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ESUMO

Efeitos da radiacdo ionizante no tecido 6sseo: influéncia na rede de ostedcitos, padrdo de colageno e
microarquitetura — EDUARDO MOURA MENDES- Dissertagdo de Mestrado — Programa de Pés-Graduagdo em

Odontologia — Faculdade de Odontologia — Universidade Federal de Uberlandia.
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RESUMO

A radiagao ionizante provoca alteragdes no processo de reparo 6ésseo. O objetivo
do presente estudo foi avaliar os efeitos da radiacio ionizante no osso imaturo
de uma area lesionada. Vinte coelhos foram submetidos a cirurgia para a criagéo
de defeitos 6sseos em suas tibias esquerdas. Apos 2 semanas, eles foram
aleatoriamente divididos em dois grupos (n = 10): Nolr (grupo controle); Ir (grupo
irradiado). Os animais do grupo Ir receberam irradiagdo (dose unica de 30 Gy)
nas tibias operadas. Quatro semanas apds o procedimento cirurgico os animais
foram eutanasiados. A microarquitetura tridimensional foi analisada por meio de
microtomografia por raios-X (micro CT). Os resultados mostraram que a
espessura trabecular do Ir foi menor que do Nolr (p = 0,028), mas nenhuma
diferenca foi encontrada para a fracao de volume 6sseo. A rede de ostedcitos, a
quantificacdo da area 6ssea e o padrdao de colageno foram analisados
histomorfometricamente. A analise da rede de ostedcitos mostrou que as
lacunas preenchidas por ostedcitos foram mais numerosas (p <0,0001) no Nolr
(2,61 £ 0,64) do que no Ir (1,97 £ 0,53) e que as lacunas vazias estavam mais
presentes (p <0,003) no grupo Ir (0,14 £ 0,10) em comparagao com Nolr (0,09 +
0,10). O tamanho médio das lacunas de ostedcitos revelou valores maiores (p
<0,01) em Ir (15,41 + 4,41) do que no grupo Nolr (12,72 + 3,73). A analise da
quantificacdo da area 6ssea ndo mostrou diferenga estatisticamente significante
entre os grupos. A analise de Picrosirius Red revelou maior quantidade (p <0,05)
de colageno maduro no grupo Nolr (28,96 + 5,31) do que no grupo Ir (23,42 +
4,47). A quantificacdo de colageno imaturo nao revelou diferenca estatistica
entre os grupos. Os resultados evidenciam um atraso no processo de reparo do

osso irradiado, 14 dias apos a radioterapia.

Palavras chave: Radiacao ionizante, Reparo 6sseo, Ostedcito, Microtomografia

por raios-X, Colageno
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BSTRACT

Efeitos da radiacdo ionizante no tecido 6sseo: influéncia na rede de ostedcitos, padrdo de colageno e
microarquitetura — EDUARDO MOURA MENDES- Dissertagdo de Mestrado — Programa de Pds-Graduagdo em

Odontologia — Faculdade de Odontologia — Universidade Federal de Uberlandia.
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ABSTRACT

lonizing radiation causes changes in bone repair process. The aim of the present
study was to evaluate the effects of ionizing radiation on immature bone of an
injured area. Twenty rabbits underwent surgery for the creation of bone defects
in their left tibias. After 2 weeks, they were randomly divided in two groups (n =
10): Nolr (control group); Ir (irradiated group). Ir animals were irradiated (single
dose 30 Gy) in the operated tibias. Four weeks after the surgical procedure the
animals were euthanized. Three-dimensional microarchitecture was analyzed by
X-ray microtomography (micro CT). Results showed that the trabecular thickness
of the Ir was smaller than Nolr (p = 0.028), but no difference was found for bone
volume fraction. Osteocyte network, bone area quantification and collagen
pattern were histomorphometrically analyzed. Analysis of osteocyte network
showed that lacunae filled by osteocytes were more numerous (p <0.0001) in
Nolr (2.61 £ 0.64) than Ir (1.97 £ 0.53) and empty lacunae were more present (p
<0.003) in Ir group (0.14 £ 0.10) compared to Nolr (0.09 £ 0.10). Mean size of
osteocyte lacunae revealed higher values (P <0.01) for Ir (15.41 £ 4.41) than Nolr
group (12.72 = 3.73). Analysis of the bone area quantification showed no
statistically significant difference between groups. Analysis of Picrosirius Red
revealed a higher amount (p <0.05) of mature collagen in Nolr group (28.96 +
5.31) than Ir group (23.42 £ 4.47). Quantification of immature collagen showed
no statistical difference between the groups. Results evidenced a delay in repair

process of irradiated bone, 14 days after radiotherapy.

Key words: lonizing radiation, Bone repair, Osteocyte, X-ray microtomography,

Collagen
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NTRODUCAO E REFERENCIAL
TEORICO

Efeitos da radiagdo ionizante no tecido 6sseo: influéncia na rede de ostedcitos, padrdo de colageno e
microarquitetura — EDUARDO MOURA MENDES- Dissertagdo de Mestrado — Programa de Pés-Graduagdo em

Odontologia — Faculdade de Odontologia — Universidade Federal de Uberlandia.
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1. INTRODUGAO E REFERENCIAL TEORICO

O tecido 6sseo € um tecido conjuntivo, mineralizado que passa por
constante remodelagdo (Yi et al., 2016), cuja organizagdo estrutural é
responsavel pelo suporte, propriedades mecanicas, homeostase mineral e
equilibrio acido-base (Mackiewicz et al., 2011). A matriz 6ssea € composta de
células e material extrcelular calcificado. A parte inorgénica da matriz € composta
por cristais de hidroxiapatita hidratados. A parte organica da matriz é constituida
por colageno tipo |, proteoglicanos e glicoproteinas (Barth et al., 2011; Reznikov
et al., 2014; Yi et al., 2016).

Osteoblastos sdo células do tecido Osseo, derivados das células
mesenquimais osteoprogenitoras, que sintetizam a por¢do organica e
mineralizam a matriz (Clarke, 2008). Durante a formacao 6ssea os osteoblastos
podem sofrer apoptose, tornar-se células de revestimento ésseo ou ficarem
aprisionados na matriz mineralizada, tornando-se ostedcitos (Bonewald, 2011).
As células de revestimento 6sseo (osteoblastos quiescentes) comunicam-se
com a rede de ostedcitos e retornam suas atividades como osteoblastos apos
estimulos hormonais e mecanicos (Clarke, 2008). Os ostedcitos e seus
prolongamentos celulares formam uma rede de canaliculos com numerosas
projecdes citoplasmaticas que participam da dindmica do tecido 6sseo,
mantendo uma linha de vida metabdlica (Bonewald, 2011; Mackiewicz et al.,
2011).

Osteoclastos sao células de origem hematopoiética, formados pela
fusdo de precursores sanguineos mononucleados, sendo responsaveis pela
reabsorgdo tanto da por¢do organica quanto inorganica da matriz (Katagiri &
Takahashi, 2002). Os osteoclastos juntamente com os osteoblastos modelam e
remodelam o osso durante o desenvolvimento, mantém e reparam o esqueleto.
Os ostedcitos, por sua vez, podem remover ions da matriz para homeostase do
calcio (Katagiri & Takahashi, 2002; Bonewald, 2011).

A matriz organica do osso € composta principalmente por colageno
tipo | que passa por um processo de reticulagdo que promove a estabilidade de

sua tripla hélice e facilita a precipitacdo de cristais de hidroxiapatita (Du et al.,
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2018). Essa associagao de colageno e hidroxiapatita confere ao osso melhores
propriedades biomecanicas (Tzaphlidou, 2005; Du et al., 2018).

O tecido 6sseo € dinamico e sofre remodelagao e reparo ao longo da
vida. A remodelacdo Ossea ocorre frente a diferentes estimulos metabdlicos
(citocinas e hormoénios) em quatro fases distintas: quiescéncia / ativagao,
marcada pela formacédo de osteoclastos; reabsor¢céo osteoclastica; reversao,
marcada pela ocupacdo das lacunas de Howship pelos osteoblastos (Clarke,
2008; Brandi, 2009; Katsimbri, 2017). A remodelagao ocorre pelo sistema RANK-
OPG-RANKL (Katagiri, 2002). O receptor ativador do fator nuclear kappa B
(RANK) é um receptor presente na superficie de células pré-osteoclasticas e o
ligante do recetor ativador do fator nuclear kappa B (RANKL) é uma proteina
expressa pelas células de revestimento e osteoblastos (Clarke, 2008). Quando
ha ligacao RANK-RANKL ocorre ativagao do processo de reabsor¢cao éssea
(Katsimbri, 2017). A osteoprotegerina (OPG) é uma proteina secretada por
osteoblastos que tem agéo oposta ao RANKL, ou seja, inibe a reabsorgao éssea
para que se dé inicio ao processo de formacao 6ssea (Mackiewicz et al., 2011).

Evidéncias cientificas demonstram que os ostedécitos sao os principais
determinantes da estrutura e fungao 6ssea, pois influenciam a funcdo dos
osteoblastos e osteoclastos (Bonewald, 2011; Dallas et al., 2013; Bellido, 2014).
Os ostedcitos produzem proteinas WNT1 que sinalizam a formagao dssea, além
de esclerostina, proteina que possui acao oposta, inibindo a formacao dssea
(Rauch, 2017). A principal fonte de RANKL na remodelagdo éssea sao os
ostedcitos, os quais podem sofrer acdo hormonal e apoptose, processo
diretamente relacionado a reabsorgdo 6ssea (Nakashima et al., 2011; Bellido,
2014). Os ostedcitos regulam o processo de formagdo Ossea através do
mecanismo SOST / esclerostina enquanto regulam o processo de remodelacao
através do sistema RANK-OPG-RANKL (Shah et al., 2018).

Os ostedcitos orquestram o processo de remodelagao 6ssea, guiados
por estimulos biolégicos e mecanicos através de sua rede lacunar-canalicular,
transmitindo sinais aos ostedcitos vizinhos e as células da superficie 0ssea
(Heinonen et al., 2018). Os canaliculos dessa rede sdo ocupados por

prolongamentos celulares dos ostedcitos e por fluido extracelular, responsavel
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pelo transporte de residuos celulares, nutrientes e moléculas de sinalizagao
(Dallas et al., 2013). Os ostedcitos participam da homeostase do calcio por meio
da dissolugdo do mineral de seus canaliculos e mantém o equilibrio de
remodelagdo 0ssea, permitindo o reparo dos microdanos da fadiga (Varga et al.,
2015; Nango et al., 2016).

O trauma ao tecido 6sseo desencadeia eventos que objetivam sua
regeneracgao (Borrelli et al., 2012). O reparo ésseo pode ocorrer diretamente por
meio de ossificacdo intramembranosa, indiretamente por ossificagao
endocondral ou uma combinagdo de ambas, como em situagcdes de fraturas ou
distracbes osteogénicas (Borrelli et al., 2012; Hvid et al., 2016). O processo de
reparo é coordenado por citocinas e fatores de crescimento, cujo resultado final
€ a producdo de uma matriz de colageno, cuja mineralizagdo restaura as
propriedades mecanicas normais do osso (Dimitriou et al., 2005; Rosset et al.,
2014). A lesao provoca sangramento imediato na regido danificada e um coagulo
logo se forma dando inicio ao processo de reparo. Os tecidos moles da regido
mostram as alteragbes habituais da inflamagdo aguda com vasodilatagdo e
exsudacgao de plasma e leucécitos (McKibbin, 1978). E durante esta fase que os
macrofagos e as plaquetas infiltram o local e liberam fatores de crescimento
(Borrelli et al., 2012) e citocinas inflamatérias, principalmente interleucinas IL-1
e IL-6 (Giannoudis et al., 2007), levando ao recrutamento, proliferagdo e
diferenciacado celular (Rosset et al.,, 2014). As células mesenquimais e 0s
fibroblastos proliferam e estdo associados a expressao de fatores de
crescimento de fibroblastos (Borrelli et al., 2012; Hvid et al., 2016). O coagulo
torna-se povoado por osteoblastos, condroblastos diferenciados a partir de
células mesenquimais e fibroblastos. Gradativamente, o coagulo é substituido
por tecido 6sseo imaturo por meio de ossificagdo intramembranosa ou
endocondral (Dimitriou et al., 2005; Borrelli et al., 2012). Por fim, o tecido 6sseo
recém-formado é remodelado pela atividade de osteoblastos e osteoclastos em
osso lamelar maduro (Ai-Aql et al., 2008).

O reparo 6sseo intramembranoso foi bem documentado em estudos
histolégicos que utilizaram tibias de coelhos (Agren & Arwill, 1968). A formagéo

do coagulo sanguineo da inicio ao processo de reparagado 6ssea. Uma semana
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apo6s a injuria, o tecido de granulagéo preenche completamente o defeito, o
periosteo torna-se espessado e € possivel observar a presenga de matriz
ostedide. Em duas semanas, numerosas trabéculas de osso imaturo se formam
e substituem a maior parte do tecido de granulagdo. Assim, o defeito é
preenchido por trabéculas 6sseas e espacos fibrovasculares. Na quarta semana,
a resposta inflamatéria diminui e o defeito esta totalmente preenchido com novo
0sso imaturo que contém numerosos osteocitos grandes e distribuidos
irregularmente. A borda cortical adjacente ao defeito sofre reabsorcé&o formando
cavidades haversianas que aumentam gradualmente até que a cavidade se
conecta diretamente com o espaco fibrovascular do defeito. O vaso sanguineo
do canal haversiano une-se por anastomoses aos vasos do defeito. Nova matriz
Ossea passa a ser depositada ao redor desses vasos formando um novo sistema
haversiano composto parcialmente de osso cortical preexistente e parcialmente
do novo osso do defeito. Apds dois meses 0 0sso imaturo incorpora-se ao 0Sso
cortical. Os espacos fibrovasculares sao reduzidos em tamanho e aparecem
como grandes canais haversianos. O processo de reparo esta praticamente
completado apds quatro meses, com presenca de osso lamelar (Agren & Arwill,
1968; Najjar & Kahn, 1971).

O tecido 6sseo no processo de ossificacdo, seja para reparo ou para
formacgao 6ssea, organiza-se em 0sso compacto ou esponjoso, estabelecendo
uma microarquitetura caracteristica. No o0sso compacto as lamelas sao
justapostas, enquanto o osso esponjoso apresenta trabéculas Osseas que
delimitam pequenos espacos macroscopicos (Rho et al., 1998) A formacao do
0sso compacto ou esponjoso esta intimamente relacionada as necessidades
funcionais dos ossos (Fonseca et al., 2014).

A microarquitetura 6ssea refere-se tanto ao volume 6sseo como a sua
organizacao e distribuicdo espacial, representando uma resposta adaptativa as
variagbes mecanicas (Fonseca et al., 2014). Atualmente, a microarquitetura
Ossea trabecular é reconhecida como um importante componente da qualidade
O0ssea, podendo refletir sua fragilidade (Carbonare et al., 2005). Os fatores
ligados a qualidade éssea incluem microarquitetura 6ssea (Donnelly, 2011), taxa

de remodelagao, grau de mineralizagado e sua heterogeneidade, tamanho dos
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cristais de hidroxiapatita (Chappard et al., 2008), composi¢ao do colageno e das
proteinas nao-colagenas, viabilidade dos ostedcitos e resisténcia micro ou
nanomecanica (Fonseca et al., 2014). A qualidade 6ssea é um descritor global
da massa Ossea, geometria 0ssea e propriedades do material tecidual que,
juntas, contribuem para a resisténcia 6ssea total (Guda et al., 2014).

O estabelecimento da qualidade éssea que determina o desempenho
dos ossos pode ser alterado por fatores ambientais e fisioldgicos, principalmente
em areas em reparagao (Borrelli et al., 2012). A radiagdo ionizante utilizada em
diagndsticos e tratamentos € um dos elementos que influenciam no processo de
reparo 0sseo (Rocha et al., 2017; Lima et al., 2017). As alteracdes a nivel celular
e vascular provocadas por altas doses de radiagao no tecido 6sseo resultam na
neoformacéo de um tecido desorganizado (Batista et al., 2014) e rico em tecido
fibrético (Barth et al., 2011; Lucatto et al., 2011; Bartlow et al., 2018). Apos a
exposig¢ao a radiagao ionizante, ocorrem alteracdes vasculares que se iniciam
com o aumento da permeabilidade das células endoteliais, resultando em
disfungao endotelial (Baselet et al., 2018). A medula hematopoiética irradiada é
substituida por uma medula gordurosa e ha diminuigdo do numero de células-
tronco mesenquimais (Pacheco & Stock, 2013; Lambert et al., 2016). Os efeitos
celulares da radiacdo sao morte celular imediata ou retardada, lesao celular com
recuperacao, parada da divisdo celular e reparo anormal com neoplasia
(Williams & Davies, 2006). As alteragdes na atividade celular prejudicam o
processo de remodelagao e diminuem as propriedades mecanicas do 0sso,
deixando-o susceptivel a fratura (Pacheco & Stock, 2013; Lambert et al., 2016).

Os efeitos da radiagcao no reparo incluem diminuicdo da atividade
osteoblastica (Zhang et al., 2017) e morte de ostedcitos (Dudziak et al., 2000). A
presenca de lacunas vazias e diminuicdo de ostedcitos afetam negativamente a
mecanotransducao, a mecanosensibilizacao (Ma et al., 2008), retardam o reparo
e aumentam a formagao de osso imaturo (Inyang et al., 2010; Zheutlin et al.,
2015). Os danos aos osteoblastos causam diminuigdo da produgdo de matriz
Ossea e reabsorgao sem oposigao pelos osteoclastos (Williams & Davies, 2006;
Donneys et al., 2014). Logo apos a irradiagdo, ha um aumento precoce de

osteoclastos que reabsorvem o osso trabecular neoformado (Zhang et al., 2017).
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Porém, a longo prazo, ha uma deplegao dessas células que prejudica o turnover
0sseo homeostatico e permite a continuagao da deposi¢cdo de matriz de baixa
qualidade (Oest et al.,, 2016). Hd& um aumento de matriz imatura, n&o
mineralizada que indica retardo do reparo, devido a fungdo prejudicada dos
osteoblastos (Inyang et al., 2010; Zheutlin et al., 2015).

A radiagao provoca alteragdes na microarquitetura éssea (Rabelo et
al., 2010) que incluem perda de osso trabecular (Oh & Huh, 2014),
espessamento do osso cortical, aumento da densidade mineral (Oest et al.,
2016). Na nanoestrutura, a radiagado provoca alteragdes fisico-quimicas na
matriz que contribuem para a fragilidade 6ssea (Soares et al., 2018) e prejudicam
a formagao de osso maduro, pois afetam a maturagdo do colageno e os cristais
de hidroxiapatita (Zheutlin et al., 2015; Oest et al., 2016). A radiagdo ionizante
rompe a estrutura molecular do colageno, induz alteragdes na composi¢cao
quimica e no alinhamento molecular das fibrilas e minerais (Oest & Damron,
2014; Oest et al.,, 2016). Além disso, induz ao aumento da reticulagdo do
colageno, provocando o enrijecimento da matriz e prejudicando sua
remodelagao (Limirio et al., 2019). Os efeitos deletérios da radiacdo na estrutura
hierarquica do osso maduro prejudicam seu reparo e sua remodelagao (Pacheco
& Stock, 2013).

Recentemente ha um foco renovado para garantir a recuperagéo da
qualidade do osso utilizando metodologias capazes de avaliar a qualidade éssea
(Carbonare et al., 2005), mudangas no processo de reparo (lrie et al., 2018) e
alteragdes estruturais (Chappard et al., 2008). A associagdo de metodologias
como ensaios mecanicos (Donnelly, 2011), microtomografia computadorizada e
histomorfometria contribuem para o avango do conhecimento nesta area
(Carbonare et al., 2005). A microtomografia computadorizada (micro CT),
padrao-ouro para a determinacdo da microarquitetura e morfologia 6sseas 3D,
foi desenvolvida para realizar imagens in vitro de pequenas amostras 6sseas
com resolucdo isotrépica na faixa de 10 a 100 um (Irie et al.,, 2018). Esta
resolucao permite analise tridimensional altamente precisa do volume &sseo, da
rede trabecular (numero trabecular, espessura trabecular, separagéao trabecular,

padrdao trabecular) e das superficies corticais endosteal e periosteal
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(Kalpakcioglu et al., 2008; Guda et al.,, 2014). A micro CT nao fornece
informacgdes sobre as atividades celulares, mas oferece a vantagem de nao ser
destrutiva para amostras Osseas, que podem, portanto, ser processadas
posteriormente por métodos histolégicos convencionais (Chappard et al., 2008).

A histomorfometria é a avaliagdo quantitativa de amostras biolégicas
e baseia-se no processamento post-mortem ex vivo (Guda et al.,, 2014),
permitindo uma analise abrangente do desenvolvimento e remodelagdo 6ssea
através de indices estaticos e dindmicos, bem como uma avaliacdo das

caracteristicas microarquitetonicas do osso (Yeh, 2018).
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2. Objetivos

Objetivo Geral

Avaliar os efeitos da radiagao ionizante no osso imaturo no local do processo de

reparo.
Objetivos especificos

1. Analisar a microarquitetura 6ssea por micro CT por meio de parametros
morfolégicos de densidade mineral, porcentagem de volume o6sseo (BV/TV),
densidade de superficie 6ssea (BS/TV), espessura trabecular (Tb.Th), niumero

de trabéculas (Tb.n) e separagao trabecular (Tb.Sp).

2. Analisar histomorfometricamente a quantidade de matriz 6ssea, o numero de

ostedcitos, o tamanho e numero de lacunas vazias.

3. Analisar a maturidade do colageno da matriz 6ssea.
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Effects of ionizing radiation on woven bone: influence on osteocyte

network, collagen pattern and microarchitecture

Abstract

Objectives: Evaluate the effects of ionizing radiation on microarchitecture,
osteocyte network and collagen maturity in the area under bone repair.
Materials and Methods: Bone defects were created in the left tibia of 20 New
Zealand rabbit. After 2 weeks, they were aleatory divided into (n = 10): Nolr (no
irradiated group) and Ir (irradiated group). In Ir group, animals received single-
dose irradiation of 30 Gy on tibia and euthanized after 2 weeks. Bone
microarchitecture, osteocyte network, bone area, and collagen pattern were
analyzed.

Results: Trabecular thickness in Ir was lower than in Nolr (p=0.028). No
difference was found for bone volume fraction and bone area. Regarding
osteocyte network, lacuna filled with osteocytes were more numerous
(p<0.0001) in Nolr (2.61£0.64) than Ir (1.97+0.53). Empty lacunae were more
present (p<0.003)in Ir (0.14+£0.10) compared to Nolr (0.09£0.10). The mean
osteocyte lacunae size revealed higher values (p<0.01) in Ir (15.41+4.41) than
non-irradiated animals (12.72+3.73). Picrosirius Red analysis showed higher
amount (p<0.05) of mature collagen in Nolr (28.96+5.31) than in Ir (23.42+4.47).
Immature collagen quantification revealed no statistical difference between the
groups.

Conclusions: A delay in bone repair was shown, revealed by thinner trabeculae
arrangement, less osteocytes and more empty lacunae in irradiated woven bone.
Smaller osteocyte lacunae size and greater amount of mature collagen in non-
irradiated group also support this fact.

Clinical Relevance: After surgical resections, patients with neoplastic lesion might
undergo radiotherapy. By understanding the irradiated bone repair process, novel

therapies can be developed.

Keywords lonizing radiation; bone repair; osteocyte; x-ray microtomografy;

collagen
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Introduction

In 2018, there were an estimated 18.1 million new cases of cancer worldwide [1].
Most cancer patients undergo radiation therapy. While tumor radiation improves
patient survival, it causes effects on normal tissues [2]. lonizing radiation (IR) in
the bone cause changes in its volume, composition and microarchitecture [3].
Radiation damages both organic and mineral components of the matrix,
worsening bone quality [4]. Biological effects of radiation on bone are dose- and
time-dependent, with narrowing of blood vessels resulting in an affected tissue
cellularity. Apoptosis of bone cells, mostly osteoblasts and osteocytes, results in
reduced bone density, explained in parts by an impairing of the natural bone
morphology and its inner properties [5-7].

Regarding bone cells affect by radiation, the osteocytes are the ones located
within the mineralized matrix, and are essential for the maintenance of
homeostasis and bone integrity [8]. These cells form a functional network, which
is essential to mineralization process, likewise as having a fundamental role in
mechanotransduction [9,10]. Experimental evidence demonstrates the
importance of osteocyte network in the formation and activity of osteoblasts, and
in the direct and indirect regulation of osteoclast differentiation and function [8].
In addition, the osteocyte regulates both remodeling and bone repair [11]. The
aforementioned cells indeed regulate bone metabolism, and the effect of IR on
them was already reported to cause their apoptosis and an increase in the
percentage of empty lacunae, resulting in delayed repair and increase in
formation of immature bone [12,13].

The remodeling process in bone submitted to IR becomes disordered due to

changes in the microstructure of the Haversian system [14]. As well, it is known
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that radiation causes fibrosis and reduces the proliferation and differentiation of
bone cells, so affecting bone formation, leaving to a delay in the repair process
[15,16]. Mature bone changes its microarchitecture, also presenting less matrix
and specific cell alterations, both in osteoblastic and osteoclastic lines. These
deleterious effects also play a role on bone repair and remodeling. Surprisingly,
little is known about the effects of radiation in woven bone. Therefore, the
question is whether the immature woven bone would be affected in the same
pattern as the mature bone. In this way, the aim of the present study was to
evaluate the effects of IR on the newly formed bone microarchitecture, osteocyte

network and collagen maturity at the site of the bone repair process.

Materials and Methods

Study design

This study followed the normative guidelines of the National Council for Animal
Control and Experimentation (CONCEA), constituent of the Ministry of Science,
Technology and Innovation (MCTI; Law 11.794, 08/19/2008), Brazil. The animal
experimental protocol was approved by the Bioethics Committee for Animal
Experimentation (CEUA #093/12) at the Federal University of Uberlandia. Twenty
New Zealand white rabbit (average of 3.0 to 3.5 kg), were kept in cages with a
12-hour light-dark cycle, and controlled temperature conditions (average 22 +
2°C). Diet consisted of standard laboratory pellets and water ad libitum. The
animal caretakers were blind to the experimental groups. Bone defects were
created on both tibias and after 2 weeks they were aleatory divided into two
groups (n = 10): Nolr (control group, with animals kept free of irradiation) and Ir

(irradiated group, with animals receiving external irradiation on both tibias).

Surgical procedure

Animals were fasted twelve hours before surgery and were anaesthetized using
intramuscular injection with a combination of 0.25 mg of ketamine/kg
(KetaminaAgener®; AgenerUnido Ltda., Sdo Paulo, SP, Brazil) and 0.5 mg of
xylazine’kg (Rompum® Bayer S.A. S&o Paulo, SP, Brazil). The anesthetic
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infiltration was made by using 2% lidocaine and 1:100,000 epinephrine
(Alphacaine® 0.5 - 1 ml/site, DFL, Rio de Janeiro, RJ, Brazil), to reduce
stimulation during surgery and generate vasoconstriction. Incisions of 3 cm in
length were performed in the both tibias. Soft tissue and periosteum were
removed, and a sharp subperiosteal dissection exposed the proximal region of
the tibia. A standardized 2.3 mm bone defect was created using a round drill,
under constant irrigation with 0.9% sodium saline solution. The drilling depth was
limited to cortical bone rupture. To prevent infection and pain, daily intramuscular
injections of Cefazolin (Yuhan Company; 250mg) were given for 1week and a
dose of an anti-inflammatory Meloxicam® 0.3 mg/kg (Ourofino, Sao Paulo, SP,

Brazil) were administrated.

Radiation protocol

During radiation, the animals (Ir) were maintained under sedation by an
intramuscular injection with a combination of 1.3 ml of ketamine (100mg/ml) and
xilazyne chlorate (7mg/kg per body weight). The metaphysis region of the hind
leg was designated as the zone for irradiation. Both tibias were subjected to a
radiation using a single dose of 30 Gy, performed in the afternoon at the same
day. A 5-mm bolus device was applied to optimal dose of radiation. This total
dose of 30Gy, classified as a mild procedure, is considered suitable for producing
compromised surgical bed, simulating the clinical situation in rabbits similarly that
damage observed in humans with radiation superior at 60Gy [17]. A single dose
of irradiation was delivered with a source—skin distance of 60 cm and the field of
size was 15 x 15 with direct electron beam of 6 MeV electrons (Varian 600-C®
Varian Medical Systems Inc, Palo Alto, California, USA). The dose rate was
400cgy/min. After radiation, the skin, hair, weight, and appetite of the rabbits were

closely monitored by the responsible veterinarian.

Animals sacrificing and sample preparations
After 4 weeks of the surgery, animals were anesthetized with thiopental 2.5% and
euthanized under anesthesia overdose with an intravenous injection of potassium

chloride 19% (Ariston Chemical and Pharmaceutical Industry Ltda. S&o Paulo,

31



SP). The overlying soft tissues were removed and the tibias were stored in plastic
tubes containing phosphate buffered saline solution and immediately fixed in 4%
paraformaldehyde solution in phosphate buffered for 48h. Samples were first
scanned using micro-computerized tomography. Subsequent to micro-CT
analysis, samples were decalcified in 10% EDTA, dehydrated with graded
ethanol and embedded in paraffin. Longitudinal histological sections of 5um were
obtained and stained with Hematoxylin and Eosin for qualitative and osteocyte
network analysis, Mallory Trichrome for histomorphometric analysis and

Picrosirius Red for quantitative analysis of collagen.

Micro-CT analysis

Samples were scanned using micro-computerized tomography (Skyscan-1272
X-ray microtomography; Bruker, Kontich, Belgium) with a nominal isotropic voxel
size of 9um (X-ray source 90 kVp, 279 pA). The 3D reconstruction was made
using the software nRecon (version 1.6.10.1, SkyScan, Bruker, Belgium),
calibrated by a smoothing of 1 and a ring artifact correction of 2. Reconstructed
images were analyzed in CTAn software (version 1.14.4.1, SkyScan, Bruker,
Belgium), using a standard threshold (upper 255 and lower 65). A region of
interest was created including only the area of the newly formed bone, from the
top to the bottom of the whole lesion. The following parameters were analyzed:
bone mineral density (BMD), percent bone volume (BV/TV), bone surface density
(BS/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular
separation (Tb.Sp), according to standard procedures [18,19].

Histomorphometric analysis

Osteocyte network in bone repair

Analysis of osteocyte network was performed on two randomly chosen areas
within the new formed bone at the lesion site. All analyses were performed
manually using ImagedJ software (Imaged 1.51k, Wayne Rasband, National
Institute of Health, USA). The osteocyte lacunar distribution was evaluated on
two H&E stained sections per sample through the following parameters: number

of lacunae with osteocytes (Ot.N) and the number of empty lacunae (Ot.e.N).
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These parameters were evaluated considering the bone area (B.Ar), calculated
in each image (mm2, original magnification of 20X). In addition, lacunar size was
measured in the osteocytes from two random images with original magnification
of 40X, in the newly formed bone area. The mean lacunae size was determined

in 20 cells per sample (um2).

Bone area quantification

In Mallory Trichrome stained sections, histologic images of the lesion were
captured using a digital scan coupled with a microscopic camera (ScanScopeAT,
Leica Biosystems Imaging, USA), with objective lens of 20x. Soft tissue areas
were erased using Photoshop CS6 (Adobe Systems, San Jose, CA) and
converted to binary images with ImagedJ Imaged 1.51k, Wayne Rasband, National

Institute of Health, USA) to calculate the percentage of bone matrix area.

Collagen analysis

Mature and immature collagen were quantified on four chosen areas within the
lesion site. Images were captured by a polarization microscopy (Nikon Eclipse Ti
- S) with a 20x objective lens against a black background. Analysis were
performed using ImagedJ (Imaged 1.51k, Wayne Rasband, National Institute of
Health, USA). To measure greenish/reddish color, segmentation of bone area
(Photoshop CS6, Adobe Systems, San Jose, CA). splitimaging in channels (red-

green-blue) and image binarization were performed [20].

Statistical analysis

Statistical analyses were performed using Sigma Plot version 13.1 (Systat
Software Inc., San Jose, CA, USA) and GraphPad Prism version 6.00 (GraphPad
Software, San Diego California, the USA). The results obtained were subjected
to D’Agostino-Pearson normality. Two-tailed, unpaired Student’s t-test was
applied for analyzing the difference between the groups. Differences were

considered statistically significant at an a value less than 0. 05.

Results
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Micro-CT analysis - morphological parameters

The mean and standard deviation values of the analyzed parameters are listed
in Table 1. The values of bone surface density (p = 0.590) and trabecular number
(p = 0.643) were the same for the two groups. The Ir showed values insignificantly
lower than the control for the parameters of bone mineral density (p = 0.353),
percent bone volume (p = 0.227) and trabecular separation (p = 0.651). The

trabecular thickness of the Ir was significantly lower than in the Nolr (p = 0.028).

Histological findings and osteocyte network

Histological sections analysis revealed a newly formed bone within the lesion,
resembling a trabecular bone arrangement. Comparison of the bone area (B.Ar)
between Nolr (Fig. 1A) and Ir (Fig. 1B) showed no statistical difference (p = 0.12)
(Fig. 1C). Woven bone was covered by a line of osteoblasts in almost half of the
bone surface, both in Ir and Nolr. In a qualitative evaluation, osteoclasts seemed
to be less abundant in Nolr (Fig.2A) than Ir (Fig.2C). Basophilic tidemarks were
present in both groups, and sometimes permeated by a distinct pattern of stain
(Fig.2B and 2D). Regarding osteocyte network, lacunae was assessed, counted
and measured at the whole bone area within images. Lacuna filled with
osteocytes were more numerous in Nolr (2.61£0.64) than Ir (1.97£0.53) (p <
0.0001, Fig.2E). Empty lacunae were more present in Ir (0.14+0.10) compared
to Nolr (0.091£0.10) (p < 0.003, Fig.2F). The mean osteocyte lacunae size
revealed higher values in Ir (15.41+4.41) than non-irradiated animals
(12.721£3.73) (p = 0.01, Fig.2B, 2D and 2G).

PicroSirius Red staining under polarized light microscope exhibits birefringence
from yellow to reddish color, represented by the presence of thicker fibers (mainly
composed of mature collagen). Greenish color is displayed when thin fibrils
formed by immature collagen are predominant [21,22].

The present analysis (Fig.3) showed a higher (p=0.04) amount of mature collagen
(reddish birefringence) in Nolr (Fig 3A) than Ir (Fig. 3B), with statistical values of
28.96 £ 5,31 in Nolr and 23.42 + 4.47 in Ir (Fig. 3C). Immature collagen (greenish
birefringence) quantification revealed no statistical difference (p=0.17) between
Nolr (32.60 £ 6.07) and Ir (36.09 £ 2.83, Fig. 3D).
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Discussion

A single dose of IR on woven bone during the repair process was found to be
enough to produce effects on bone structure, collagen and in the osteocytes. We
found that 30Gy of IR leads to an arrest of the bone repair process, characterized
by morphological changes in the trabecular arrangement of the newly formed
bone, together with alterations in the osteocyte network and collagen patterns.
In our research, we took advantage of an experimental rabbit tibiae model, as it
is wide enough recommended for a bone repair assessment, once it presents the
possibility to create an ideal critical-size defect, which would not heal completely.
This model would allow to deliver IR when the bone repair process is still
occurring, since our focus was the assessment of the immature bone. Further on,
the rabbit is an animal model commonly used to evaluate the effects of IR on
bone tissue [14, 23, 24]. Although, due to the inherent difficulty of the study with
animals, the exposure to only one dose of IR (not fractionated) was the most
viable option.

Woven bone is a primary bone formed during the repair process due to rapid
deposition of osteoid matrix, which will be replaced by lamellar bone in the future
[25]. Regarding bone resistance, reduced mechanical competence of woven
bone has been related not just to collagen orientation, but also to the orientation
and shape of the mineral particles [26]. With this in mind, it was expected to found
more pronounced deleterious effects after radiation exposure in immature bone
when compared to mature lamellar bone. In our findings, it was impressive to
found that irradiation on woven bone hold some similarities with mature bone,
reported in our previous studies [14, 27].

Microarchitecture analysis using a high-resolution imaging method revealed
thinner trabeculae (Tb.Th) on Ir compared to the Nolr. Even with similar bone
volume and trabecular number, it was interesting to found that after radiation, the
trabecular arrangement of the bone in repair process was defined by having
elongated trabeculae. In contrast with our study, Green and Rubin [28], pointed
to a decline in trabecular bone volume in irradiated mice (5Gy), however the same

phenomenon of decreasing in trabecular thickness was found similar to our
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results. Considering our findings, we can presume that thinner trabecular
arrangement in a lesion area after radiation might be comparable to the findings
of a mature trabecular bone that became more fragile, also after radiation. As
suggested by Green and Rubin [28], fragility after radiation could be linked to
suppression of bone formation, elevation of resorption and alterations in non-
cellular organic and inorganic bone components.

After radiotherapy, a disrupted balance between osteoclast and osteoblast
activity occurs. Oest et al [29], reported the biphasic changes in osteoclast
behavior in mices related to radiation. First, an early (1- 2 weeks) increase in local
osteoclast number was observed followed by osteoclast depletion. In vitro study
[30] showed lower radiosensibility of osteoblast than osteoclast. Therefore, our
findings infer that the effects on osteoblasts and osteoclasts in our model could
not be sufficient to interrupt bone matrix formation, that was maintained during
early periods after irradiation, such as 2 weeks in our study. Nevertheless, it was
found a delayed bone repair process, suggested by the presence of early
phenotypic osteocytes (higher lacunae sizes recently included within the matrix)
and less predominant collagen | percentage in Ir. One could suppose that the
lack of significance in our results related to bone volume and density may be
explained not just by the early period of analysis, but also by the cellular behavior
concerning osteoblasts and osteoclasts. After longer periods, a reduction of bone
formation is certainly likely, as bone marrow population is suppressed and
mesenchymal stem cells are also affected [28, 31].

Interestingly, besides osteoclasts and osteoblasts and their role on bone repair,
our focus on was on the most bone abundant cells, such as osteocytes, which
regulates bone metabolism [8,11]. It was observed a decrease in the number of
osteocytes and increased empty lacunae within the analyzed woven bone. As in
our results to immature bone, several studies [32-34] reported an increase of
empty lacunae after high doses (> 30 Gy) of irradiation at the mature cortical
bone. Osteocyte is the conductor of bone mineral metabolism. This primary cell
forming the intercellular network likely orchestrate the biomechanical response of
bone mass and architecture by modulating osteoblast and osteoclast activity [8].

Empty lacunae and osteocyte decrease could negatively affect the
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mechanotransduction system and mechanosensation resulting in impaired bone
repair (35-38). Also important, osteocytes have been shown to have an endocrine
function, and that is capable to induce new bone formation at sites of fracture
damage by recruiting mesenchymal stem cells [11]. In addition, we have found
that empty lacunae were more present in Ir. This scenario may be supported by
reduced vascularization after radiation [39], leading to a limited supply of oxygen
and nutrients to the network of osteocytes, resulting in apoptosis. Furthermore,
the importance of vascularization for the survival of osteocytes has been
demonstrated in a study in which angiogenesis promotes the survival of
osteocytes after irradiation [40].

The formation of the osteocyte begins with the incorporation of the osteoblast to
the osteoid matrix displaying a polygonal morphology, then its differentiation into
the pre-osteocyte. After matrix mineralization, this cell alters its phenotype and
becomes an osteocyte with dendritic morphology. Mature osteocytes reside in
the lacunae connected by a network of cytoplasmic processes [41]. So, regarding
osteocyte phenotype, it could be suggested that this have an intimate relation to
the size of their lacunae. Ir revealed larger osteocytes within larger lacunae. This
reveals that the osteocytes in Ir are probably osteoblasts that have recently been
incorporated into the matrix. Taken together, the information on the osteocytes
with structural findings suggests a delay in repair when comparing to non-
irradiated bone.

Another fundamental aspect of our findings that support the “delay theory” on
bone repair after radiation were the greater amount of mature collagen in non-
irradiated group when compared to irradiated bone. At the same time, there was
a predominance of immature collagen in both groups revealed by quantitative
collagen analysis. Immature collagen is homotrimeric fibril-forming collagen. Its
expression is increased in repair process of various connective tissues, such as
bone, tendon, ligament and skin [42, 43]. Bone undergoing healing has been
shown to contain substantial amount of immature collagen which is later replaced
by mature collagen [44,45]. Given this fact, a smaller amount of mature collagen
indicates more immaturity of this woven bone in Ir than Nolr since the radiation

reduces the maturation and crystallinity of the collagen [46].
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By the use of distinct quantitative methodologies applied in this study, it was
possible to assess the quality of the bone repair. Bone matrix deposited with
lower amount of mature collagen together with thinner trabeculae arrangement
at the bone formation site indicates that radiotherapy changes repair properties
at the healing area. In addition, a decrease in the number of osteocytes, with an
increase in empty lacunae and the presence of osteocytes in bigger lacunae
implies in a healing delay profile that characterizes the repair process. The
understanding of the factors that influence and induce on the impairment of bone
repair after radiotherapy is a clear need. The discovery of the effects on cellular
component, matrix, composition and microarchitecture may improve our ability to

conduct new researches aiming to recover bone quality under this condition.

Conclusion

This study demonstrated a delay in the repair process of woven bone at a healing
site two weeks after therapy, revealed by a more trabecular arrangement, with
fewer osteocytes and more empty gaps. In addition, the smaller size of the
osteocyte gaps along with greater amount of mature collagen in the non-

irradiated group also corroborates this fact.
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Table 1. Mean and standard deviation values of bone mineral density, percent bone
volume BV/TV in %, bone surface density BS/TV in 1/um, trabecular thickness Tb.Th in
um, trabecular number Tb.N in 1/um, and trabecular separation Tb.Sp in um measured

by microCT analysis for non-irradiated and irradiated groups.

Groups Noir Ir

Bone mineral density 0.20 + 0.034 0.19 £ 0.034
Percent bone volume, BV/TV (%) 44,10 £ 13.244~ 37.63 £ 9.57A
Bone surface density, BS/TV (1/um) 0.01 £ 0.003A 0.01 £ 0.0024
Trabecular thickness, Tb.Th (um) 165.73 £ 43.74A 129.53 + 25.598
Trabecular number, Tb.N (1/um) 0.003 £ 0.0014 0.003 £ 0.0014
Trabecular separation, Tb.Sp (um) 406.86 + 153.69 367.30 + 114.994

Letters represent significant difference within each morphological parameter, defined by
Tukey test (P < 0.05).
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Fig. 1 Photomicrograph of the bone area formation (rectangle; Mallory Trichrome
stained; original magnification 20x); A, bone area formation of the Nolr group; B,
bone area formation of the Ir group; C, bone area (B.Ar) values for Nolr and Ir
groups; Statistical analysis of B.Ar showed no statistical difference between

groups (p = 0.12)
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Fig. 2 Photomicrograph of the osteocyte network (Hematoxylin and Eosin
stained); A, parameter analysis of the (Ot.N) and (Ot.e.N) with original
magnification of 20x in Nolr group; B, measurement of lacunae size of osteocytes
with original magnification of 40x in Nolr group; C, parameter analysis of the Ot.N
and Ot.e.N with original magnification of 20x in Ir group; D, measurement of
lacunae size of osteocytes with original magnification of 40x in Ir group; E,
statistical analysis showed higher Ot.N in Nolr (p < 0.05); F, statistical analysis
showed higher Ot.e.N in Ir (p < 0.05); G, mean osteocyte lacunae size showed

higher values in Ir (p < 0.05). *represent significant difference
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Fig. 3 Photomicrograph of the collagen quantification (PicroSirius Red stained,
original magnification 20x); A, amount of type | (reddish birefringence) and type
[l collagen (greenish birefringence) in Nolr group; B, amount of type | (reddish
birefringence) and type Il collagen (greenish birefringence) in Ir group; C, mean
values and standard deviation of the amount of type | collagen (reddish
birefringence) in both Ir and Nolr groups; D, mean values and standard deviation
of the amount of type Il collagen (greenish birefringence) in both Ir and Nolr

group. *represent significant difference
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4. Conclusao

Os resultados evidenciam atraso no processo de reparo do osso irradiado, 14
dias apos a radioterapia, com morte de ostedcitos e maior numero de lacunas

vazias, arranjo trabecular mais estreito e alongado, além da pouca quantidade

de colageno maduro.
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O cancer é uma doenca que cresce em toda populagdo mundial. Uma pesquisa
do Instituto Nacional do Cancer (Inca) aponta que, para 2019, a estimativa é que
surjam cerca de 600 mil novos casos de cancer no Brasil.

Pacientes acometidos por cancer apresentam marcante redugdo na qualidade
de vida e quando sado submetidos a radioterapia os efeitos colaterais parecem
ser ainda maiores. Esses pacientes muitas vezes passam por cirurgias
mutiladoras em regides que posteriormente necessitam ser reconstruidas.
Porém, o resultado da cirurgia pode nado ser o esperado porque o 0sso irradiado
pode sofrer necrose. Uma eventual solugdo seria a realizacdo da cirurgia
reconstrutiva previamente a radioterapia. Por isso, nosso grupo desenvolveu
esse trabalho preliminar, para conhecer como o 0sso em fase de cicatrizagao se
comporta quando submetido a radiacao ionizante. Nossa pesquisa comprovou
por meio de estudos em coelhos que a radioterapia afeta negativamente o tecido
0sseo levando ao atraso de sua cicatrizagdo. Sendo assim, a descoberta dos
efeitos da radiagdo no osso pode melhorar nosso conhecimento para conduzir
novas pesquisas, que devem ser incentivadas, com o objetivo de prevenir e
recuperar a qualidade do osso irradiado e, consequentemente, melhorar a

qualidade de vida do paciente.
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