ndo mineralizado e, posteriormente,
pela formagdo do tecido 6sseo (HADIARGYROU et al., 1998; MARSELL e
EINHORN, 2011). A fase final no processo de reparo ¢ o remodelamento, caracterizada
pela remodelagem do calo 6sseo, formagdo de tecido 6sseo mineralizado, reconstru¢ao
do canal medular e restauragao 6ssea (ORYAN et al., 2015).

Essa sequéncia de eventos requer a acdo de diferentes células (fibroblastos,
macrofagos, condrocitos, osteoblastos, osteoclastos) que sdo recrutadas para o sitio de
lesdo, e também, sintese ativa de genes, expressdo de varias proteinas e fatores de
transcricdo e crescimento que controlam a producdo e organizacdo da matriz e

estimulam a formagdo de novos vasos sanguineos (SENA et al., 2005; CLAES e
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WILLIE, 2007; KAYAL et al., 2009). Dentre estes, podem ser destacados os genes:
proteinas morfogéticas 6sseas (BMPs) (KLOTING et al., 2005; YAOITA et al., 2000),
fator de transformagdo de crescimento beta (TGF-f), RUNX-2 (do inglés “Runt-related
transcription factor 2”) (RATH et al., 2008), fator de crescimento derivado de plaquetas
(PDGF), osteocalcina (OC) (SONG et al., 2006; YAOITA et al., 2000), fator de
crescimento insulinico (IGF), fator de crescimento fibroblastico (FGF), angiopoitina
(ANG) e através do fator de crescimento endotelial (VEGF) (SCHINDELER et al.,
2008; TSIRIDIS et al., 2007).

As BMPs e o TGF-B apresentam uma ampla gama de fungdes celulares tais
como recrutar células osteoprogenitoras para o local da lesdo (CANALIS et al., 2003;
CHEN et al., 2012; AGAS et al., 2013). Da mesma forma, o RUNX-2 é um fator de
transcricdo importante no processo de osteogénese durante o desenvolvimento
esquelético (WOHL et al., 2009) e também esta associada a proliferacdo de osteoblastos
desenvolvendo, com isso, um papel importante na formacao 6ssea (STEIN et al., 2004;
ZIROS et al., 2008). O PDGF ¢ liberado pelas plaquetas e estimula a quimiotaxia dos
macrofagos e assim como as BMPs, TGF-f3 and RUNX-2 estimula a diferencia¢do de
osteoblastos (PHLILLIPS, 2005). A OC ¢ sintetizada e secretada por osteoblastos
maduros e ostedcitos, sendo amplamente utilizado como marcador da atividade
osteoblastica (ZHANG et al., 2002). A proliferagdo de fibroblasto e condrécitos ¢é
estimulada pelos os genes FGF, IGF, TGF-$ e PDGF (SCHINDELER et al., 2008).

O desenvolvimento dos novos vasos sanguineos ¢ regulado principalmente por
duas vias moleculares, a ANG e através do VEGF (TSIRIDIS et al., 2007). A
expressdo de ANG ¢ induzida precocemente na cascata de cicatrizagdo, o que sugere
que elas promovem uma resposta vascular inicial (LEHMANN et al., 2005). A outra via

envolvida ¢ o VEGF, considerado um dos mais importantes fatores de crescimento
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endotelial e indutor da angiogénese (HANKENSON et al., 2011). A presenca de vasos
sanguineos fornece um nivel apropriado de oxigénio ¢ também sdo fonte de células
osteoprogenitoras responsaveis pelo reparo 6sseo (PACICCA et al., 2003).

Apesar do processo de reparo Osseo envolver um grande ntimero de agdes
celulares e moleculares para proporcionar um estado normal de regeneracdo, no
decorrer deste processo podem ocorrer alteragdes que interferem este processo tais
como suprimento sanguineo insuficiente, presengca de tumor Osseo, presenca de
infec¢do, utilizagdo de medica¢do anti-inflamatdria entre outros fatores que irdo
culminar na deficiéncia da regenera¢ao e consequentemente, no atraso da consolidagao
e até mesmo, na nao unido 6ssea (SENA et al., 2005; MARSELL e EINHORN, 2010).

Dentro deste contexto, ha necessidade de desenvolvimento de novos tratamentos
capazes de melhorar e ou acelerar o processo de reparo 6sseo. Um tratamento promissor
¢ o uso da Terapia Laser de Baixa Intensidade (LLLT) no tratamento de fraturas com

deficiéncia na consolidagao 6ssea (OLIVEIRA et al., 2009; BOSSINI et al., 2012) .

1.1 Terapia Laser de Baixa Intensidade

A LLLT ¢ uma modalidade terapéutica efetiva e segura que tem demonstrado
resultados positivos em muitas condi¢cdes patoldgicas, com relatos de multiplos efeitos
clinicos, incluindo a cicatrizagdo de tecidos moles e osso (BOSSINI ez al., 2012; TIM et
al., 2013; RODRIGUES et al., 2013; CHANG et al.,2014; PATROCINIO-SILVA et
al.,2014). Seus efeitos nos tecidos bioldgicos podem ser explicados pela absor¢ao da luz
por moléculas fotorreceptoras localizadas nas células, chamadas cromoforos
(DORTBUDAK, 2000). Uma vez absorvida, a energia fotdnica ¢ convertida em energia

fotoquimica (KARU & KOLYAKOV, 2005) e isso ocorre predominantemente a nivel
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de interacdo molecular, conectadas a alteracdes dos pardmetros de homeostase celular
(pH, concentracao de Ca+2, ATP e outros), as quais acontecem minutos ou horas apos a
irradiagdo. Isto condiciona a ocorréncia de possiveis mudangas na taxa de sintese de
DNA e RNA, alteragdes na taxa de consumo de O, e alteracio do potencial de
membrana (BAXTER,1997; KARU & KOLYAKOV, 2005). Essas alteragdes podem
estimular a taxa respiratoria e a sintese de ATP (KARU, 1998). A ativagdo da cadeia
respiratdria pela irradiacdo gera um gradiente de préton na membrana mitocondrial que
atua como um sinal iniciador para a proliferacdo celular. Com isso, serdo geradas as
respostas indiretas do laser nos tecidos. Entre essas respostas podemos destacar os
efeitos anti-inflamatorio, analgésico e cicatrizante (KARU & KOLYAKOV, 2005).

Em relacdo ao efeito cicatrizante, diversos trabalhos evidenciam que a LLLT
pode estimular o metabolismo tecidual e a proliferacdo celular, justificando os
resultados positivos da sua aplicagdo em processos de reparo apdés uma lesdo
(PINHEIRO et al., 2001, VLADIMIROV et al., 2004; NINOMIYA et al., 2007).
Resultados encontrados em uma série de estudos, sugerem que a LLLT promove
aumento na sintese de colageno, aumento da proliferacio e diferenciacdo de
osteoblastos e fibroblastos, (OZAWA et al., 1998; VLADIMIROV et al., 2004;
NINOMIYA et al., 2007), estimulacdo da angiogénese, maior recrutamento de
macrofagos e da atividade fagocitaria, o que resultard na aceleracdo do reparo de tecidos
(ORTIZ et al., 2001; LIRANI-GALVAO et al., 2006; BOSSINI et al., 2009).

Devido aos diversos efeitos estimulatorios apresentados pela LLLT, diversos
autores vém investigando a acdo deste recurso no tecido Osseo, principalmente em
culturas de células 6sseas e em modelos experimentais de fraturas (SILVA e CAMILLI,
2006; RENNO et al., 2007; BOUVET-GERBETTAZ et al. 2009; FERNANDES et al.,

2012). Em estudos in vitro com células osteoblasticas, a LLLT evidenciou o aumento da
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proliferacdo e diferenciagdo celular através da estimulacdo da expressdo dos genes
RUNX-2 ¢ BMP-2 (BOUVET-GERBETTAZ et al., 2009), e ainda, estimulou a
atividade da proteina fosfatase alcalina (ALP) e da expressdao do mRNA da osteopontina
(STEIN et al., 2008).

Em 2007, Renné et al., avaliaram os efeitos da LLLT em culturas de
osteoblastos e demonstraram que esta terapia aumentou significativamente a
proliferacdo celular e a atividade da ALP. Da mesma forma, Aleksic et al., (2010)
relataram que a LLLT aumentou a proliferacao de osteoblastos da linhagem MC3T3-E1
por meio da ativacdo da via de sinalizagdo MAPK-ERK. Ainda, Pyo et al., (2012)
mostraram que a LLLT induz a expressao génica de BMP-2, osteocalcina e TGF- 1 em
culturas de células osteoblasticas cultivadas 1 % de hipodxia.

Os beneficios da LLLT também sdo evidenciados em estudos com fraturas em
modelos animais (BOSSINI et al., 2012; FERNANDES et al.,2012; SELLA et al.,
2015). Favaro-Pipi et al., (2011), usando um modelo experimental de defeito Osseo
tibial, demonstraram que os animais tratados com LLLT apresentaram aumento da
expressdo do mRNA de BMP4, ALP e RUNX-2 e ainda, maior area de tecido 6sseo
neoformado. Similarmente, Da Silva ef al. (2012), investigaram o efeito da LLLT em
osteoblastos derivados da sutura mediana palatina de ratos apds expansdo rapida da
maxila, no qual observou-se o aumento da atividade de ALP, aumento da mineraliza¢do
e da expressio de mRNA de ALP, RUNX2, osteocalcina, colageno tipo I e
sialoproteina.

Em outro trabalho que investigou os efeitos da LLLT no tecido 6sseo, Fernandes
et al., (2012) observaram que esta terapia foi capaz de modular o processo inflamatorio
e induzir a expressdo génica de ALP, OC e RUNX-2 que pode ter contribuido para

acelerar o reparo Osseo nos estagio iniciais da consolida¢cdo. Além disso, Tim et al.,
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2013 observaram que a LLLT acelerou a deposigdo de tecido 6sseo neoformado através
da ativagdo de fatores osteogénicos (COX-2, RUNX-2 e BMP-9) em defeitos tibiais de
ratos. Sella et al., (2015), investigaram os efeitos da LLLT no reparo dsseo de fratura
femorais e evidenciaram que este tratamento aumentou a formacao de tecido 6sseo, o
que ¢ relevante para o processo de reparo de fraturas e consequentemente, pode ser
indicada como uma ferramenta teraputica adjuvante na pratica clinica para o
tratamento de lesdes com déficit de reparo.

Dessa forma, estudos clinicos tém investigado os efeitos da LLLT no reparo
6sseo em humanos. Angeletti e al., (2010) e Cepera et al., (2011) avaliaram os efeitos
da LLLT apo6s a rapida expansdao do maxilar em pacientes e revelaram que a LLLT foi
capaz de acelerar a reparacao 6ssea. Chang et al., (2014) avaliaram a eficacia da terapia
laser no tratamento de fratura de punho e concluiram que este tratamento pode aliviar a
dor e ainda, estimular o processo de consolida¢ao de fraturas 6sseas em humanos.

Embora, estes resultados sobre a irradiagdo laser em tecido Osseo sdo
encorajadores, grande parte dos estudos utilizaram periodos intermedidrios e tardios da
cicatrizacdo. Ainda, estes trabalhos nao realizaram a avaliagdo completa do processo
inflamatorio, assim como ndo investigaram os mecanismos moleculares ativados pela
LLLT, nos estagios iniciais do reparo, que determinam a resposta celular osteoblastica
que posteriormente, induzem a formagao do tecido 6sseo.

Assim, foi levantada a hipotese de que o tratamento de defeitos 6sseos com a
LLLT pode acelerar o metabolismo do tecido e regular positivamente a sintese de genes
relacionados com a proliferacdo de células osteogénicas o que culminara na aceleracdo
do processo de reparo dsseo, proporcionando um tratamento com vantagens adicionais
para uso clinico. Desta forma, a expressdo génica através da analise microarrays foi

utilizada para analisar a expressdo génica global e investigar as vias que comandam o
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processo de reparo ap6és a LLLT. Além disso, foi utilizada a analise histologia para
estudar a morfologia e morfometria da area de osso recém-formado em um modelo

experimental de defeito dsseo tibial em ratos, 12 e 36 horas, 3, 5 ¢ 7 dias.
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2. OBJETIVO

Avaliar os efeitos da LLLT durante as etapas iniciais do processo de
consolidag¢do em defeitos 6sscos induzidos em tibias de ratos. Assim como, determinar a
influéncia do tratamento com a LLLT nas alteragdes morfologicas e morfométricas nos
estagios iniciais de reparo e avaliar a expressao de genes e proteinas envolvidas no

processo de reparo inicial.
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3. MATERIAIS E METODOS

3.1 Animais

Foram utilizados 100 ratos machos da linhagem Wistar com trés meses de idade
e com peso corporal médio de 250-300 gramas no inicio do experimento, provenientes
do biotério central da UFSCar. Os animais foram mantidos no biotério do Departamento
de Fisioterapia da UFSCar, alimentados com ragdo comercial e dgua a vontade,
mantidos em regime de luz (12 horas claro e 12 horas escuro) e temperatura controlada
a 22 + 2° C. Este estudo experimental foi realizado de acordo com os principios éticos
de experimentacgdo animal e foi aprovado pela Comissdo de Etica em Experimentagio

Animal da Universidade Federal de Sao Carlos (010/2011) (ANEXO 1).

3.2 Modelo Experimental

O modelo usado no estudo foi baseado nos trabalhos de Barushka et al., (1995),
Freitas et al., (2000) e Bossini et al., (2012) ao promoverem defeitos 6sseos esféricos de
dimensdes padronizadas na cortical da tibia de ratos, com a utilizagdo de uma broca

odontologica acionada por um micromotor.

3.3 Procedimento Cirurgico

Para a realizacdo dos defeitos 6sseos os animais foram pesados e posteriormente
anestesiados de acordo com a massa corporal, utilizando-se uma combinagdo a base de
cloridrato de ketamina (80 mg/Kg) e cloridrato de xilazina 2% (12 mg/kg), aplicado

intraperitonialmente. Apds a anestesia, foi realizada a tricotomia e antisepsia da area a
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ser operada, em seguida efetuada uma incisdo no ter¢o proximal da tibia direita e
esquerda (Figura 1A e 1B). A lesdo foi realizada 10 mm abaixo da articulagdo do joelho
(Figura 1C), constantemente irrigada com soro fisiologico, com a utilizacdo de uma
broca odontologica tipo trefina, da marca WMA - Brasil, com 2cm de comprimento,
3mm de didmetro externo e acionada por um micromotor da marca BELTEC — Brasil,
com rotagdo de 13.500 rpm, na posi¢ao horizontal e perpendicular em relagdo ao eixo
longitudinal do osso, de modo a penetrar a cortical medial e danificar o canal medular
abaixo desta, porém sem atingir a face contralateral, promovendo um orificio com 3mm
de didmetro (Figura 1D e 1E).

Em seguida, o tecido muscular e a pele foram suturados com fio de nailon
monofilamentar 4.0 (Shalon®) a distancia de 0,5cm entre os pontos e realizada a
antissepsia local (Figura 1F). Os animais foram mantidos em caixas individuais com
livre acesso a agua e racdo até o momento da eutanasia (TIM et al., 2013; BOSSINI et

al., 2012).
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Figure 1. Procedimento cirtirgico experimental. A: Tricotomia da regido a ser operada.
B: Incisdo da pele no terco médio tibial. C: Padronizacdo com paquimetro digital. D:
Defeito dsseo realizado com broca tipo trefina de 3mm de didmetro. E: Defeito dsseo.

F: Sutura da é4rea operada.

3.4 Delineamento Experimental

Apos os procedimentos cirirgicos, os animais foram distribuidos aleatoriamente

em dois grupos (n=50):
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v Grupo controle (GC): animais submetidos ao defeito 6sseo, mas néo
receberam nenhum tipo de tratamento.
v Grupo Laser (GL): animais submetidos ao defeito Osseo e tratados com

LLLT (A = 830nm).

Os dois grupos foram divididos em 5 subgrupos (compostos por 10 animais
cada) de acordo com as datas de eutanasia no pds-operatorio: subgrupo A (eutanasiado
12 horas pos-cirurgia); subgrupo B (eutanasiado 36 horas pos-cirurgia); subgrupo C
(eutanasiado 3° dia pds-cirurgia); subgrupo D (eutanasiado no 5° dia pos-cirurgia) e o

subgrupo E (eutanasiado no 7° dia pos-cirurgia).

3.5 Terapia Laser de Baixa Intensidade

O aparelho utilizado foi um modelo portatil de Laser (Thera Laser - DMC, Sao
Carlos - Brasil) com comprimento de onda 830 nm, emissdo continua, poténcia de saida
de 30 mW, didmetro do feixe de 0,6 mm, divergéncia de 1.5°, na fluéncia de 100 J/cmz,
tempo de aplicagdo de 94 segundos e energia de 2.8 J, (Figura 2A). Este aparelho foi
fornecido pelo Laboratério de Eletrotermofototerapia, do Departamento de Fisioterapia,
da UFSCar, sob responsabilidade do Prof. Dr. Nivaldo A. Parizotto. O protocolo de
tratamento com a LLLT iniciou imediatamente apds o procedimento cirirgico e foram
realizados a cada 24 horas, totalizando 1, 2, 3, 5 e 7 sessdes, dependendo do periodo
experimental. Foi utilizado um tnico ponto de aplicacdo sobre o defeito 6sseo, o qual
foi palpado e medido com um paquimetro para padronizacdo do local de aplica¢do. Nas
aplicagdes, foi utilizada a técnica pontual em contato, sendo a caneta do equipamento
posicionada perpendicularmente ao tecido e as irradiacdes realizadas sempre no mesmo

horario (Figura 2B).



27

Figure 2. A: Aparelho portatil de laser utilizado no tratamento dos animais. B:

Demonstragao da area onde foi aplicada a LLLT.

3.6 Coleta e Preparacio das Amostras

Os animais foram eutanasiados individualmente em camera de CO, apds 12 ¢ 36
horas, 3, 5 e 7 dias. Apds a eutanasia, foi realizada a ressec¢do cirurgica completa das
tibias, sendo a tibia direita designada para analise génica e foi rapidamente congelada
em nitrogénio liquido e armazenadas em freezer -80°. A tibia esquerda foi utilizada para
analise histologica e imunohistoquimica. Apds dissecadas as tibias foram fixadas em
formalina tamponada a 10% por 24 horas, lavadas em agua corrente por 24 horas e
submetidas a descalcificagdo em solugao de acido etilenodiamino tetra-cético (EDTA),
com trocas de 3 vezes por semana por aproximadamente 40 dias.

Depois de completada a descalcificagdo, as amostras foram reduzidas para
processamento e para inclusdo em parafina. Na sequéncia, os blocos de parafina foram
cortados longitudinalmente, em relacdo ao osso, por meio de um micrétomo rotativo

numérico (Leica RM-—2145, Darmstadt - Germany) do Laboratério de
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Eletrotermofototerapia (UFSCar), obtendo-se cortes semi-seriados com espessura Sum e

corados com Hematoxilina e Eosina (H.E.) (Merck, Darmstadt - Germany).

3.7 Analise Histopatologica Descritiva

A andlise histopatoldgica descritiva foi realizada por dois observadores, através
das laminas coradas com H.E, considerando para cada animal a presenga ¢ intensidade
dos seguintes achados histopatoldgicos: hematoma, processo inflamatorio, fibrina,
tecido de granulagdo, tecido 6sseo neoformado e organizagdo tecidual (FERNANDES

etal., 2012).

3.8 Analise Morfométrica

A analise morfométrica quantitativa foi realizada nas laminas coradas com H.E.
Para a realizacdo desta andlise, foi utilizado um microscépio Nikon E 20000 e o
programa de imagem Motic Imagens Plus versdo 2.0 para a obtencdo de
fotomicrografias e andlise das imagens, respectivamente. Foram selecionados 5 campos
pré-determinados da regido da lesdo de cada lamina: campo 1 (préoximo da margem
superior do defeito 6sseo), campo 2 (proximo da margem direita do defeito 0sseo),
campo 3 (proximo da margem inferior do defeito dsseo), campo 4 (proximo da margem
esquerda defeito 6sseo) e campo 5 (no centro do defeito 6sseo). Cada campo foi
fotografado com a objetiva de 10x, e teve toda a area de neoformagdo dssea contornada,
com o valor expresso em um’. Os valores das areas de osso neoformado de cada campo
foram armazenados em arquivo Excel e os valores dos cinco campos de uma mesma

lamina foram somados, revelando o valor total da 4rea de osso neoformado para o
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animal analisado (OLIVEIRA et al., 2009; FAVARO-PIPI et al., 2010; BOSSINI et al.,

2012).

Figure 3. A: Desenho ilustrativo da padronizagdo dos campos selecionados na analise
morfométrica. B: Fotomicrografia representando o campo 2, com a marcagao da area de

neoformacao 6ssea. Coloracao H.E. (200 pm).

3.9 Analise Génica

3.9.1 Extraciao de RNA

As tibias direitas congeladas foram reduzidas 2 milimetros acima e abaixo do
local do defeito dsseo e maceradas com o auxilio de um pulverizador de tecidos
(D.L.MICOF, Sao Paulo - Brasil) previamente mantido em gelo seco por 15 minutos. O
“p6” das tibias maceradas foi transferido para um cadinho de porcelana resfriado no

gelo com 1 ml de Trizol (Invitrogen, Carlsbad - Estados Unidos). Em seguida, as

amostras foram homogeneizadas no homogenizador Power Gen 1000 S1 (Fisher
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Scientific, Waltham - Estados Unidos) em tubos de micrografia. Na sequéncia, foi
realizada a centrifugagdo das amostras a 12000 x g por 1 minuto (4°C), transferéncia do
sobrenadante para um novo microtubo e incubagdo por 5 minutos em temperatura
ambiente.

Transcorrido o tempo, foram adicionados 200 ul de cloroféormio para separagao
das diferentes fragcdes (DNA, RNA e proteina) seguido de agitacdo vigorosa e incubagao
por 15 minutos em temperatura ambiente. ApoOs a incubacdo, foi realizada a
centrifugacdo por 15 minutos a 12000 x g (4°C) e transferéncia da fase aquosa superior
(contendo a fracdo de RNA) para um novo microtubo. Por fim, foram adicionados
450 pl de isopropanol para precipitagdo do RNA total e o material foi incubado por 10
minutos em temperatura ambiente. As amostras foram centrifugadas por 10 minutos a
12000 x g (4°C) e os precipitados foram lavados com 1000 pl de etanol 75%. Para

ressuspender o RNA total precipitado foi utilizada dgua livre de RNAse.

3.9.2 Purificacdo das Amostras

O RNA total extraido foi purificado utilizando o kit illustra RNAspin mini
(General Electric, Estados Unidos). Para cada 10 pl de RNA total acrescentou-se 35 ul
de tampao RA1 e 35 ul de etanol 100%, homogeneizados em voértex e transferido para
uma coluna (com membrana de silica). Para promover a ligagdo do RNA a membrana
de silica foi realizada a centrifugacdo por 1 minuto a 8.000 x g. Em seguida, aplicou-se
350 pl de tampao MDB a coluna, seguida da adicdo de 90 ul de DNAse. A reagdo foi
mantida a temperatura ambiente por 15 minutos, interrompida com a adi¢do de 200 pl
de tampao RA2 e centrifugada por 1 minuto a 11.000 x g. A coluna foi lavada com 600

ul e em seguida com 250 pl de tampdo RA3. Para eluir o RNA preso a coluna,
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adicionaram-se 30 ul de 4gua livre de RNAse e centrifugou-se as amostras por 1 minuto
a 11.000 x g. O RNA purificado foi separado em varias aliquotas e armazenado em

freezer -80°C.

3.9.3 Quantificacio e Avaliacao da integridade do RNA total

A concentragdo do RNA purificado foi determinada por espectrofotometria,
utilizando o espectrofotometro NanoVue (General Electric, Estados Unidos).

Para a avaliagdo da integridade foi utilizado o Kit RNA 6000 Nano
(Bioanalyzer, Agilent Technologies, Waldbronn, Germany), que se baseia na separagao
eletroforética do RNA em microchips e leitura do sinal de fluorescéncia no aparelho
Agilent 2100 Bioanalyzer. Neste método, a integridade do RNA ¢ determinada pelo
calculo do RIN (RNA Integrity Number). Este sistema visa demonstrar a qualidade do
RNA e baseia-se em “notas” de 1 a 10 que sdo dadas as amostras, sendo que 1

corresponde ao maior grau de degradacdo e 10 ao maior grau de preservacdo do RNA.

3.9.4 Analise Microarray

As hibridizacdes de microarray foram realizadas com a plataforma Agilent
Whole Rat Genome Microarray 4x44 K. As marcagdes e hibridizagdes foram realizadas
usando o sistema de andlise Agilent Two-Color (Agilent Technologies, USA).
Resumidamente, o RNA total das amostras (1 ug) foi incubado com os controles
internos do kit, na dilui¢do adequada (RNA Spike A ou B). Apos, foi realizada a sintese
de cDNA, incubando-se as amostras na presen¢a do primer T7 promoter. A

desnaturacdo do primer foi realizada a 65°C por 10 minutos. Posteriormente, foi
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adicionado a reacdo o cDNA master Mix (5X Strand Buffer, 0,1M DTT, 10mM dNTPs,
MMLV-RT e RNAseOut). Esta mistura foi incubada a 40°C por 2 horas para sintese de
cDNA, sendo posteriormente colocada a 70°C por 15 min. Em seguida, foi realizada a
sintese de cCRNA, adicionando-se as amostras o mix do fabricante (Agilent transcription
master mix, contendo 4X transcription buffer, DTT 0,1 M, NTP mix, 50% PEG,
RNaseOut, pirofosfatase inorganica ¢ T7 RNA polymerase). A esta mistura foram
adicionados os marcadores Cy-3 nas amostras controle e Cy-5 nas amostras tratadas
com LLLT. Para a sintese de cRNA marcado as reagdes foram incubadas a 40 °C por 2
horas. O cRNA marcado foi finalmente purificado utilizando o kit illustra RNAspin
mini (General Electric, Estados Unidos) e quantificados através do NanoVue (General
Electric, Estados Unidos).

Para a hibridizacdo foram misturados 825 ng de cada cRNA das amostras
marcadas com Cy-3 ¢ Cy-5. A mistura foi adicionado o Agilent Fragmentation Mix
(10X Blocking Agent, 25X Fragmentation Buffer), incubando-se a reacdo a 60°C por
exatos 30 minutos, para a fragmentagdo do RNA. A fragmentacdo foi interrompida
adicionando-se o tampdo de hibridizacdo (2X GE Hybridization Buffer HI-RPM).
Finalmente, 100 pL de cada amostra foram colocadas nas laminas contendo os
microarranjos de oligonucleotideos. As laminas foram entdo condicionadas em forno de
hibridizacao (Agilent G2545A Hybridization Oven) a 65°C, por 17 horas.

Ap6s o periodo de hibridagdo, as laminas foram lavadas com os tampdes de
lavagem, Wash buffer 1 (GE Healthcare) (tempo livre a temperatura ambiente), Wash
buffer 1 (GE Healthcare) (1 minuto a temperatura ambiente) Wash buffer 2 GE (1
minuto a 37°C), Acetonitrila (Sigma-Aldrich) (10 segundos a temperatura ambiente),

Stabilization and Drying (Agilent Technologies, Waldbronn, Germany) (30 segundos a



33

temperatura ambiente) e escaneadas com o aparelho GenePix 4000B microarray

scanner (Molecular Devices, USA).

3.9.5 Anailise das imagens e dados obtidos do Microarray

As imagens geradas através do escaneamento das laminas de microarray foram
analisadas utilizando-se o software Agilent Feature Extraction (FE), versao 11.5
(Agilent Technologies, USA), que faz uso do algoritmo de normalizacao por Lowess,
obtendo-se a subtracdo do background e a normalizagdo dos valores de intensidade da
fluorescéncia de Cy-3 e Cy-5. Os dados normalizados pelo FE foram convertidos em
novo formato de arquivo utilizando-se o software Express Converter (versao 2.1, TM4
available at http://www.tm4.org/utilities.html), que converte os arquivos Agilent em
arquivo com extensao MeV (multi experiment view), arquivos esses compativeis com a
plataforma TM4 para andlise de expressao génica. Os novos arquivos, uma vez com
extensdo .MeV, foram carregados no software MIDAS (TM4 platform), onde foi
calculada a média dos dados obtidos de genes replicados em cada microarray, a partir
das triplicatas bioldgicas de cada periodo experimental. Finalmente, os dados
completamente normalizados foram analisados através do software TIGR MeV (TM4
platform, Multi Experiment Viewer, disponivel em
http://www.tigr.org/software/microarray.shtml), por meio do qual os genes
diferencialmente expressos foram estatisticamente considerados significantes quando a
razao do log, da expressao (Cy3/Cy5) foi diferente de zero, o que indica a auséncia de

modulagdo da expressao génica.
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3.9.6 Analise Funcional utilizando o programa Ingenuity Pathways Analysis

(IPA).

Ingenuity Pathways Analysis versao 4.0 (Ingenuity Systems, Mountain View,
CA, EUA) foi utilizado para pesquisar possiveis vias e redes bioldgicos. Ao comparar
os dados de Microarray, a lista de genes foi transformada em um conjunto de redes e
vias canonicas de genes relevantes. Em seguida, foi construida uma rede global
hipotética, mostrando as conexdes génicas mais relevantes, diretas e indiretas, regulados

pela LLLT.

3.9.7 PCR em Tempo Real

O PCR em tempo real foi realizado para confirmar os resultados obtidos pela
analise Microarray. O RNA total foi extraido e purificado utilizando os protocolos
experimentais descritos acima. O DNA complementar (cDNA) foi sintetizado a partir
do RNA total extraido (1,0 pg), utilizando High-capacity cDNA Reverse Transcription
(Life Technologies, Carlsbad, USA), seguindo normas do fabricante. O cDNa foi
submetido a PCR em tempo real quantitativo utilizando o termociclador Applied
Biosystems StepOneTM Real-Time PCR System (Life Technologies, Carlsbad, USA).
A reagdo de PCR em tempo real foi padronizada para os primers RPS18, PTGER2,
IL1, ANG4, PDGFD e FGF2. A programacgao consistiu de uma desnaturagdo inicial 94
°C por 10 minutos, seguido de 40 ciclos com desnaturacdo a 94 °C por 15 segundos,
anelamento a 60 °C por 1 minuto e extensdo a 72 °C por 45 segundos. Controles
negativos foram incluidos em cada corrida, em que a amostra era substituida por agua

deionizada. Cada gene foi amplificado simultaneamente em duplicata. A analise de
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expressdo génica relativa foi realizada utilizando o método 2". O gene RPS18 foi

utilizado como constitutivo para normalizar os dados de expressao.

Tabela 1. Sequéncias de primers utilizados nos experimentos de PCR

em tempo real.

Gene Forward primer Reverse primer

RPS18 GTGATCCCCGAGAAGTTTCA AATGGCAGTGATAGCGAAGG
PTGER2 GAACTGCGAGAGTCGTCAGTATCTC CCCCGGCCGTGAACAT

IL1 AAGTGGAATGGGTCGGAAATT TGAAGGGTGTTCCAAAAACTGA
ANGPT4 GGCATCTACTATCCGGTTCATCA CATGCGTGTGCCATGCA
PDGFD TATGCTCATTGGATGCCTTGTC TGCTGCTATCGGGACACTTTT
FGF2 AAGGATCCCAAGCGGCTCTA CGGCCGTCTGGATGGA

3.10 Imunohistoquimica

Para a analise imunohistoquimica as laminas foram imunocoradas para detectar
a expressdo de COX-2 e VEGF. Apos a desparafinizagdo e hidratacdo dos cortes foi
realizado o bloqueio da peroxidase endogena, em que os mesmos foram incubados em
solugdo a 30% de peroxido de hidrogénio. As laminas foram incubadas com anticorpos
primarios nas seguintes dilui¢des e tempos: anti-Cyclooxygenase-2 (COX-2, Cat. n° sc-
1747) policlonal anticorpo primdrio e anti-vascular endothelial growth factor (VEGF,
Cat. n° sc-1881) policlonal anticorpo primario, ambos na concentracao de 1:200 (Santa
Cruz Biotechnology, Santa Cruz, USA). Apds lavagem em PBS, foi aplicado o
anticorpo secundario (ABC kit, PK-6200, Vector laboratories, Burlingame, CA, USA)
na diluigdo 1:5 por 30 minutos. Em seguida os cortes foram novamente lavados em PBS
e corados com diaminobenzidine (DAB, SK-4100, Vector laboratories, Burlingame,

CA, USA) por 30 minutos. Por fim, foi realizada a coloracdo por hematoxilina e
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montagem das laminas. Para o controle negativo os anticorpos primarios foram
omitidos.

Imunomarcagdes de COX-2 ¢ VEGF foram avaliadas tanto qualitativamente
(presenga das imunomarcagdo) quanto semi-quantitativamente em cinco campos pré-
determinados utilizando um microscopio de luz (Leica Microsystems AG, Wetzlar,
Alemanha) de acordo com uma escala de pontuagdo variando de 1 a 4 (1 = ausente, 2 =
ligeiro 3 = moderada e 4 = intensa). A analise imunohistoquimica foi realizada por dois

observadores.

3.11 Analise Estatistica

Os dados foram analisados estatisticamente seguindo-se técnicas descritivas, tais
como tabelas e graficos, na forma de médias e erro padrdo. Para as andlises
morfometricas e imunohistoquimica, comparacdo entre os grupos foi utilizada a analise
de variancia (ANOVA), Shapiro—Wilk’s W. As andlises foram realizadas com o auxilio
do programa computacional STATISTIC version 7.0. O nivel de significancia

estabelecido foi de 5% (valor descritivo de p < 0,05).
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Parte 11

4. Estudo 1
"Effects of low level laser therapy on inflammatory and angiogenic gene expression

during the process of bone healing: a microarray analysis"

5. Estudo 2
"Effects of low level laser therapy on expression of osteogenic genes during the initial

stages of bone healing in rats: a microarray analysis"

4. ESTUDO 1



38

Effects of low level laser therapy on inflammatory and angiogenic gene expression
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4.1 Abstract: We investigate the process of bone healing and the expression of inflammatory and
angiogenic genes after low level laser therapy (LLLT) in an experimental model of bone defects. Sixty
Wistar rats were distributed into control and laser group (830 nm, 30 mW, 2,8 J, 100 J/cm?).
Histopathological analysis showed that LLLT was able to modulate the inflammatory process in the area
of the bone defect and to produce an earlier deposition of granulation tissue and newly formed bone.
Microarray analysis demonstrated that LLLT produced an up-regulation of genes related to the
inflammatory process (MMD, PTGIR, PTGS2, Ptger2, IL1, 1IL6, IL8, IL18) and angiogenic genes
(FGF14, FGF2, ANGPT2, ANGPT4 and PDGFD) at 36 h and 3 days, followed by the decrease of the
gene expression on day 7. Immunohistochemistry analysis revealed that treated animals presented a
higher expression of COX-2 at 36 h after the surgery and an increased VEGF expression on days 3 and 7.
Our findings indicate that LLLT was efficient on accelerating the development of newly formed bone
probably by modulating the inflammatory and angiogenic gene expression and COX2 and VEGF
immunoexpression during the initial phase of bone healing.

Key words: bone repair, LLLT, microarray, gene expression.
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4.2 INTRODUCTION

Fracture healing is a multistage repair process that involves complex and well-
orchestrated steps that are initiated in response to the injury, with the purpose of
recovering bone mechanical function.'? In general, bone tissue has the ability of healing
by itself.” However, under critical conditions as for example, in larger bone defects and
fractures with inadequate or interrupted vascularization, a delay in the process of
healing or even a nonunion can happen.® Thereby, innovative clinical approaches have
been developed in order to stimulate bone healing including low-level laser therapy
(LLLT).”"?

LLLT irradiation stimulates mitochondrial metabolism, resulting in an increased
expression of adenosine triphosphate (ATP), molecular oxygen production'' and
transcription factors.'* These effects can increase the synthesis of DNA, RNA and cell-
cycle regulatory proteins, therefore stimulating cell prolifera‘[ion.B'14 Moreover, LLLT
could be modulate of expression of some inflammatory mediators such as interleukin
1B, (IL1pB), interleukin 6 (IL6), interleukin 10 (IL10) and tumor necrosis factor o
(TNFa).'”""® Furthermore, it has been demonstrated that LLLT can stimulate
angiogenesis, which is an essential part of the healing process‘lg’20

Based on the effects of LLLT cited above, this therapeutic modality has been
used to promote wound healing, to accelerate tissue repair and to modulate the

1,22

inflammatory process after injuries.’ Furthermore, the effects of LLLT on the process
ry p y p

of bone consolidation have been demonstrated, showing an increased osteoblastic

activity™, neoangiogenesis and a higher newly formed bone deposition at the site of the

21,22

fracture. In a recent in vivo study, Bossini ef al.'” observed that LLLT (830 nm) was
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able of increasing newly formed bone and angiogenesis at the site of the fracture in an
experimental model of bone defect in the tibias of rats.

Although the encouraging data concerning the osteogenic potential of LLLT, the
molecular and cellular mechanisms by which this therapy acts on tissues remain
unclear. *** Moreover, there is a lack of works in the literature describing the effects of
LLLT in expression of inflammatory and angiogenic genes in early fracture healing.
Thus, with the advent of more sophisticated techniques in gene expression analysis (i.e.
microarrays), it has become possible to examine the global gene expression and to
investigate entire pathways that commands biological processes. Thereby, microarray
can be very helpful in identifying possible genes regulated by LLLT during the process
of bone healing.*

In view of the aforementioned information, it was hypothesized that LLLT can
regulate the expression of genes involved in the inflammatory process and angiogenesis,
which may accelerate the process of bone repair. Consequently, the present study aimed
to investigate the histological modifications in the bone callus and to study the
expression of genes related to the inflammatory process and the formation of new blood

vessels after LLLT irradiation in the initial stages of healing.

4.3 MATERIALS AND METHODS

4. 3.1 Experimental design

Sixty male wistar rats (aged 12 weeks; weight ~300 g) were used in this study.

This study was conducted in accordance with the Guide for Care and Use of Laboratory
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Animals and approved by the Animal Ethics Committee of the Federal University of
Sdo Carlos (010/2011).

Anesthesia was induced by intra-peritoneal injection of Ketamine (Agener”, 40
mg/kg, IP) and Xylazine (Syntec®, 20 mg / kg, IP). Bilateral bone defects (3.0 mm
diameter) were surgically created at the tibia (10 mm distal of the knee joint). For this,
the tibia was exposed through a longitudinal incision on the shaved skin. After expose
the tibia, bone defect was created by using a motorized round drill (BELTEC®,
Araraquara-SP, Brazil), under constant physiologic saline irrigation. After the defect
creation, they were packed with sterile cotton gauze to stop bleeding. Thereafter, the
cutaneous flap was replaced and sutured with resorbable Vicryl® 5-0 (Johnson &
Johnson, St. Stevens-Woluwe, Belgium). The animals were divided into 2 groups (n=30
each group): bone defect control group (CG) (bone defects without any treatment) and
bone defect laser irradiated group (LG). To minimize post-operative discomfort the
animals received analgesia (i.m., 0,02 mg/kg buprenorfiine - Temgesic; Reckitt
Benckiest Healt Care Ltd. Schering-Plough, Hoddesdon,Uk) directly after the operation
and subcutaneously for 2 days after surgery. Rats were euthanized individually by

carbon dioxide asphyxia in different set points (36 hours, 3 days and 7 days after

surgery).

4. 3.2 Low Level Laser Therapy

A laser (Thera laser, DMC® Sao Carlos, Brazil), CW, 830 nm, 0.6 mm beam
diameter, 30 mW, 94 s, 2.8 J, 100 J/cm? was used in this study. LLLT sessions started

immediately after the surgery and it was repeated each 24 hours for two, three or seven
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days. Treatments were performed by the contact technique, at one point, above of the

site of the injury.

4.3.3 Retrieval of specimens

The right tibias, used for gene expression evaluation (n=10 per group), were
dissected, rapidly frozen in liquid nitrogen and stored in freezer at -80 °C until
microarray analysis. For histopathological analysis, the left tibias (n=10 per group),
after removal, were immediately fixed in 10% formaldehyde (Merck, Darmstadt,
Germany) for 24 hours, followed by decalcified in 4% diamine tetra-acetic acid (EDTA)
(Merck, Darmstadt, Germany) and embedded in paraffin blocks. Therefore, thin
sections (5 um) were prepared in the longitudinal plane, using a micrometer (Leica
RM—2145, Germany). After, laminas were stained with hematoxylin and eosin (H.E

stain, Merck, Darmstadt, Germany).

4. 3.4 Histopathological analysis

A descriptive qualitative histopathological evaluation of the total area of the
bone defect was performed by two experienced observers (PB and CT) in a blinded
manner, under a light microscope (Olympus, Optical Co. Ltd, Tokyo, Japan).w’21 Any
changes in the bone defect, such as presence of blood clot, fibrin, inflammatory process,
granulation tissue, woven bone, or even tissues undergoing hyperplastic, metaplastic

and/or dysplastic transformation were investigated per animal.
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4. 3.5 RNA sample preparation

Total RNA was isolated using the TRIzol® reagent (Invitrogen, Carlsbad,
California) according to the manufacturer’s instructions. After the RNA isolation, the
samples was purify using the illustra RNAspin Mini RNA Kit (GE Healthcare Life
Sciences, USA) according to the manufacturer's instructions. The RNA concentrations
were determined using a NanoVue spectrophotometer (GE Healthcare Life Sciences,
USA). The quality and integrity of the total RNA were evaluated with an Agilent 2100
Bioanalyzer (GE Healthcare Life Sciences, USA) and sample presenting RNA integrity

number > 8 were used for cRNA synthesis.

4.3.6 Microarray hybridizations

Microarray hybridizations were performed with Agilent Whole Rat Genome
Microarray 4x44 K. The labeling and microarray hybridizations were performed by
Agilent using Two-Color Microarray-Based Gene Expression Analysis (Agilent
Technologies, USA). Briefly, for cDNA synthesis and labeling 200 ng of total RNA
were used. After, cDNA was transcribed into cRNA and it was labeled using Agilent
Low RNA input Fluorescent Linear Amplification Kit (Agilent Technologies, Santa
Clara, CA, USA). Then, cRNA labeled were purified, mixed with hybridization buffer
and hybridized to an Agilent Whole Rat Genome Microarray 4x44 K for 17 hours at
65°C, according to the manufacturer’s instructions. After hybridization, microarrays
were sequentially washed: 1 minute at room temperature with GE Wash Buffer 1
(Agilent Technologies, USA) and 1 minute with 37°C GE Wash buffer 2 (Agilent

Technologies, USA), then a 10 seconds Acetonitrile Wash (Agilent Technologies,
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USA), followed by a 30 seconds Stabilization and Drying Solution wash (Agilent
Technologies, USA). Afterwards, microarray slides were scanned using GenePix®
4000B microarray scanner (Molecular Devices, USA) with simultaneously scanning the
Cy3 and Cy5 channels at a resolution of 5 um. Laser was set at 100% and PMT gain
was adjusted automatically for each slide using the program GenePix 4000B according

to the signal intensity of each array.

4.3.7 Microarray data analysis

Microarray data analysis was performed as described by Castro et al.,”’. Data
files were generated using Agilent’s Feature Extraction Software (version 11.5, Agilent)
and the default parameters, which include Lowess based signal normalization. The dye-
normalyzed values generated in the Feature Extraction data files were used to upload
the  software  Express Converter (version 2.1, TM4  available at
http://www.tm4.org/utilities.html) which conveniently converts the Agilent file format
to MeV (MultiExperiment View) file format compatible to the TM4 softwares for
microarray analysis (available at http://www.tm4.org/). The MeV files were then
uploaded in the MIDAS software where the resulting data were averaged from
replicated genes on each array, from tree biological replicates, taking a total of 3
intensity data points for each gene. The MeV files generated were then loaded in MeV
software where differentially expressed genes were identified using one-class t-test
(p>0.01). Significantly different genes were those whose mean log2 expression ratio
over all included samples was statistically different from 0 which indicates the absence

of gene modulation.
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4.3.8 Functional Analyses Using Ingenuity Pathways Analysis (IPA) Software

A network analysis was performed using the Ingenuity Pathways Analysis (IPA)
(Ingenuity Systems, www.ingenuity.com) algorithm. The lists of differentially
expressed genes were entered into the IPA software to explore relevant biological
networks and to assess interactions with other genes. A hypothetical global gene
interaction network was constructed, showing the most relevant direct and indirect

connections of genes found to be regulated under LLLT.

4.3.9 Quantitative real-time polymerase chain reaction (RT-PCR)

RT-PCR was performed to confirm the differential expression results obtained by
the microarray experiments. Total RNA was extracted and purified using the
experimental protocols described above. One microgram of total RNA was reverse-
transcribed into cDNA, and followed by RT- PCR amplification using rats gene-specific
primers (Table 2), which were designed by PrimerExpress Software (Applied
Biosystems, Foster City, CA, USA). The optimized PCR conditions were: initial
denaturation at 94 °C for 10 min, followed by 40 cycles consisting of denaturation at 94
°C for 15 s, annealing at 60 °C for 1 min, and extension at 72 °C for 45 s, with a final
extension step at 72 °C for 2 min. Negative control reactions with no template (deionized
water) were also included in each run. For each gene, all samples were amplified
simultaneously in duplicate in one assay run. Analysis of relative gene expression was
performed using the 2-AACT method. RPS18 was used as a housekeeping gene to

normalize our expression data.
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Table 2. Real-time PCR Primers

Gene Forward primer Reverse primer
RPS18 GTGATCCCCGAGAAGTTTCA AATGGCAGTGATAGCGAAGG
PTGER2 GAACTGCGAGAGTCGTCAGTATCTC CCCCGGCCGTGAACAT
IL1R1 AAGTGGAATGGGTCGGAAATT TGAAGGGTGTTCCAAAAACTGA
ANGPT4 GGCATCTACTATCCGGTTCATCA CATGCGTGTGCCATGCA
PDGFD TATGCTCATTGGATGCCTTGTC TGCTGCTATCGGGACACTTTT
FGF2 AAGGATCCCAAGCGGCTCTA CGGCCGTCTGGATGGA

4.3.10 Immunohistochemistry

After deparaffinization and rehydration in graded ethanol, each specimen was
pretreated in a Steamer with buffer Diva Decloaker (Biocare Medical, CA, USA) for 5
min for antigen retrieval. The material was pre-incubated with 0.3% hydrogen peroxide
in phosphate-buffered saline (PBS) solution for 30 min in order to inactivate
endogenous peroxidase and then block with 5% normal goat serum in PBS solution for
20 min. Three sections of each specimen were incubated with anti-Cyclooxygenase-2
(COX-2, Cat. n° sc-1747) polyclonal primary antibody and anti-Vascular endothelial
growth factor (VEGF, Cat. n° sc-1881) polyclonal primary antibody, both at a
concentration of 1:200 (Santa Cruz Biotechnology, Santa Cruz, USA). Incubation was
performed overnight at 4°C in refrigerated environment. Afterwards, two washes were
done in PBS for 10 min. Then, incubation of the sections was performed making use of
biotin conjugated secondary antibody anti-rabbit IgG (Vector Laboratories, Burlingame,
CA, USA) at a concentration of 1:200 in PBS for 30 min. The sections were washed
twice with PBS followed by the application of preformed avidin biotin complex
conjugated to peroxidase (Vector Laboratories, Burlingame, CA, USA) for 30 min. The

bound complexes were visible by the application of a 0.05% solution of 3-3'-
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diaminobenzidine solution and counterstained with Harris hematoxylin. In order to
carry out control studies of the antibodies, the serial sections were treated with rabbit
IgG (Vector Laboratories, Burlingame, CA, USA) at a concentration of 1:200 instead of
the primary antibody. Furthermore, internal positive controls were performed with each
staining bath.

COX-2 and VEGF immunoexpression was assessed both qualitatively (presence
of the immunomarkers) and semi-quantitatively in five pre-determined fields using a
light microscopy (Leica Microsystems AG, Wetzlar, Germany) according to a
previously described scoring scale ranging from 1 to 4 (1=absent, 2= slight, 3=moderate
and 4=intense) for immunohistochemical analysis.21 The analysis was performed by 2

observers (PB and CT), in a blinded way.

4.4 Statistical analysis

The normality of all variables distribution was verified using Shapiro—Wilk’s W
test. For immunohistochemical analysis, comparisons among groups were performed
using one-way analysis of variance (ANOVA), complemented by Tukey post-test
analysis. STATISTICA version 7.0 (data analysis software system - StatSoft Inc.) was
used to carry out the statistics analysis. Values of p<0.05 were considered statistically

significant.
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4.5 RESULTS

4.5.1 Histopathological analysis

Representative histological images of all experimental groups are depicted in
Figure 4.

Thirty-six hours after surgery, histology assessment for CG revealed that bone
defect area was filled with blood clotting and inflammatory tissue, including
polymorphonuclear cells (Figure 4A). At the same period, for LG, an intense
inflammatory process filled bone defect area. Furthermore, some granulation tissue,
mainly at the periphery of the defect, was observed (Figure 4B). Figure 4C shows that,
3 days after surgery, in the CG, inflammatory cells still could be observed, especially in
the central region of the defect. Moreover, most of the injury area was filled by
granulation tissue and immature newly formed bone surrounding the border (Figure
4C). For LG, some inflammatory cells were still observed. Most all of the defect was
filled by granulation tissue and immature newly formed bone at the periphery (Figure
4D).

On day 7 after surgery, in CG, granulation tissue was present in almost all
defect area. Some immature newly formed bone was seen in the peripheral area of the
injury (Figure 4E). At the same period, histology assessment revealed an absence of
inflammatory processes in LG. In addition, the bone defects were filled with newly
formed bone, with interconnected concentric trabeculaes. Areas of granulation tissue

still could be observed. (Figure 4F).
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Figure 4. Representative histological sections of experimental groups showing newly
formed bone (Nb), fibrin (F), granulation tissue (G), inflammatory infiltrate (In), blood

clot (C). (Hematoxylin and Eosin stain; scale bar = 150 um).

4.5.2. Microarray Analysis

After sorting through the microarray analysis, a total of 5.765 genes modulated

by LLLT, in the 3 experimental periods, were identified and organized in a hierarchical

cluster.
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4.5.2.1. Functional network analysis

In order to further refine the significance of the regulated genes in LG, possible
biological interactions using the IPA software tool were investigated. Several networks
that may be involved in bone healing were identified. In particular, networks associated
to inflammatory response, connective tissue development and skeletal and muscular

system activity were investigated (table 3).

Table 3. Top Genetic network

Network Functions Score
36 hours
Cellular Movement, Hematological System Development and Function, 28
Immune Cell Trafficking.
Cellular Movement, Hematological System Development and Function, 24
Hypersensitivity Response.
Cellular Assembly and Organization, Cellular Function and Maintenance, 22
Cellular Movement.
Day 3
Inflammatory Response, Cellular Development, Hematological System 31
Development and Function.
Cellular Compromise, DNA Replication, Recombination, and Repair, 19
Molecular Transport.
Cellular Development, Cell Cycle, Connective Tissue Development and 17
Function.
Day 7
Cellular Development, Hematological System Development and Function, 26
Hematopoiesis.
Cell Morphology, Tissue Development, Cellular Movement. 24
Cell Morphology, Cellular Assembly and Organization, Organismal 22

Injury and Abnormalities.

After merging the networks listed in Table 3, several canonical pathways were
obtained, which were based on their functional annotations and known molecular

interactions by IPA. Thus, several functional groupings of differentially expressed
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genes were identified. However this report focused on early events of bone healing,
including inflammation and angiogenesis, which is most active in the recruitment of
cells and release of various cytokines/growth factors, and thus represents a stage of
fracture healing.

The up-regulated and down-regulated inflammatory and angiogenesis genes
were further examined and revealed some COX-2 related genes, interleukins, growth
factors, angiopoietin and VEGF signaling and provided an initial analysis.

The inflammatory and angiogenic genes were significantly up-regulated at 36
hours and 3 days after surgery, followed by a down regulation of the genes on day 7,
which suggests that inflammatory and angiogenic responses may have been modulated

by LLLT (table 4).



Table 4. List of chosen genes modulated after LLLT irradiation
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Function Gene Description Fold
Symbol Change
36 hours
Inflammation PTGIR prostaglandin 12 (prostacyclin) receptor 1.043
PTGS-2 prostaglandin-endoperoxide synthase 2 (prostaglandin 1.159
G/H synthase and cyclooxygenase)
MMD monocyte to macrophage differentiation-associated 2.07
IL-18 interleukin 18 2.483
IL-1 interleukin 1 1.703
Angiogenesis FGF-14 fibroblast growth factor 14 2.361
FGF-2 fibroblast growth factor 2 3.163
FGFBP-1 fibroblast growth factor binding protein 1 2.128
ANGPT-2 angiopoietin 2 2.84
Day 3
Inflammation PTGER-2 prostaglandin E receptor 2 3.226
PTGIR prostaglandin 12 (prostacyclin) receptor -2.322
IL-4 interleukin 4 2.899
Angiogenesis ANGPT-4 angiopoietin 4 1.098
PDGFD platelet derived growth factor D 1.319
FGFR-2 fibroblast growth factor receptor 2 -1.023
Day 7
Inflammation PTGFR prostaglandin F receptor (FP) -1.079
PTGIR prostaglandin 12 (prostacyclin) receptor (IP) -1.815
PTGS-1 prostaglandin-endoperoxide synthase 1 (prostaglandin ~ -2.738
G/H synthase and cyclooxygenase)
IL-18 interleukin 18 (interferon-gamma-inducing factor) -2.779
IL-1 interleukin 1 -2.564
Angiogenesis ANGPT-2 angiopoietin 2 -3.692
PDGFD platelet derived growth factor D -2.025
PDGFRA platelet-derived growth factor receptor, alpha -3.751

polypeptide

4.5.2.2. Validation of microarray data by real-time PCR

In order to validate the results of the microarray assays, the SYBR Green-based

real-time PCR on control and irradiated group was performed. The genes were selected

according to the canonical pathway analysis and the references in previous studies
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(Kido et al., 2014; Favaro-Pipi et al 2011). The expression profiles of the genes

confirmed the microarray results.

4. 5.3. Immunohistochemistry analysis

4. 5.3.1. COX-2 expression

Qualitative immunohistochemical analysis demonstrated that in the first and
second experimental periods, COX-2 expression was predominantly detected in
granulation tissue for both groups (Figures 5A). Seven days post-surgery, for CG, the
immunoreactivity of COX-2 was mainly observed in granulation tissue. For the LG,
COX-2 immunolabeling was observed in granulation and in the osteoblastic cells.

Semi-quantitative  analysis revealed a significant increase in COX-2
immunoexpression was observed in the LG compared to CG, 36 hours after surgery. On
day 3, no statistical difference was observed between CG and LG. Moreover, COX-2

immunoexpression was higher in CG compared to LG on day 7 (Figure 5B).
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36 Hours 3 Days 7 Days

HCG MG

Figure 5. A Representative sections of COX-2 immunohistochemistry. Fibrin (F),
granulation tissue (G), inflammatory infiltrate (In), osteoblastic cells (Ob). B Means and
standard error of the mean of scores immunohistochemistry of COX-2. Significant

differences of p < 0.05 are represented by a single asterisk (*).

4.5.3.2 VEGF expression

Qualitative immunohistochemical analysis demonstrated that VEGF expression
was predominantly observed in the capillary walls and granulation tissue for both

experimental groups 36 hours after the surgery. On days 3 and 7 after surgery, the
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immunoexpression of VEGF was identified in the capillary walls, granulation tissue and
osteoblastic cells for both groups (Figures 6A).

Semi-quantitative analysis demonstrated that VEGF immunoexpression was similar
between CG and LG, 36 hours after the surgery. On days 3 and 7, LG presented a

significantly higher up-regulation of VEGF compared to the CG (Figure 6B).
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Figure 6. A Representative sections of VEGF immunohistochemistry. Capillary (C),
granulation tissue (G), osteoblastic cells (Ob). B Means and standard error of the mean
of scores immunohistochemistry of VEGF. Significant differences of p < 0.05 are

represented by a single asterisk (*).
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4.6. DISCUSSION

This study aimed to investigate the effects of LLLT on the morphological
aspects of bone callus and on gene and immunomarker expression related to the
inflammatory process and angiogenesis during the initial phase of bone healing in a
model of tibial bone defect in rats. The main findings showed that LLLT produced an
earlier recruitment of inflammatory cells, as well as increased amount of newly formed
bone at the site of the injury. Furthermore, our results evidenced that LLLT produced a
significantly increase in the expression of genes related to inflammation and
angiogenesis. The immunoexpression of COX-2 (36 hours) and VEGF (3 and 7 days)
were also increased in the laser treated animals.

Increased cell proliferation and acceleration of tissue metabolism are the most
important physiological effects of LLLT, contributing to the stimulation of healing after
an injury.’’ In this context, several studies demonstrated that LLLT had a positive effect

19,21,28
“°® Fernandes et

in the process of bone consolidation in experimental models in rats.
al.”® showed that LLLT induced a recruitment of inflammatory cells and increased
newly formed bone in the initial phases of bone consolidation. These findings are in line
with the results of the current study, which the histological analysis revealed that LLLT
improved the biological response of bone tissue by modulating the inflammatory
process and stimulating the deposition of newly formed bone at the site of the injury. It
seems that LLLT can stimulate osteogenic genes that are involved in bone repair, which
may explain the positive results of this therapy on bone healing, with the modulation of

the inflammatory process and the earlier recruitment of osteoprogenitor cells, thus

increasing the rate of bone formation and bone ingrowth into the defect area.*
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In addition, microarray analysis suggest that LLLT could have stimulated the
healing process and accelerated the process of bone healing by a down-regulation of
pro-inflammatory interleukins (IL1, 1IL6, IL8, IL18) at 36 hours after the surgery,
followed by up-regulation of anti-inflammatory interleukin (IL4) on day 3.
Furthermore, inflammatory cells such as macrophages, neutrophils and fibroblasts are
activated to remove damaged tissue and stabilize the blood clot.’” In the present study, it
was observed increased activity of monocyte to macrophage differentiation-associated
gene (MMD), which could be directly related to the up-regulation of prostaglandins
genes (PTGIR, PTGS2, Ptger2) observed in LG at 36 hours and day 3 after surgery, that
may also have contributed to the acceleration of bone repair observed in the irradiated
animals. Specifically in bone healing, prostaglandins (PGs) and arachidonic acid
products play a key role in the generation of the inflammatory response and the enzyme
responsible for this process (convert arachidonic acid to prostanoids) is the cyclo-
oxygenase.33 Additionally, effects of LLLT on the modulation of inflammation were
also demonstrated by the increased immunoexpression of COX-2 in the LG in the first
experimental period followed by a decreased immunoexpression. This results suggest
that LLLT modulates the synthesis of inflammatory mediators which can culminate in
the earlier resolution of the inflammatory process observed in the LG, and
consequently, may have anticipated the steps of tissue repair, as was demonstrated in
histopathological analysis. Some authors have postulated that the early modulation of
pro-inflammatory mediators can prevent excess tissue degradation. This modulation can
also stimulate the bone repair.'” There are several reports highlighting LLLT effects in

34-36 Recently, Rambo et al.;’” observed that LLLT was

inflammatory modulation.
effective in decreasing the expression on the pro-inflammatory mediators (IL-1 and

TNF) and it was able to increase expression of the anti-inflammatory cytokine IL-10.
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Similarly, angiogenesis is an essential part of fracture repair.' Angiogenesis is
not only responsible for the oxygen supply, but also a prerequisite for the resorption of
necrotic tissue and recruitment of different cell types including mesenchymal progenitor
cells, which is necessary for a mechanically stable repair of the bone defect.” In essence,
FGF and PDGEF are a required element in cellular division for fibroblasts, a type of
connective tissue cell that is especially prevalent in wound healing. Also, it has
important function in the promotion of endothelial cell proliferation.”® In the present
study, it was demonstrated that LLLT can stimulate angiogenic genes in injured tissues
such as ANGPT2 and ANGPT4, at 36 hours and 3 days after surgery, respectively. In
addition, our microarray findings showed that LLLT produced an up-regulation of FGF
and PDGF at 36 hours and 3 days after surgery. Similarly, VEGF imunoexpression was
increased after laser stimulation. These results are in agreement with those found by
Bossini ef al.,'” who investigated the effects of LLLT in osteoporotic rats and concluded
that LLLT improves bone repair as a result of stimulation of angiogenesis and newly
formed bone.

Taken together, the results of the present study showed that LLLT might be
promising to improve bone consolidation in the initial period of repair by modulating
the expression of genes related to inflammation and neoangiogenesis, which may
culminate in the stimulation of bone cells and increased newly formed bone. As this
study was limited to a short-term evaluation, information about the influence of LLLT
on gene expression in long-term analysis needs to be provided. Also, other molecular
pathways such as the expression of genes related to the osteoblast differentiation remain

to be investigated.
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4.7 CONCLUSION

Summarizing, this study suggests that LLLT was efficient in modulating the
inflammatory process and increasing the newly formed bone. In addition, LLLT
produced a significant increase in the expression of genes related to inflammation and
angiogenesis. This fact may explain some of the molecular pathways by which LLLT
acts on the stimulation of bone tissue during the process of healing and result in the
earlier resolution of the inflammatory process and earlier differentiation of pre-
osteoblastic cells into mature osteoblasts, accelerating bone healing process.
Consequently these data highlight the potential of LLLT to be used as a therapeutic

approach for bone regeneration.
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5. ESTUDO 2

Effects of low level laser therapy on the expression of osteogenic genes during the
initial stages of bone healing in rats: a microarray analysis
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5.1 Abstract: This study evaluates the morphological changes produced by LLLT on
the initial stages of bone healing and to studies the pathways that stimulate the
expression of genes related to bone cell proliferation and differentiation. One hundred
Wistar rats were divided into control and treated groups. Noncritical size bone defects
were surgically created at the upper third of the tibia. Laser irradiation (Ga-Al-As laser
830 nm, 30 mW, 94 s, 2,8 J, 100 J/cm? was performed for 1, 2, 3, 5 and 7 sessions.
Histopathology revealed that treated animals produced increased amount of newly
formed bone at the site of the injury. Also, microarray analysis evidenced that LLLT
produced a significantly increase in the expression TGF, BMP, FGF and RUNX-2 that
could stimulate osteoblast proliferation and differentiation, which may be related to
improving the deposition of newly formed bone at the site of the injury. Thus, it is
possible to concluded that LLLT improves bone healing by producing a significant
increase in the expression of osteogenic genes.

Key words: bone regeneration, LLLT, microarray, osteogenic genes.
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5.2. INTRODUCTION

It is estimated that approximately six million fractures happen annually only in
the United States [1]. In general, bone tissue has the ability of healing by itself [2].
However, between 5-10 % of fractures result in delayed union or nonunion depending
on the extension of the injury or its association to diseases and therefore result in high
health care costs [3]. In this context, the clinical demand for therapeutic strategies to
promote bone repair has been growing in recent years in direct relation to the increase
on the human population [4]. One of the most promising treatments is the use of low
level laser therapy (LLLT), which is able of reestablishing cellular homeostasis and
regenerating biological tissues, such as muscle, tendons, cartilage and bone [1,5-9].

The action of LLLT is based on the absorption of laser light by tissues,
stimulating mitochondrial respiratory chain and, consequently ATP production [10].
These effects can increase the synthesis of DNA, RNA and cell-cycle regulatory
proteins, therefore promoting cell proliferation [11, 12].

In bone tissue, in vitro and in vivo studies demonstrated that LLLT is able to up-
regulate the expression of a series of growth factors, protein and genes related to bone
cell differentiation, culminating in the stimulation of osteoblast proliferation and
activity [13, 14]. Furthermore, LLLT modulates the expression of some inflammatory
mediators such as Cyclooxygenase-2 (COX-2), tumor necrosis factor o (TNFa),
interleukin 1B, (IL1B), and interleukin 10 (IL10) [7, 15, 16]. Moreover, it has been
demonstrated that LLLT can stimulate VEGF expression and angiogenesis [6, 17].
Thus, this therapeutic modality has been used to promote wound healing, to accelerate

tissue repair and to modulate the inflammatory process after injuries [7, 18].
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A recent study demonstrated that LLLT increased the osteoblastic proliferation
and gene expression of osteoblastic markers, such as alkaline phosphatase (ALP), runt-
related transcription factor 2 (Runx-2), osteocalcin (OC), type I collagen (COL I), and
bone sialoprotein (BSP) in osteoblasts cells derived from the midpalatal suture [19]. In
addition, Wu et al., [14] used the microarray analysis to evaluate the gene expression of
laser irradiated mesenquimal stem cells (MSCs) and demonstrated that various genes
involved in cell proliferation, apoptosis and the cell cycle were up-regulated.

Despite the positive effects of LLLT on the stimulation of bone tissue, the
molecular and cellular changes induced by this therapeutic approach on bone healing
are not fully understood. Furthermore, the literature lacks descriptions on the
mechanisms by which laser acts in the initial periods in LLLT repair, since most studies
have evaluated its effects on intermediate and late periods of bone healing. Therefore, it
is important to evaluate the early stages of bone repair such as blood clot formation,
inflammatory processes and the deposition of newly formed bone tissues. These
processes could stimulate the proliferation of different cells and signal molecules, which
have the capacity to initiate the cascades of cellular events involved in bone repair and
then stimulate the newly formed bone. In view of the aforementioned, it was
hypothesized that LLLT could increase the expression of genes that stimulate osteoblast
proliferation and differentiation, which may induce the bone formation and
consequently accelerate the repair process.

In this context, the aim of the present study was to evaluate the morphological
changes produced by LLLT on the initial stages of bone healing and to study the
pathways that stimulate the expression of genes related to bone cell proliferation and
differentiation. For this purpose, qualitative and quantitative histopathological analysis

were used to evaluate the area of newly formed bone in an experimental tibial bone
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defect model in rats. In order to study the global gene expression and thus provide
significant insights about the genes regulated by LLLT during the initial process of bone

healing microarray analysis was used.

5.3 MATERIALS AND METHODS

5.3.1 Animals and study design

One hundred male Wistar rats, 12 weeks and weighing 250-300 g, were used in
this study. The animals were distributed into 2 groups: bone defect control group (CG)
(bone defects without any treatment) and bone defect laser irradiated group (LG). Each
group was subdivided into five different sub-groups (N=20) and euthanized in different
periods (12 hours, 36 hours, 3 days, 5 days and 7 days after surgery). All procedures
were approved by institutional animal ethics committee of the Federal University of Sao
Carlos (010/2011). All animal handling and surgical procedures were strictly conducted

according to the Guiding Principles for the Use of Laboratory Animals.

5.3.2 Surgery to induce bone defects

At the beginning of the experiment, all animals underwent surgery to perform
bone defects in tibias bilaterally. Surgery was performed under sterile conditions and
general anesthesia induced by intra-peritoneal injection of Ketamine / Xylazine (80/10
mg/Kg). A 1 cm incision was made to expose the tibia and a standardized 3.0 mm
diameter bone defect was created by using a motorized round drill under copious

irrigation (12500 rpm) with saline solution. The incisions were sutured with resorbable
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polyglactin, and the antisepsis was performed with poviddone iodine. The animals
received analgesia (i.m., 0,05 mg/kg buprenorphine (Temgesic; Reckitt Benckiser
Health Care Limited, Schering Plough, Hoddesdon, United Kingdom) and were

returned to their cages. The health status of the rats was monitored daily [6,7].

5.3.3 Low Level Laser Therapy

Laser treated animals were submitted to LLLT using a low-energy Ga-Al-As,
830 nm (Thera laser, DMC® Séo Carlos - Brazil), continuous wavelength, 0.6 mm beam
diameter, 30 mW, 94 s, 2,8 Joules, 100 J/cm?. Laser irradiation started immediately after
the surgery and it was performed for one (12 h), two (36 h), three (3 days), five (5 days)
or seven (7 days) sessions, with an interval of 24 hours between each session. The

application was punctual transcutaneously above the site of the injury.

5.3.4 Histopathological analysis

On the respective day, animals were euthanized individually by carbon dioxide
asphyxia and both tibias were defleshed and removed for analysis. The left tibias were
fixed in 10% formaldehyde (Merck, Darmstadt, Germany) for 24 hours, followed by
decalcification in 4% diamine tetra-acetic acid (EDTA) (Merck, Darmstadt, Germany)
and embedded in paraffin blocks. Sections (5 pm) were cut longitudinally and stained
with hematoxylin and eosin (H.E stain, Merck, Darmstadt, Germany). Histopathological
evaluation was performed under a light microscope (Olympus, Optical Co. Ltd, Tokyo,
Japan.). Changes in the bone defect area, such as presence of blood clot, fibrin,

inflammatory process, granulation tissue, woven bone, or even tissues undergoing
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hyperplastic, metaplastic and/or dysplastic transformation were investigated in each

animal [6,7].

5.3.5 Morphometry analysis

Using computer-based image analysis techniques (Motican 5.0, Meiji camera,
Santa Clara - CA, USA), all histological sections were digitalized (10x magnification).
The analysis was performed by 2 observers, in a blinded way (CT and PSB). From
digitalized images of the defect, the amount of newly formed bone was determined
within 5 regions of interest, i.e.: ROI1 (upper region of the border), ROI2 (right border),
ROI3 (bottom region of the border), ROI4 (left border) and ROIS (central region of the
bone defect). This analysis was established in a previous study conducted by our team
[9,11]. The amount of newly formed bone was determined in umz in each ROI and the

total newly formed bone was represented as ROI1+ROI2+ROI3+ ROI4+ ROIS.

5.3.6 Gene Expression Methods

5.3.6.1 RNA extraction, purification, yield and purity

RNA was extracted from right tibias and this process was performed using
TRIzol reagent according to the manufacturer’s instructions. Total RNA was purified by
illustra RNAspin Mini RNA Kit (GE Healthcare Life Sciences, USA) according to the
manufacturer’s specifications, quantified by NanoVue  spectrophotometer (GE

Healthcare Life Sciences, USA) and its integrity confirmed by Agilent 2100
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Bioanalyzer (GE Healthcare Life Sciences, USA) and sample presenting RNA integrity

number > 8 were used for cRNA synthesis.

5.3.6.2 Microarray hybridizations

The protocol for microarray processing was carried out according to Agilent
using Two-Color Microarray-Based Gene Expression Analysis (Agilent Technologies,
USA). Briefly, for cDNA synthesis and labeling 200 ng of total RNA were used. After,
cDNA was transcribed into cRNA and it was labeled using Agilent Low RNA input
Fluorescent Linear Amplification Kit (Agilent Technologies, Santa Clara, CA, USA).
Then, cRNA labeled were purified, mixed with hybridization buffer and hybridized to
an Agilent Whole Rat Genome Microarray 4x44 K for 17 hours at 65°C, according to
the manufacturer’s instructions. The hybridized microarrays were washed as the

manufacturer’s washing protocol (Agilent Technologies, Santa Clara, CA, USA).

5.3.6.3 Data acquisition and analysis

Afterwards, microarray slides were scanned using GenePix® 4000B microarray
scanner (Molecular Devices, USA) with simultaneous scans of the Cy3 and Cy5
channels at a resolution of 5 pm. Laser was set at 100% and PMT gain was adjusted
automatically for each slide using the program GenePix 4000B according to the signal
intensity of each array.

Microarray data analysis was performed as described by Castro ef al., [20]. Data
files were generated using Agilent’s Feature Extraction Software (version 11.5, Agilent)

and the default parameters, which include Lowess based signal normalization. The dye-
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normalyzed values generated in the Feature Extraction data files were used to upload
the  software  Express Converter (version 2.1, TM4 available at
http://www.tm4.org/utilities.html) which conveniently converts the Agilent file format
to mev (multi experiment view) file format compatible to the TM4 softwares for
microarray analysis (available at http://www.tm4.org/). The MeV files were then
uploaded in the MIDAS software where the resulting data were averaged from
replicated genes on each array, from tree biological replicates, taking a total of 3
intensity data points for each gene. The MeV files generated were then loaded in MEV
software (MultiExperiment Viewer) where differentially expressed genes were
identified using one-class t-test (p>0.01). Thereafter, the genes statistically significant
were those whose mean log2 expression ratio over all included samples was statistically

different from 0 which indicates the absence of gene modulation.

5.3.6.4 Functional Analyses Using Ingenuity Pathways Analysis (IPA)

Software.

Ingenuity Pathways Analysis version 4.0 (Ingenuity Systems, Mountain View,
CA, USA) was used to search for possible biological processes, pathways and networks.
By comparing the imported microarray data with the IKB, the list of genes was
transformed into a set of relevant networks, focus genes and canonical pathways, and
functionally annotated. A hypothetical global gene interaction network was constructed,
showing the most relevant direct and indirect connections of genes found to be

regulated under LLLT.
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5.3.6.5 Quantitative real-time polymerase chain reaction (RT-PCR)

RT-PCR was performed to confirm the differential expression results obtained
by the microarray experiments. Total RNA was extracted and purified using the
experimental protocols described above. Total RNA (1 pg) was reverse-transcribed into
cDNA, and then the cDNA samples were subjected to quantitative real time polymerase
chain reaction (qQRT-PCR) using a Applied Biosystems StepOneTM Real-Time PCR
System (Life Technologies, Carlsbad, USA) Oligonucleotide primers were designed for
RPS18, PTGER2, IL1, ANGPT4, PDGFD, FGF2 (Table 5) using Primer Express
Software 2.0 (Applied Biosystems, Foster City, USA). All real-time primers were
initially tested against standards and a standard curve was generated.

The optimized PCR conditions were: initial denaturation at 94°C for 10 minutes,
followed by 40 cycles consisting of denaturation at 94°C for 15 seconds, annealing at
60°C for 1 minute and extension at 72°C for 45 seconds, with a final extension step at
72°C for 2 minutes. Negative control reactions with no template (deionized water) were
also included in each run. For each gene, all samples were amplified simultaneously in
duplicate in one assay run. Analysis of relative gene expression was performed using
the 22“T method. RPS18 was used as a housekeeping gene to normalize expression

data.
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Table 5. Primers used in the Real-time PCR.

Gene Primer

RPS18 Forward: GTGATCCCCGAGAAGTTTCA
Reverse: AATGGCAGTGATAGCGAAGG
PTGER2 Forward: GAACTGCGAGAGTCGTCAGTATCTC
Reverse: CCCCGGCCGTGAACAT
IL1R1 Forward: AAGTGGAATGGGTCGGAAATT
Reverse: TGAAGGGTGTTCCAAAAACTGA
ANGPT4 Forward: GGCATCTACTATCCGGTTCATCA
Reverse: CATGCGTGTGCCATGCA
PDGFD Forward: TATGCTCATTGGATGCCTTGTC
Reverse: TGCTGCTATCGGGACACTTTT
FGF2 Forward: AAGGATCCCAAGCGGCTCTA

Reverse: CGGCCGTCTGGATGGA

5.4 Statistical analysis

The normality of all variables distribution was verified using Shapiro—Wilk’s W
test. For morphometry analysis, comparisons among groups were performed using one-
way analysis of variance (ANOVA), complemented by Tukey post-test analysis.
STATISTICA version 7.0 (data analysis software system - StatSoft Inc.) was used to
carry out the statistical analysis. Values of p<0.05 were considered statistically

significant.

5.5 RESULTS

5.5.1 Histological analysis

An overview of the representative histological sections of all experimental groups

is demonstrated in Figure 7. For CG, in the bone defect area, it was possible to observe

blood clotting with fibrin and inflammatory cells 12 hours after the surgery (Figure 7A).

At the same experimental period, for LG, the center of the defect presented blood
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clotting. However, fibrin and inflammatory infiltrate, with polymorphonuclear cells
(mainly represented by neutrophils) was observed in most of the injury area (Figure 7B).

After 36 hours, for CG, histological analysis demonstrated blood clotting and
inflammatory infiltrate, including polymorphonuclear cells in the bone defect area
(Figure 7C). At the same period, for LG, intense inflammatory process and some
granulation tissue, mainly at the periphery of the defect, was observed (Figure 7D).

On day 3 after surgery, histological analyses of the CG revealed that
inflammatory cells still could be observed, especially in the central region of the defect.
Moreover, granulation tissue and immature newly formed bone surrounding the border
was found in most of the injury area (Figure 7E). For LG, some inflammatory cells were
still observed. Most of the defect was filled by granulation tissue and immature newly
formed bone at the periphery (Figure 7F). After 5 days, animals of CG presented
inflammatory infiltrate, granulation tissue and immature newly formed bone (Figure
7G). For LG, granulation tissue and bone ingrowth, with a more organized tissue
organization was observed when compared to the CG ones (Figure 7H).

On day 7 after surgery, in CG, granulation tissue was present in almost all defect
area. Some immature newly formed bone was seen at the peripheral area of the injury
(Figure 7E). At the same period, histology assessment revealed an absence of
inflammatory cells in LG. In addition, the bone defects were filled with newly formed

bone. Areas of granulation tissue still could be observed (Figure 7F).
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Control Group LLLT Group

12 hours

36 hours

3day

5day

7 day

Figure 7. Overview and magnification of representative sections the control and
laser irradiated groups showing newly formed bone (Nb), fibrin (F), granulation tissue

(G), inflammatory infiltrate (In), blood clot (C). Hematoxylin and Eosin stain.
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5.5.2 Morphometric analysis

Figure 8 shows the mean and standard deviation of the newly formed bone tissue
area during the experimental periods. At 12 and 36 hours post-surgery, no newly formed
bone was observed. Moreover, on days 3, 5 and 7 post-surgery, animals exposed to

LLLT presented a statistically higher amount of newly formed bone when compared to

the CG.

Area of Neoformed Bone
640 -

£6o -
480 -
400 -
NE_ 320 -
240 -
160 -
8o -

12 Hours 36 Hours 3 Days g Days 7 Days

mCG LG

Figure 8. Means and SD of the newly formed bone tissue of bone area (um?) of the
defect after treatments. Significant differences of p < 0.001 are represented by a single

asterisk (*)

5.5.3 Microarray Analysis

By comparing the expression of genes between the reference time and LLLT
treatment (12 h, 36 h, 3 d, 5 d and 7 d), a total of 10,837 genes modulated were
identified after laser irradiation. The modulated genes have been organized in

hierarchical cluster, which is shown in Figure 9.
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Figure 9. Hierarchical clustering showing the pattern of expression of genes
during the Laser treatment. The color code display the log, (Cy5/Cy3) ratio for each time

point and has Cy3 as the reference value.

In order to try to refine the significance of the regulated genes in LG, the
biological interactions using the IPA software tool were investigated. Thereby, several
functional groupings of differentially expressed genes were identified, however this

report focused on bone forming markers of early events of bone healing. Thus, the
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osteogenic genes were examined and revealed that several genes up-regulation of TGF at
12 and 36 hours. Moreover, LLLT was efficient in stimulating the expression of BMP,
FGF and RUNX-2 in all set points evaluated. In addition, OC was significantly up-
regulated on day 3, 5 and 7. The altered expression of these genes suggests that LLLT
acts on the stimulation of osteoblast and consequently in bone forming. The data

concerning the up-regulation of osteogenic genes are demonstrated in table 6.

Table 6. List of the genes modulated after LLLT irradiation

Gene Symbol Description Fold Change
12 hours
BMP1 bone morphogenetic protein 1 1.083082
BMP2 bone morphogenetic protein 2 0.83399
BMP4 bone morphogenetic protein 4 0.98544
FGF4 fibroblast growth factor 4 2.347351
FGF22 fibroblast growth factor 22 1.179324
RUNX2 runt related transcription factor 2 1.201315
TGFb2 transforming growth factor, 2 1.107803
TGFbi transforming growth factor, beta induced 1,162
36 hours
BMP3 bone morphogenetic protein 3 0.600393
BMP4 bone morphogenetic protein 4 0.655095
BMP7 bone morphogenetic protein 7 0.670662
FGF14 fibroblast growth factor 14 1.901222
FGF2 fibroblast growth factor 14 1.981114
RUNX?2 runt related transcription factor 2 1.003231
TGFbl transforming growth factor, beta 1 0.329877
TGFb2 transforming growth factor, beta 2 2.948775
TGFbi transforming growth factor, beta induced 0.686692
Day 3
BMP2 bone morphogenetic protein 2 0.632143
RUNX2 runt related transcription factor 2 1.123382
oC Osteocalcin 0.978488
FGF2 fibroblast growth factor 2 0.908738
FGF14 fibroblast growth factor 14 1.601722
Day 5
BMP3 bone morphogenetic protein 3 0.952591

FGF16 fibroblast growth factor 16 2.928107
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FGF7 fibroblast growth factor 7 1.584963
FGF3 fibroblast growth factor 3 2.684498
FGF14 fibroblast growth factor 14 2.711495
oC Osteocalcin 0.945301
RUNX2 runt related transcription factor 2 0.759818
Day 7

BMP2 bone morphogenetic protein 2 0.658781
BMP3 bone morphogenetic protein 3 1.059239
FGF14 fibroblast growth factor 14 0.568049
FGF3 fibroblast growth factor 3 3.6386

FGF4 fibroblast growth factor 4 0.599462
FGF2 fibroblast growth factor 2 0.808738
FGF15 fibroblast growth factor 15 0.546634
FGF5 fibroblast growth factor 5 0.568284
RUNX2 runt related transcription factor 2 0.959818
oC Osteocalcin 0.926325

5.5.4 Validation of microarray data by real-time PCR

To validate the results of the microarray assays, we performed SYBR Green-
based real-time PCR on control and irradiated group. We selected the genes according to
the canonical pathway analysis and the references to previous studies. The expression

profiles of the genes tested confirmed the microarray results.

5.6 DISCUSSION

This study aimed to evaluate the morphological changes induced by LLLT on
the initial stages of bone healing and to study the pathways that stimulate the expression
of genes related to bone cell proliferation and differentiation. The main findings showed

that LLLT produced an earlier recruitment of inflammatory cells as well as a higher
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amount of granulation tissue and increased the deposition of newly formed bone at the
site of the injury. Also, it was evidenced that LLLT produced a significant increase in
the expression of genes responsible for stimulating osteoblast proliferation and
differentiation.

LLLT has been shown to have various biostimulatory effects, such as increase
cell proliferation and accelerate tissue metabolism [12, 21, 22]. In this context, several
studies demonstrated that LLLT had a positive effect in the process of bone
consolidation in experimental models in rats [6, 23, 24]. These findings are in line with
the results of the current study, which revealed that LLLT was able to modulate the
inflammatory process in the area of the bone defect and to produce an earlier deposition
of granulation tissue and newly formed bone. Moreover, LLLT increased the deposition
of newly formed bone at the site of the injury. Our results suggest that LLLT stimulated
osteoprogenitor cells and their differentiation into matrix-producing osteoblasts, thus
increasing the rate of bone formation and bone ingrowth into the defect area observed in
the LG.

In addition, microarray analysis demonstrated an up-regulation of TGF-f3 at 12
and 36 hours post-surgery in the LG, which may have contributed to stimulate the
proliferation and differentiation of osteoblasts and consequently accelerated the process
of bone healing. Specifically in bone healing, TGF-B is released by platelets in the
initial inflammatory phase of fracture healing and may be involved in the initiation of
callus formation [25]. In view of the aforementioned, it is possible to suggest that the
increased amount of inflammatory infiltrate at 12 and 36 hours could be related to the
up-regulation of TGF- B gene expression at these periods. Furthermore, TGF- f is the
central player in bone homeostasis by inducing recruitment and proliferation of

osteoblasts [25, 26] the up-regulation of this gene may have culminated in the
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recruitment and proliferation of osteoblasts and consequently in the induction of newly
formed bone. Similarly, Pyo et al., [27] demonstrated that LLLT induces gene
expression of TGF-f1, BMP-2 and OC in 1% hypoxic cultured human osteoblasts.

Furthermore, it has been reported that TGF-f could induce BMP expression
[28]. BMPs belong to the TGF- superfamily and play an important role in embryonic
development and bone formation [29]. To date, there are more than 20 known BMP
subgroups of which, BMP- 2, 4, 5, 6, and 7 are thought to have the most important roles
in the skeletal system [30, 31]. Other gene that is essential to induce osteogenesis is the
RUNX-2 [32, 33]. RUNX2 is a member of the RUNX family and it is important for
osteoblastic differentiation and skeletal morphogenesis and acts on regulatory factors
involved in skeletal gene expression [34]. In this way, BMP and Runx2 serve as
upstream and downstream ‘“anchors” in the pathway that drives osteoblast
differentiation [35]. In the present study, an increase in gene expression of BMP and
RUNX-2, 12 and 36 hours and on day 3, 5 and 7 post-surgery was observed. These
results are in agreement with those found by Favaro-Pipi ef al. [13], who demonstrated
that LLLT was able of inducing a higher expression of mRNA of BMP4, phosphatase
alkaline (ALP) and RUNX-2 at the site of the fracture in an experimental model of bone
defect in the tibias of rats.

Furthermore, RUNX-2 stimulates osteoblast proliferation and induce the
synthesis of collagen, OC, and other extracellular matrix proteins [36, 37]. OC is a
marker of bone formation [38] and their expression in osteoblast cultures is used as a
valid marker of osteoblast metabolic activity and mineral deposition [39]. Our
microarray data also showed that LLLT produced an up-regulation of OC on days 3, 5
and 7 post surgery. These results suggest that LLLT stimulates the deposition of newly

formed bone and accelerated tissue repair, as was demonstrated in histopathological
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analysis. Similarly, Fernandes et al., [40] using an experimental model of tibial bone
defect, showed that LLLT produced a significant increase in the expression of OC after
three and five days. In addition, Stein et al. [41] observed an increase in OC mRNA
expression in human osteoblastic cells, 72 h after LLLT application.

Bone development is also dependent on the expression of members of the FGF
family expressed locally during bone formation [42]. There are 22 members of the FGF
family. FGF-2 has been the most studied growth factor in bone, which is synthesized by
osteoblasts/stromal cells and stored in the extracellular matrix [43]. In the present
study, the expression of FGF was increased in all set points evaluated. These results are
in agreement with Saygun et al., [45] who demonstrated that LLLT produced an
increase in the proliferation of osteoblast cells and stimulated the release of bFGF, IGF-
I, and IGFBP3 from these cells. As the rising of FGF stimulated the proliferation of
various cell types including fibroblasts and osteoblasts [46] the up-regulation of this
gene may indicate the presence of more active fibroblasts and osteoblasts, which could
be related to the increase of granulation tissue and newly formed bone observed in the
histological analysis in the LLLT group.

Taken together, the results of the present study suggest that LLLT might be
promising to improve bone consolidation in the initial period of repair by modulating
the expression of genes related to markers of bone formation and osteoblast activity,

which may culminate in the stimulation of bone cells and increased newly formed bone.

5.7 CONCLUSION
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In conclusion, the results found in the present study indicate that LLLT
improved bone healing by producing a significant increase in the expression of
osteogenic genes. Consequently, these data highlight the potential of the use of this
therapy to improve the biological performance of bone regeneration applications.
Further long-term studies should be carried out to provide additional information

concerning the late stages of the interaction between LLLT and bone healing process.
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6. CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

Em sintese, pode-se concluir que a LLLT induziu a resolugdo da
inflamacao através da modulacdo de genes envolvidos neste processo, foi
eficaz na estimulacdo da angiogenese na fase inicial de reparo e ainda,
produziu aumento de genes osteogénicos que podem ter estimulado a
diferenciacao e proliferacdo de osteoblastos, que consequentemente podem
ser relacionados com a deposi¢ao de tecido dsseo neoformado observado na
area da leséao.

A respeito das perspectivas futuras, mais estudos s&o oportunos para
melhor elucidar esta questdo, principalmente envolvendo estudos investigando
defeitos Osseos considerados de tamanho critico e estudos longitudinais do tratamento

Laser para verificar a sua influéncia sobre a expressao génica global.
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