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RESUMO

As estatinas sdo medicamentos comumente prescritos para a prevencao da hiper-
lipidemia. Além da reducéo do colesterol, tais medicamentos parecem estimular a
osteogénese e suprimir a reabsorcdo éssea, o que poderia afetar a movimentacao
dentaria induzida (MDI) e a recidiva ortoddntica. Assim, o objetivo deste estudo foi
determinar se a atorvastatina (ATV) pode afetar a MDI, a recidiva e a
osteoclastogénese, por meio da modulagdo da expressdo das moléculas: - ligante
do receptor ativador de NFkB (RANKL) e osteoprotegerina (OPG). Ainda foram
analisados os potenciais efeitos adversos da ATV sobre a ossificacdo endocondral
e sobre o turnover de ossos longos. No primeiro experimento, 36 ratos foram
sujeitos a MDI durante 21 dias, quando o aparelho foi removido. Aos animais,
foram administrados, diariamente, ATV ou solugdo salina (SAL), via gavagem.
Apos 7, 14 e 21 dias de administracdo de ATV / SAL, a recidiva dentaria foi
mensurada, e foram obtidos os cortes histolégicos da maxila e fémur, os quais
foram submetidos as seguintes coloracbes: - H&E — para andlise
histomorfométrica; - fosfatase acida tartrato resistente (TRAP) — para contagem de
osteoclastos e; - imunohistoquimica para RANKL e OPG. A atorvastatina resultou
numa inibicdo da recidiva ortodéntica (p < 0,05), e numa transiente reducdo do
namero de osteoclastos (p < 0,05); havendo uma correlacdo positiva e significativa
(p < 0,01) entre o estes dois fatores (nUmero de osteoclastos e a taxa de recidiva).
A administracdo de estatinas também aumentou significativamente a expresséao de
OPG (p < 0,01), mas ndo a de RANKL. Além disso, ap0s 21 dias de administracédo
de ATV, a espessura da cartilagem da placa de crescimento e da zona hipertréfica
condrocitica foi significativamente aumentada. J& no segundo experimento, 24
ratos comecaram a receber diariamente ATV ou solugdo salina (SAL), via
gavagem. Duas semanas mais tarde, a MDI foi iniciada. O deslocamento do dente
foi medido apds 7, 14 e 21 dias, enquanto que os cortes histoldégicos da maxila e
do fémur foram obtidos apos 14 e 21 dias de MDI; sendo entdo submetidos as
coloracbes de H&E e TRAP, para avaliacdo histomorfométrica e contagem de
osteoclastos. A administracdo de atorvastatina gerou um menor movimento

dentério (p <0,05) e uma reducdo transitéria do niumero de osteoclastos (p <0,05).



No grupo SAL, apés 14 dias de MDI, ocorreu um aumento no nuamero de
osteoclastos, assim reduzindo a taxa de volume 6sseo, quando comparado com as
maxilas controle (sem movimento dentario), deste mesmo grupo. Contudo, tal
comportamento ndo foi observado no grupo ATV. Interessantemente, depois de 35
dias, a atorvastatina ndo afetou a remodelacdo 6ssea nas maxilas controle, nem a
ossificagcado endocondral em fémures. Logo, guardando as devidas limitagbes deste
estudo pré-clinico, nossos resultados sugerem que a administracdo sistémica de
atorvastatina € capaz de minimizar a MDI e recidiva ortodontica. No entanto, os
seus efeitos celulares sobre a ossificacdo endocondral e remodelacdo Ossea
durante a MDI e recidiva, parecem ser limitados a um curto periodo de tempo, o
que aparentemente necessita de investigacbes futuras. Finalmente, nossos
resultados lancam luz sobre a superexpressdo OPG induzida por estatinas, o que
representa um alvo molecular para modular o metabolismo do 6sseo e, assim

minimizar a recidiva ortododntica.

Palavras-chave: Movimento dentario; osteoprotegerina; ligante do receptor

ativador do fator nuclear kappa B; atorvastatina.



ABSTRACT

Statins are drugs commonly prescribed for prevention of hyper-lipidemia. In addition
to the cholesterol-lowering, these medicines seem to enhance osteogenesis and
suppress bone resorption, which could affect orthodontic tooth movement (OTM)
and relapse. Therefore, the aim of this study was to determine whether atorvastatin
(ATV) might affect the orthodontic relapse or tooth movement and
osteoclastogenesis, through the modulation of the following molecules: receptor
activator of nuclear k B ligand (RANKL) and; - osteoprotegerin (OPG). Furthermore,
we analyzed potential adverse effects of ATV on long bone turnover and
endochondral ossification. In the first experiment, 36 rats were subjected to OTM for
21 days, when the appliance was removed. After, the animals were administered
daily with ATV (15mg/Kg) or saline (SAL), via gavage (n=18, per group). Up to 7, 14
and 21 days of ATV/SAL administration the tooth relapse was measured while
maxillary and femur histologic sections were obtained and prepared to: - H&E
staining — used in histomorphometric analysis, tartrate resistant acid phosphatase
histochemical staining (TRAP) — used to osteoclasts counting and,
immunohistochemistry to RANKL and OPG. Atorvastatin resulted in a decreased
tooth relapse (p<0.05), and a transient reduction of osteoclasts number (p<0.05).
There was a positive and significant correlation (p<0.01) between these two
parameters (osteoclasts number and relapse rate). The statin administration
increased significantly the OPG (p<0.01), but not the RANKL expression.
Furthermore, after 21 days of ATV administration, the thickness of growth plate
cartilage and chondrocytic hypertrophic zone was enhanced. In the second
experiment, 24 rats started to be administered daily with ATV or SAL, via gavage.
Two weeks later, the OTM started. The tooth displacement was measured after 7,
14, and 21 days, while the maxillary and femur histologic sections were obtained
only after 14 and 21 days of OTM. At these times, the sections were prepared to
H&E and TRAP, intending to perform the histomorphometric analysis and
osteoclasts count. Atorvastatin administration promoted a decreased tooth
movement (p<0.05), and a transient reduction of osteoclasts number (p<0.05). In

the SAL group, after 14 days of OTM, the increased number of osteoclasts was



associated to a reduced bone volume rate, when compared to its control maxillae.
However, this trend was not obvious in ATV group. Interestingly, after 35 days,
statins did not affect the bone turnover and endochondral ossification. The big
picture of our study suggests that systemic administration of statins is able to
minimize OTM and relapse. However, its cellular effects on endochondral
ossification and bone turnover during OTM or relapse seem to be limited to a short
period, apparently requiring further investigations. Finally, our results shed light on
OPG overexpression induced by statins, which represents a molecular target

modulating maxillary bone metabolism thus inhibiting orthodontic relapse.

Keywords: Tooth movement; osteoprotegerin; receptor activator of nuclear factor-

kappa B ligand; atorvastatin.
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1. INTRODUCAO E REVISTA DA LITERATURA

A Ortodontia contemporanea tem se caracterizado por um notavel
avanco nas areas de materiais dentarios e técnicas utilizadas. Por outro lado,
pouco se sabe sobre os fatores moleculares e celulares que regem o
movimento dentario induzido (MDI) e, nesta area, grande parte das afirmacdes
ainda sdo empiricas. Tal cenario parece evidenciar um gap entre a clinica e a
biologia da movimentacdo dentaria, o que tem fomentado a realizacdo de

pesquisas em areas basicas da saude voltadas para este tema.

Clinicamente, o movimento dentario induzido por forcas mecénicas
(MDI) é caracterizado por trés fases: 1) A fase inicial, na qual se observa uma
rapida movimentacdo dentéaria; 2) Um periodo de platd, onde pouco movimento
ou nenhum movimento dentario ocorre e; 3) A fase final, na qual ocorre um
movimento dentario gradual ou, um repentino movimento dentario de maior
magnitude.® J4 quanto aos aspectos bioldgicos dos tecidos periodontais
durante o MDI, estes sdo caracterizados por uma resposta inflamatoria aguda
asséptica nos estagios iniciais e, por uma inflamacdo cronica asséptica
transiente nos estagios tardios. Quimiocinas, citocinas véarias e fatores de
crescimento, em especial, sdo as principais moléculas que orquestram tais
reacoes inflamatdrias, culminando com a reabsor¢cdo Ossea osteoclastica e
neoformacdo 6ssea osteoblastica.? O estado atual do conhecimento cientifico
permite-nos vislumbrar uma plausivel modulacdo farmacolégica do turnover
0sseo periodontal, entdo estimulando ou inibindo a movimentacao ortoddntica,

o0 que tem sido demonstrado em diversos estudos pré-clinicos.> %78

Neste contexto, as estatinas sdo uma classe de drogas usadas para
reduzir os niveis séricos de colesterol, por meio da inibicdo da HMG-CoA
redutase, uma enzima crucial na via do mevalonato, ou seja, na via de

|9; 10

biossintese do colestero (Figura 1). Em adicdo a reducdo do colesterol,

estudos apontam para o fato dessas drogas também atuarem sobre o turnover

éSSGOS; 11; 12; 13; 14; 15; 16; 17; 18

, sugerindo um anabolismo ésseo promovido pelas
estatinas, o que parece ser regulado por uma promoc¢ao da osteogénese e,
supressdo da osteoclastogénese.’® Mundy et al.?° ao realizarem um estudo

pré-clinico in vitro e in vivo, foram o0s primeiros autores a relatar os efeitos das
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estatinas sobre o tecido O0sseo, observando que tais drogas sdo habeis na
inducdo da funcdo osteoblastica, o que foi relacionado com uma maior
expressdo da proteina BMP-2. J4 a inibicdo da osteoclastogénese mediada
pelas estatinas parece envolver trés diferentes mecanismos: - inibicdo da via
NFkB, inibicdo da via do mevalonato e acdo anti-inflamatoéria. Outros estudos
também confirmaram a relacdo direta entre administracdo de estatinas,
reducdo do numero de osteoclastos, estimulacdo da diferenciacdo
osteoblastica e osteogénese aumentada.' 1% 13 17 18:20 Empora os efeitos das
estatinas sobre o tecido 6sseo sejam amplamente demonstrados em estudos

3; 11; 12; 13; 14; 15; 16; 17; 18

laboratoriais , seus efeitos clinicos ainda nédo sao

convincentes?!, sendo esta uma area de controversa discuss3o.

B
Mevalonate pathway.
Several potential sites of Statins inhibit Mevalonate
inhibition by BPs HMG-CoA I .
' Y 1€ here FPP Bisphosphonate
i l_
MEVALONATE synthase : d
| v rugs
phosphomevalonate Farnesyl
| diphosphate
mevalonate diphosphate LIVER (FP P) AN P* Cholesterol
IPP isomerase l
dimethylallyl diphosphate ’-)(*‘Isopentenyl diphosphate
\ - y Geranylgeranyl vy PP
| €= N-BPsinhibit here diphosphate (GGPP)
)(FPP synthase (main site of action of N-8Ps) Jv
squalene synthase ; Sma” GTPHSE A A
CHOLESTEROL™" )( squalene *—farnesyl diphosphate
BONE
X GPP synthase . l . .
| Rab GGTase Cell polarisation, actin reorganisation,
germylgescany diphosph X Rabproteins  membrane ruffling

Figura 1 - (a) As estatinas atuam sobre a HMG CoA redutase, inibindo a via do mevalonato e consequentemente a

sintese de colesterol. (b) Observa-se que tal via (mevalonato) é de suma importancia na sintese de GTPases de baixo
peso molecular, as quais estdo associadas a polarizagdo, reorganizagdo da actina e formagéo do bordo em escova dos
osteoclastos. BPs — Bifosfanatos.(Buhaescu %, Crockett®)

De acordo com Mercado®, um total de 36,7% dos adultos norte
americanos ou, 78,1 milhdes de pessoas com idade =21 anos, estdo em
tratamento ou sdo elegiveis para o0 tratamento com estatinas. Assim,
considerando que as estatinas sdo farmacos comumente prescritos para a

10 seus efeitos

prevencdo de hiperlipidemias e doencas cardiovasculares®
sobre o MDI parecem ser um tema relevante na pratica ortodontica. Estudos

recentes demonstraram que a administragdo sistémica destas drogas, em
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ratos, irA gerar uma significativa reducdo do movimento dentario e recidiva
ortoddntica. Han et al.® ressaltaram a capacidade das estatinas em minimizar o
deslocamento dentario, durante o periodo de recidiva, sugerindo uma acao da
droga sobre a neoformacéo 0ssea, assim acelerando a estabilidade do dente e
auxiliando durante a fase de contencéo. No mesmo sentido, MirHashemi et al.*®
concluiram que a adiministracdo diaria de atorvastatina inibiu 0 movimento
dentario induzido em ratos Wistar. Dessa forma, guardando as devidas
limitacbes da translacdo de dados obtidos em estudos laboratoriais para a
pratica clinica, sugere-se que a administracdo de estatinas possa inibir o
movimento dentario em individuos submetidos ao tratamento ortodéntico, o que
ocorreria pela modulacdo medicamentosa do tecido ésseo periodontal.
Contudo, os aspectos celulares e moleculares envolvidos a estes significativos
efeitos clinicos ainda n&o foram desvendados, necessitando de maiores

investigacoes.

Embora estudos clinicos tenham demonstrado que as estatinas sdo bem

25 26 21 says efeitos adversos sobre o tecido

toleradas por adultos e criangas
0sseo ndo foram amplamente analisados, sendo necessarios apropriados
acompanhamentos a longo prazo.?” ?® De acordo com Macpherson®, o
tratamento de criancas e adolescentes com estatinas, ao longo de 2 anos, nao
teve impacto sobre sua altura, peso, massa corporal e maturagcdo sexual. Por
outro lado, investigacdes pré-clinicas, em animais, in vivo e in vitro, sugerem
que essas drogas estimulam a proliferacdo de condrécitos e o crescimento

longitudinal de ossos longos.?® *°

, 0 que poderia contraindicar o seu uso clinico
em populacdes pediatricas. Embora as estatinas tenham aprovacéo da Federal
Drug Association (FDA) para serem usadas em crianga (= 10 anos)®, essas
discrepancias entre os resultados obtidos em ensaios clinicos e estudos in vitro

e in ViVOZS; 26; 27; 28; 29; 30

parecem ser uma incognita. Maiores investigacdes com
o intuito de desvendar os efeitos adversos das estatinas sobre o turnover ésseo
e sobre a ossificacdo endocondral parecem necessarias. Somente assim, seu

uso tornar-se-a4 uma alternativa plausivel na pratica ortodéntica.

Os avancgos da biologia celular e molecular tragam novas perspectivas
para o0 controle da movimentacdo dentaria induzida com auxilio de

medicamentos. A possibilidade de acelerar o turnover 6sseo com consequente
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reducdo do tempo de tratamento ortodontico, o provavel tratamento
medicamentoso da recidiva ortoddntica e, até mesmo, o movimento dentario
dificultado em individuos que consumam determinado tipo de droga, fazem
deste um topico de especial interesse na literatura ortodontica. Assim, para que
haja um melhor entendimento dos efeitos das drogas, em especial das
estatinas, sobre a movimentacdo ortodontica, faz-se necessario compreender
alguns conceitos referentes a biologia do tecido 6sseo, a biologia do
movimento dentario induzido e a modulacdo medicamentosa do turnover

0sseo, conforme descrito a seguir.
1.1. Biologia do Tecido Osseo

O tecido Osseo € considerado um tipo especializado de tecido
conjuntivo, formado por células e matriz extracelular (MEC) calcificada — a
matriz 6ssea. A MEC deste tecido é composta por uma porcao inorganica, a
qual representa 50% do peso total de sua matriz, sendo os ions fosfato e o
calcio, os mais encontrados nessa. Também sdo observados ions bicarbonato,
magneésio, potassio, sédio e citrato. O calcio e o fésforo formam cristais com a
estrutura de hidroxiapatita, com a seguinte composicéo: Cajo(PO4)s(OH),. Os
ions da superficie destes cristais sao hidratados (capa de hidratacédo), o que

facilita a troca iénica entre os cristais e o liquido intersticial.®* 3

Em relacdo a parte organica da matriz, esta é formada principalmente
por fibras colagenas constituidas de colageno do tipo | e pequena quantidade
de glicosaminoglicanas, proteoglicanas e glicoproteinas especificas
(osteonectina, osteocalcina, osteopontina, fosfoproteinas, sialoproteinas).®® 3
Acredita-se que estas tenham alguma atuacao sobre a mineralizacdo da matriz,
uma vez que outros tecidos ricos em colageno tipo |, que ndo contém tais
glicoproteinas, normalmente ndo se calcificam. A associagdo das fibras

colagenas com a hidroxiapatita confere ao osso dureza e resisténcia.®* 33

Dentre os elementos celulares que compdem o tecido 6sseo, citam-se:
0S osteoblastos - secretores de matriz 6ssea organica, 0os osteocitos - que se
situam em lacunas no interior da matriz, as células de revestimento 6sseo - que

sdo osteoblastos em repouso e, 0s osteoclastos - células gigantes méveis e
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multinucleadas que reabsorvem o tecido 0sseo, participando dos processos de

remodelacdo 6ssea.’* *

Conforme observado na Figura 2, células de revestimento 0sseo,
osteoblastos e ostedcitos sdo derivados de células mesenquimais pluripotentes
e representam varios estagios de um mesmo tipo celular. Segundo Wozney et
al.*® tais células mesenquimais diferenciar-se-d0 em osteoblastos quando
expostas a BMP, contudo o conhecimento sobre o processo de diferenciagcéo
osteoblastica ainda & muito limitado.

Osteoblast lineage

Commitment Proliferation Matrix maturation Mineralisation
Runx2 Rumx2 Fral
f-catenin Osterix ATF4
Alkaline phosphatase Osteocalcin Sclerostin
Stromal Bone sialoprotein Osteopontin DMP1

mesenchymal Type 1 collagen o
Stemcell  [gyp | stemcell BMP ) Osteoblast steocyte
TGFp Whnts Osteoprogenitor
= _,@_.@_.@_. —
PGE2 Dead

\ Pre-osteoblast
l

Bone lining cells

PPARy

Myoblasts Fibroblasts
Chondroblasts Adipocytes

Figura 2 — As diferentes etapas da diferenciacéo osteoblastica: do comprometimento celular a mineralizagdo. Observe
que osteoblastos, 6stedcitos e células de revestimento 6sseo compartiham a mesma via de diferenciagdo, que ocorre

a partir da célula mesenquimatica pluripotente do estroma. (Crockett®")

Quando maturas, os osteoblastos sao as células que sintetizam a parte
organica da matriz éssea (colageno tipo |, proteoglicanas, glicoproteinas e
glicosaminoglicanas) e, além disso, sdo capazes de concentrar fosfato de
calcio, participando da mineralizacdo da matriz. Quanto a sua localizacéo,
situam-se na superficie 6ssea, num arranjo que lembra o epitélio simples e,
guando em intensa atividade sintética, sdo cubdides com citoplasma muito
basofilico. Por outro lado, quando estdo em estado pouco ativo, tornam-se
achatados e a basofilia citoplasmatica diminui. Além disso, 0os osteoblastos em
fase de sintese mostram caracteristicas ultra-estruturais de células produtoras
de proteinas, sendo que a matriz 0ssea recém formada, adjacente aos

osteoblastos ativos e que ainda nado esta calcificada, denomina-se osteéide.>*
33

A formagdo do osso, processo denominado de osteogénese, envolve a

proliferacéo e migracéo das ceélulas osteoprogenitoras e a diferenciacdo destas
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em osteoblastos. Tais células irdo depositar a Matriz 0ssea inorganica
(ostedide) e, apos, atuardo na mineralizacdo da mesma. Fatores como a
fosfatase alcalina, osteocalcina e outras matrizes de proteinas ndo coladgenas,
estimulam a diferenciacdo em osteoblastos. Este processo € controlado por
uma cascata de eventos combinados a uma programacdo genética com a
regulacao de genes por fatores sistémicos e locais, entre eles os hormonios, os

fatores de crescimento e outras citocinas.** *

Os osteoblastos, nos seus diferentes estagios de diferenciacao,
produzem fosfatase alcalina, colageno tipo |, osteocalcina, osteopontina,
citocinas varias, fatores estimulantes de colonias, colagenase, TIMP (tecido
inibidor de metaloproteinases) e ativador de plasminogénio. Estes fatores
autocrinos e paracrinos, 0s quais incluem os fatores de crescimento, ajudam a

regular o metabolismo celular.®

Uma vez aprisionado na matriz 6ssea sintetizada, o osteoblasto passa a
ser chamado de ostedcito. Os ostedcitos sdo encontrados no interior da matriz
0ssea, em lacunas das quais partem canaliculos (canaliculos calcéfaros), onde
se encontram os prolongamentos destas células. Tais prolongamentos e a
escassa matriz extracelular, que os envolve, constituem uma via de transporte

de nutrientes e metabdlitos entre 0s vasos sanguineos e os ostedcitos.

Embora as caracteristicas estruturais indiqguem baixa atividade sintética,
0s ostedcitos sdo essenciais para a manutencao da matriz 6ssea, sendo sua

morte sucedida por reabsorg&o da matriz.>* *

Além disso, os ostedcitos sintetizam a esclerostina, uma proteina
secretada que inibe formacéo Gssea por ligacdo aos co-receptores LRP5/LRP6,
assim inibindo a ativacdo da via de sinalizacdo Wnt.*® A esclerostina é
negativamente regulada pelo paratorménio (PTH), o que parece explicar em
parte o a funcdo anabdlica do PTH sobre o osso, em parte, através deste

mecanismo.>®

Por fim, estudos pioneiros sobre ostedcitos levantaram a possibilidade
de essas células estarem associadas a regulacdo da homeostase ionica sérica

de fosfato. A superficie dos ostedcitos é, aproximadamente, 100 vezes maior
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do que a superficie Ossea trabecular e tem o potencial para contribuir

significativamente para a homeostase mineral.*

Atualmente, acredita-se que
0s ostedcitos, ao contrario de osteoclastos, ndo reabsorvem quantidades
significativas de osso, mas sim modificam a composi¢cdo da matriz mineral nas

areas perilacunares.**

As células de revestimento 0sseo representam 0s osteoblastos inativos
que recobrem as superficies 0sseas. Possuem poucas organelas de sintese e
secrecdo de proteinas e formam uma camada continua de células
interconectadas, com capacidade de manter a homeostasia do tecido 0sseo.
Sdo estas células que regulam a concentracdo plasmatica de calcio por
mecanismos de estimulo a remodelacdo 6ssea. Além disso, em determinadas
situagdes, estas células poderdo se diferenciar novamente em osteoblastos e

assim contribuirem para a deposicéo da matriz.?> 3% 33

Ja os osteoclastos diferenciam-se a partir de células hematopoiéticas
mononucleares, utilizando uma via de diferenciacdo que também é
compartilhada pelos mondcitos /macrofagos. Logo, como poderia se esperar, 0
fator estimulador de colénia para macréfagos (M-CSF) exerce importante papel
na regulacdo destes estagios compartilhados de diferenciacdo osteoclastica e

de monécitos/macréfagos (Figura 3).%?

Na génese dos osteoclastos, destaca-se o papel de suas células
precursoras provindas da medula Ossea, pertencentes a linha mondcito-
macréfago. Estudos tém apontado para o potencial de diferenciacéo celular em
osteoclastos, a partir de precursores em diferentes estagios de maturidade:
blastos jovens, blastos mieldides ou mondcitos. Além disso, ainda relatam-se
diferencas nos potenciais osteoclastogénicos de células provindas da medula

de ossos longos e de ossos maxilares.** *
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Osteoclast lineage
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Figura 3 — As diferentes etapas da diferenciagdo osteoclastica: da diferenciacéo a ativagao/sobrevivéncia osteoclastica

Uma pré-condicao inicial para esta diferenciacdo é a agdo do estimulador formador de coldnia para macréfagos (M-
CSF) e, a sinalizagéo da via NFkB, pela ligagdo RANK/RANKL, na célula hematopoiética pluripotente (pré-osteoclasto).
Note que o macréfago compartilha dos estagios iniciais desta via de diferenciacéo. (Crockett™’)

Recentemente, a identificacdo do sistema RANK/RANKL/OPG como
mediador final dominante da osteoclastogénese, representou um importante
avanco para a biologia celular. No tecido 6sseo, o ligante do receptor ativador
de NFkB nuclear (RANKL) é sintetizado e secretado pela linhagem de células
osteoblasticas e exerce sua funcao ligando-se ao receptor ativador de NFkB
nuclear (RANK) na linhagem de células osteoclasticas. Esta ligacdo ira
promover a ativacdo da via de NFkB (Figura 3), assim gerando uma rapida
diferenciacdo das células precursoras de osteoclastos em osteoclastos
maturos. J& a osteoprotegerina (OPG) tem uma acdo de competicdo com
RANK para a ligacdo ao RANKL. Sendo assim, os efeitos biolégicos da OPG
sobre as células Osseas incluem a supressdo da ativacdo de osteoclastos,
inibindo sua funcéo reabsortiva e estimulando a apoptose dos mesmos (Figura
3). Logo, pode-se considerar que a remodelagcdo 6ssea € controlada por um

balanco entre a ligagdo RANK-RANKL e a produgdo de OPG 3" 4% 4

RANK, também conhecida como Receptor TRANCE, € uma proteina
transmembrana do tipo I, com 616 aminoacidos, expressa primariamente nas
células da linhagem mondcito-macrofago, incluindo as células pré-

osteoclasticas, células T e B, células dendriticas e fibroblastos.*’

RANKL é pertencente a superfamilia da Fatores de Necrose Tumoral
(membroll), sendo uma proteina com 317 aminoacidos. Quando RANKL é
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expresso por células de linhagem osteoblastica, é aderido a célula e, quando
expresso por linfocitos T, é solavel. (SRANKL).?* *® RANKL exerce sua fungéo
ligando-se ao receptor RANK na linhagem de células osteoclasticas, ligacdo
esta que ira gerar uma rapida diferenciacdo de células precursoras de

osteoclastos em osteoclastos maturos, como ja foi dito.

OPG é um membro da superfamilia dos receptores do Fator de Necrose
Tumoral (TNF) e representa uma proteina matura, com 380 aminoacidos. O
RNA mensageiro da OPG (mMRNA OPG) é expresso em varios tecidos, sendo
esta proteina OPG secretada apenas de forma soluvel, principalmente por
células osteoblasticas e por células de outros tecidos, tais como pulmdes,
coracao, rins, intestino, cérebro, estbmago, figado, medula espinhal, glandula
tiredide e 0ss0.*® A acdo da OPG estad associada ao fato desta proteina
neutralizar a ligacdo RANK/RANKL, atuando como um receptor antagonista da
RANKL. Sendo assim, os efeitos bioldégicos da OPG sobre as células 6sseas
incluem a supresséo da ativacao de osteoclastos, inibindo a fungéo reabsortiva
dos mesmos e estimulando sua apoptose.®’ De acordo com Oshiro et al.*’,
RANKL OPG e BMPs (Proteinas Morfogenéticas Osseas) s&o secretados por
ostedcitos presentes no 0sso alveolar, fibroblastos e osteoblastos presentes no

ligamento periodontal.
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Figura 4 — Sinalizagdo da via NFkB por meio da ligagdo RANKL/RANK. A proteina OPG € um receptor chamariz, que
podera se ligar a RANKL, assim impedindo a interacdo via RANK/RANKL. No microambiente ésseo periodontal, a
proteina RAKL é expressa na membrana de células osteoblasticas, enquanto a OPG é produzida por osteoblastos

fibroblastos do ligamento. (Boyle, Simonet & Lacey*®)
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Hakeda et al.*° detectaram na membrana plasmaética de osteoclastos
maturos isolados de coelho, uma proteina de ligagdo a OPG de 140 kDa. A
ligacdo de OPG a esta proteina presente na membrana de osteoclastos,
reduziu ou rompeu a formacao de anéis de F-actina em osteoclastos isolados.
A F-actina € uma estrutura citoesqueletal que estad correlacionada com a
atividade de reabsorcdo éssea, por ser importante elemento da estrutura
celular osteoclastica. Estes achados demonstram que a OPG pode diretamente
inibir a funcdo osteoclastica, por meio de um mecanismo independente de
RANKL.

Para Crocktett?® °' a diferenciacdo de osteoclastos, inicialmente
depende de sinalizacao através de c-fms, o receptor para o fator estimulador
de coldnias de macrofagos, em células precursoras mononucleares, 0 que ira
regular positivamente a expressdo de RANK. Desta forma, a sinalizacao
através RANK e c-fms, em precursores mononucleares, seria o principal

regulador da diferenciagé@o osteoclastica.

Quando em seu estado ativo, 0s osteoclastos sédo células gigantes,
moveis, ramificadas, com partes dilatadas que contém de seis a 50 ou mais
nacleos. Como os cortes histologicos revelam apenas pequenas por¢cées dos
osteoclastos, a morfologia geral destas células € melhor evidenciada por
microscopia eletrénica. Sob este aspecto, o osteoclasto ativo € uma célula
contendo projecbes citoplasmaticas (borda pregueada) e, circundando esta
regido, no citoplasma, se encontra a zona clara, que é desprovida de organelas
e apresenta um sistema de microfilamentos contendo actina.>® A zona clara é
um local de adesdo do osteoclasto com a matriz 6ssea, propiciando um

microambiente fechado onde ocorre a reabsorcado do tecido 6sseo.?

A superficie ativa dos osteoclastos denomina-se borda pregueada, ou
borda em escova, e apresenta prolongamentos vilosos irregulares na porcao
em contato com o tecido 6sseo que esta sendo reabsorvido. A borda em
escova € uma organela reabsortiva, formada da fusdo de vesiculas
citoplasticas &cidas. Ainda em relacdo a polarizacdo do osteoclasto ativo, em
cada célula, ocorrera a divisdo de dois dominios basolaterais e um terceiro

dominio central e apical, também conhecido como dominio funcional secretor,
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nao havendo evidéncias de barreiras estruturais entre os 3 dominios.
Frequentemente, nas areas de reabsorcdo do tecido 6sseo, encontram-se
porcoes dilatadas dos osteoclastos colocadas em depressdes da matriz
escavadas por atividade osteoclastica, as quais sdo conhecidas como lacunas

de HOWShip.Zs; 32; 33; 35; 53

De acordo com Vaananen et. al.>?

, @ sequéncia de eventos celulares
necessarios para a reabsorgcado 6ssea é chamado “ciclo de reabsor¢ao”, o qual
requer uma série de atividades para a sua ocorréncia, tais como: 1) migracdo
dos osteoclastos ao local de reabsorcdo, ativacdo e adesdo ao 0Sso; 2)
polarizacéo da célula clastica e formacao de novos dominios de membrana; 3)
dissolucéo da hidroxiapatita e degradacédo de matriz organica; 4) remocao de
produtos de degradacao do processo reabsortivo e apoptose dos osteoclastos,

OU O Seu retorno para o estagio inicial (previamente a fase de reabsorcao).

Apo6s a migracdo do osteoclasto a um local de reabsor¢céo, a zona de
selamento (zona clara) forma-se sob o osteoclasto, na sua periferia.>® As
interacBes moleculares entre a membrana plasmatica e a matriz 6ssea na zona
de selamento ainda sdo desconhecidas. As moléculas envolvidas na adesédo do
osteoclasto ao 0sso sao integrinas, expressas na superficie celular e funcionam
como receptores de proteinas da matriz 6ssea (colageno tipo |, osteopontina,

sialoproteinas, trombospondina e fibronectina).?® 3% 2

Assim, no osteoclasto ativo, por acdo de enzimas (V-ATPase), ocorre
bombeamento de prétons (H") para fora da célula, especificamente na regiéo
delimitada pela zona de selamento, reduzindo o pH e facilitando a degradacgéo
da matriz 6ssea.®® ** As enzimas V-ATPases concentram-se em vesiculas
citoplasmaticas no bordo em escova osteoclastico, estando associadas com o

citoesqueleto de actina.>® Holiiday et. al.>®

relatam que a atividade de ligacéo
da V-ATPases aos microfilamentos de actina € imprescindivel para o transporte
destas enzimas ao bordo em escova, sendo este um processo necessario a

reabsorgéo 6ssea.

No processo de degradacdo da matriz 6ssea pelo osteoclasto, a
dissolugdo mineral ocorre devido a reducdo do pH no interior da lacuna

formada, como descrito anteriormente. Depois da solubilizag&do da fase mineral,
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diversas enzimas proteoliticas degradam a matriz organica. Neste processo,
tém sido estudadas com maior frequéncia: Proteinases de Cisteinas
Lisossbmicas (catepsinas) e as Metaloproteinases da Matriz (MMPs —
colagenase e gelatinases). Sugere-se que, o pH de acdo da colagenase varie
de 6 -7.5, fato que determina um papel protagonista das catepsinas, que atuam

em pH entre 4.5 — 5, na degradago da matriz 6ssea organica.>*’

De acordo com Nesbitt & Horton®’ os produtos provenientes da
degradacdo da matriz 6ssea serdo transportados, por transocitose, dos bordos
em escova até o dominio de membrana central secretor, regido na qual
ocorrera a exocitose dos mesmos. Contudo, ndo se sabe ao certo qual o
percentual dos produtos degradados que permanecem extracelulares e qual

percentual transportado via intracelular.

Por fim, todo este processo de reabsor¢cdo osteoclastica é
expressivamente induzido por uma acdo de osteoblastos, a qual esti

associada a mecanismos especificos:*°

a) Toda superficie 6ssea, exceto as areas de reabsorcao, € revestida por
uma matriz ndo calcificada, denominada ostedide. Os osteoclastos sé&o
incapazes de reabsorver o tecido 6sseo se esta camada ostedide estiver
intacta. Assim, quando estimulado pelo hormonio da paratireoide (PTH), por
prostaglandinas (modulador do processo inflamatdrio) ou por citocinas como o
a interleucina 1 (IL-1) e fatores de necrose tumoral (TNF), os osteoblastos tém
sua homeostasia alterada e liberam metaloproteinases, como a colagenase
(MMP-1) e a estromalisina (MMP-3). Estas acabam por promover a degradacao
da ostedide, assim expondo a matriz 6ssea calcificada. Logo, o contato da
matriz mineralizada com os osteoclastos estimulara o inicio da reabsorcao

ossea;

b) Muitos fatores associados a reabsorcdo 6ssea exercem sua funcéo
indiretamente sobre os osteoblastos. Estes fatores induzem os osteoblastos a
liberarem mediadores quimicos solaveis, que ativam a reabsor¢cdo 0ssea por
estimulo da diferenciacdo de células da linhagem precursora de osteoclastos

em osteoclastos maturos, gerando um aumento na populacdo destas células.
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1.2. Biologiado Movimento Dentario Induzido

A teoria “Pressao — Tensao” explica a biologia da movimentacéo
dentéria induzida por considerar que, ao aplicarmos uma forca sobre um
elemento dentéario, ser4 gerada uma zona de pressdo e outra de compressao

no ligamento periodontal®® *°

, como observado na Figura 5. A partir dai, ocorre
um distarbio na homeostasia tecidual, estimulando a remodelacdo do osso
alveolar e do ligamento periodontal, assim movimentando o dente. Salienta-se
que uma pré-condi¢do deste evento € a ocorréncia de um processo inflamatério
nos tecidos periodontais adjacentes ao dente e, neste contexto, alteracfes
vasculares e celulares induzidas por mediadores quimicos, caracteristicos da

inflamacéo, possibilitardo o movimento dentario induzido.
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Figura 5 — Zonas de presséo e tensdo geradas durante o movimento dentario induzido. Flecha indica a direcéo e o
sentido da forca aplicada. Tal estimulo mecanico induzira a diferenciagdo celular em osteoclastos e osteoblastos nas
zonas de pressdo e tensdo, assim promovendo a reabsorcéo e a neoformacgéo déssea, conforme ilustrado. (Kitaura et
aleo)

Considera-se que, ap0s a aplicacdo de uma forca ao dente, este ira se
mover por certa distancia, havendo uma mudanca quase imediata no fluxo de
fluidos do ligamento periodontal, nos lados de pressdo e tensdo, o que
estimularia a transmissao de fluidos entre os ostedcitos. Quanto a isso, duas
alternativas foram propostas: 1) a transmissao de fluidos seria estimulada por
um agente mecénico externo e; 2) durante o movimento dentario induzido
ocorreriam micro lesbes no 0sso, que estimulariam a transmissao de fluidos

intradsseos. Assim, tanto a deformacdo da matriz, como a transmissdo de
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fluidos no ligamento periodontal, causardo uma deformacéo nas células deste
microambiente, induzindo a sinalizacéo de integrinas e de outros caminhos de
transducdo, por meio dos quais mediadores serdo produzidos e ativarédo

diversos tipos celulares.®*

De acordo com Tadei et al.?, quimiocinas, citocinas e fatores de
crescimento, oriundos de um processo inflamatorio asséptico, sdo as principais
moléculas envolvidas no recrutamento, ativacdo, proliferacdo, diferenciacdo e
sobrevivéncia de células désseas,durante a movimentagédo ortodontica. Estas
moléculas estimulam as células do ligamento periodontal a se diferenciarem
em osteoclastos, na zona de pressao, promovendo a reabsorcdo 0ssea e, em
osteoblastos na zona de tensdo, ai promovendo a neoformagédo éssea. As
principais moléculas que parecem estar envolvidas neste processo sdo: - Fator
estimulador de colénia para macrofagos (M-CSF); - RANK, RANKL, OPG; -
Fator de necrose tumoral alfa (TNF ); - Interleucinas 1, 6, 8 e 11; - Quimiocinas
CCL2, CCL3, CCLS5, IL-8 (CXCL8), CXCL12; - Fator de crescimento vascular
endotelial (VEGF); - Fator de crescimento de transformacgédo beta (TGFB); -
Fatores de crescimento insulinico (IGF); - Fator de crescimento fibroblastico 2
(FGF2) e; - Fator de crescimento epidérmico (EGF). Os autores descrevem
que, durante o movimento dentario induzido, o processo inflamatério, € iniciado
guando hipoxia local aumenta a expressao de IL-13, IL-6, IL-8, TNF- a e VEGF
em fibroblastos do ligamento periodontal. O VEGF, fator angiogénico, ira
aumentar o fluxo e a permeabilidade vascular, levando ao extravasamento de
leucdcitos plasmaticos por meio do processo de diapedese. Estes leucdcitos
recrutados interagem direta ou indiretamente com toda a populagdo celular
nativa do periodonto, aumentando a producdo de quimiocinas, citocinas e
fatores de crescimento especificos, todos envolvidos na reabsorcdo éOssea.
Desta forma, uma fase aguda da inflamacéo é substituida por um processo
cronico, permitindo que leucocitos e precursores de osteoclastos continuem

sua migracao para os tecidos periodontais.

Ja Garlet el al.®? atentam para o fato da distinta expressédo de citocinas
nas zonas de pressdo e tensdo geradas durante o movimento dentario em
humanos. Segundo os autores, a expressao de TNFa € significativamente

maior no lado de pressao, o qual é caracterizado pela reabsorcdo 6ssea e uma
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maior expressdo de RANKL. Os autores também observaram um aumento da
expressdo da interleucina 10 (IL10), no lado de tens&o, a qual estava
positivamente correlacionada com a expressdo de osteocalcina, assim
sugerindo que tal citocina desempenha importante papel sobre a neoformacéo
0ssea. Outra citocina observada, nos lado de tenséo, foi o TGF[3, sugerindo-se
que esta deva exercer um efeito anabdlico sobre o periodonto, induzindo a
formacéao de tecido conjuntivo mineralizado e ndo mireral.

Ainda considerando o0s aspectos celulares e moleculares do
microambiente 0sseo durante a MDI, na zona de pressédo, ocorre uma maior
expressdo das proteinas RANKL e menor expressdo de OPG, as quais
parecem estar associadas a regulacéo da diferenciacdo em osteoclastos, como

tem sido demonstrado in vitro®® e in vivo.%

Diversos autores tém observado a expressdo das proteinas RANKL e
OPG nos tecidos periodontais e no fluido crevicular, durante o movimento
dentéario induzido (MDI). Kawasaki et al.®® relataram que a reducdo na
quantidade de movimento dentario observada em decorréncia do aumento da
idade, estava associada a uma reducdo na razdo RANKL/OPG, no fluido
crevicular, durante os estagios iniciais de movimentacdo dentaria. J& Shiotani

et al.%

observaram a presenca de RANKL nos tecidos periodontais durante a
movimentagcado ortodontica, em molares de ratos. Os autores sugeriram que a
expressdo desta molécula seja regulada por citocinas inflamatérias no

periodonto, durante o MDI.

Os esperados efeitos celulares destas alteracdes moleculares do
microambiente 6sseo apontam para uma maior diferenciacdo osteoclastica na
zona de pressdo, durante a movimentacdo ortodéntica. Segundo Ren et al.®®,
ao avaliar o movimento dentario em ratos jovens e adultos, os autores
observaram que houve um aumento significativo de osteoclastos em ambos
grupos de ratos, sendo que o pico de células ocorreu ap6s duas semanas.
Além disso, os autores concluiram que ha uma correlacdo significante e
positiva entre o niumero de células osteoclasticas e a quantidade de movimento

dentario, em ratos jovens.

1.2. Recidiva Ortoddntica
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Sob o prisma clinico, ap6s a movimentacdo dentaria induzida e
consequente corre¢cdo da ma oclusdo, o tratamento ortodontico entra na fase
denominada “contencdo”. Neste momento, ha uma tendéncia dos dentes
retornarem as suas posi¢oes iniciais, sendo tal processo denominado “recidiva
ortodontica”. Por isso, faz-se necessario o uso de aparelhos que inibam tal
ocorréncia indesejada. Diversos estudos relatam as possiveis causas da
recidiva ortodontica sendo a grande maioria destes relatos de caso ou estudos
longitudinais.®” & © 7 Contudo, tais estudos clinicos ndo consideram a
hipétese de haver fatores etioldgicos da recidiva relacionados a biologia do

tecido periodontal.

Neste sentido, recentemente, alguns pesquisadores tém utilizado modelos
animais para um melhor entendimento e tentativa de controle da remodelag&o
O0ssea no periodo posterior a movimentacdo dentaria induzida (recidiva
ortoddntica).® 4 8 " 7273 yoshida et al.” sugeriram que a remodelacdo do 0sso
alveolar é uma das principais causas de recidiva apés o movimento do dente

em ratos.

Ja Franzen et al.”*, relataram que, apés 7 dias, o primeiro molar continuou
a recidiva, embora as fibras transeptais estivessem normalmente estiradas,
assim concluindo que o alongamento destas fibras podem ndo desempenhar
um papel central na etiologia deste processo. Os autores ainda ressaltaram
que a recidiva ortodontica, considerando ratos como modelo animal, ocorre
rapidamente, logo apds a remocéao do dispositivo ortoddntico, e neste periodo a

remodelacéo 0ssea do alvéolo desempenha um papel central.

Autores 3;4,71;,72; 73

tém trabalhado no estabelecimento de protocolos para o
estudo da recidiva ortodéntica em animais. Nestes ensaios laboratoriais
utilizaram-se periodos de 7, 21 e 28 dias para o movimento dentario induzido e,
0, 1,45, 78,10,16 ,21 e 24 dias para o controle da recidiva ortoddntica. Tais
estudos objetivaram minimizar a ocorréncia da recidiva por meio da
administracao de drogas via intraperitoneal ou local (mesial do primeiro molar),
ou simplesmente estudar os aspectos biolégicos periodontais durante a
recidiva ortodontica. Quanto ao movimento dentario induzido, este fora

realizado por meio da aplicacdo de uma for¢ca de magnitude variando de 35 a
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50g, sobre a coroa do primeiro molar maxilar, uni ou bilateralmente. Os estudos
avaliaram a quantidade do movimento dentario por meio de modelos de gesso,
0os quais foram escaneados ou medidos diretamente com paquimetro (em
lupa). Além disso, para o estudo da remodelacdo Ossea, as regides de
interesse selecionadas foram as zonas de pressao e tensédo adjacentes a raiz
mesial do molar em questédo. Outras analises foram incluidas nestes estudos,
tais como: imunohistoquimica para RANK, RANKL e OPG; avaliagdo da

densidade e grau de mineralizacdo 0ssea e niveis séricos de OPG e TRAP5b.

1.3. Estatinas, Modulacdo Medicamentosa do Tecido Osseo e a

Movimentacao Ortoddntica

Os efeitos das drogas classificadas como estatinas tém sido relatados
como influentes sobre os processos de reabsorcéo e neoformacéo 6ssea. ¥ 1%
17:20:74:75: 76 A medicina contemporanea tem usado tais drogas para abaixar os
niveis de colesterol no sangue, também estabilizando a placa ateromatosa e
evitando AVCs.(Acidente Vascular Cerebral). Dentro dessa classe de drogas,
insere-se a Atorvastatina (ATV). Quanto ao seu mecanismo de acdo, esse
medicamento (ATV) é um inibidor da enzima HMG-CoA redutase, uma

precursora dos esterais, inclusive do colesterol (Figura 1).

No que concerne a Odontologia, ensaios clinicos tem relatado uma
associacdo direta entre a administracdo de estatinas (atorvastatina e
sinvastatina) e a inibicdo do processo de reabsorcdo Ossea periodontal.
Segundo Lyndy et al.”* os individuos que realizavam o uso destas drogas
apresentavam 37% menos bolsas periodontais patoldgicas, quando
comparados ao grupo de pessoas que ndo administravam a droga. Os autores

concluiram que as estatinas reduziram os sinais de periodontite.

Neste sentido, considerando a acéo das estatinas sobre o tecido 0sseo,
Goes et al.” realizaram estudo com intuito de avaliar os efeitos da ATV sobre
a perda Ossea alveolar induzida em ratos. Os métodos usados para tal
avaliacdo foram a analise da densidade Ossea radiografica e a analise 0ssea
morfométrica. Os autores concluiram que, baseados no resultado do estudo, a

droga gerou a protecéo do tecido 6sseo alveolar.
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Em relacdo aos efeitos das estatinas sobre a reabsorcédo O0ssea, estes
ainda ndo sado bem compreendidos, contudo, sugerem-se trés plausiveis

hipoteses:

1)  Efeitos antiinflamatérios — Rosendo et. al.”’

salientaram que as
estatinas podem reduzir o risco cardiovascular por outros mecanismos, além
dos efeitos na reducdo do colesterol, tais como: a melhora da disfuncdo
endotelial (aumentando a liberacdo de 6xido nitrico derivado do endotélio),
efeitos antioxidantes diretos (inibindo a oxidacdo da LDL-C e VLDL-C) e
indiretos, acdo anti-inflamatéria (demonstrada pela reducdo da Proteina C
Reativa, reducdo de moléculas de adeséo e, inibicdo da proliferacao de células
do musculo liso na placa aterosclerética) e efeitos imunomodulatérios. Assim
parte do beneficio do tratamento com inibidores da HMG-CoA redutase seria
atribuido a este efeito anti-inflamatorio, observado clinicamente pela diminuicdo

dos marcadores de atividade inflamatoria.

Durante e ap06s o movimento dentario induzido, o microambiente
periodontal é habitado por células inflamatorias agudas e/ou crbénicas. Neste
contexto, espera-se que drogas com ac¢do antiinflamatéria possam afetar, de
certa forma, a expressdo de moléculas envolvidas na remodelacdo dssea
induzida por uma forca ortodontica. Dentre os efeitos anti-inflamatérios das
estatinas, estas parecem atuar especialmente sobre os linfécitos T, os quais
representam 65-75% dos linfocitos do sangue, sendo responsaveis pela
resposta imune do tipo celular (producéo e liberagcdo de citocinas). Autores
sugerem que as estatinas sdo capazes de suprimir a ativacdo das células T’® e

a expressao de RANKL por estas células, assim inibindo a reabsorcéo éssea.’®

2) Inibicdo da ativacdo das GTPases de baixo peso molecular,
cruciais para a sobrevivéncia de osteoclastos (Figura 1). De acordo com Staal
et al.'*, a capacidade destas drogas em inibir a HMG-CoA redutase esta
positivamente correlacionada com a sua capacidade para inibir a reabsorcao

6ssea. Do mesmo modo, Grasser et al.l’

verificaram, in vitro, de que o
tratamento com lovastatina resulta em uma diminuicAo no numero de
osteoclastos, o0 que pode estar relacionado com a privacdo da via do

mevalonato, impedindo, assim, a ativacao de proteinas de ligacdo ao GTP (por
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exemplo, Rho , Rab e Rac), cruciais para a formacdo do bordo em escova e

sobrevivéncia de células osteoclasticas.

Neste sentido, Pan et al.®°

cultivaram células periodontais humanas e as
submeteram a um protocolo de tensionamento in vitro, constatando um
aumento na expressdo das proteinas GTPase Rho, Rock (proteina quinase
associada a Rho) e p-coffilin (cofilina fosforilada), sob tais condicbes de
estresse fisico. Ainda observou-se uma direta relacdo entre a expressédo da
proteina RhoA e a formacdo de anéis de F-actina. Sugeriu-se que
superexpressao de RhoA ira promover a polimerizacdo da actina citoplasmatica
e, conseguentemente, rearranjara o citoesqueleto celular, assim permitindo,

segundo os autores, 0 movimento dentario induzido.

Dessa forma, pode-se esperar que a inibicdo da prenilacdo de GTPases
de baixo peso molecular, induzida pelas estatinas, tenha um efeito direto sobre

a fisiologia do movimento dentario ortoddntico.

3) Inibicdo da via NFkB* % &

, um alvo a distancia da ligagdo RANK /
RANKL, na célula precursora de osteoclastos (Figura 2). De acordo com Han et
al.®> ha uma reducéo significativa da recidiva ortodontica em ratos tratados com
sinvastatina, apos 7 e 28 dias da remocao do aparelho fixo. Os autores
sugeriram que, durante a recidiva, as estatinas atenuam a expressado de
RANKL e aumentam a expressado de OPG, impedindo assim a ligacdo RANK /
RANKL e, consequentemente, inibem a recidiva ortoddntica. Tais achados
parecem confirmar o efeito da droga sobre a reabsor¢cdo OGssea, assim
acelerando a estabilidade do dente durante a fase de contencao. Além disso,
Jin et al.”® confirmaram que a sinvastatina aumenta o volume ésseo em ratos
afetados pela doenca periodontal, que foi associado a uma reduzida expressao

RANKL.

Por fim, vale ressaltar que a plausivel aplicagdo das estatinas como
alternativa terapéutica para a Ortodontia clinica, deve passar por uma criteriosa
avaliacdo de seus efeitos colaterais sobre o tecido 6sseo. Embora estudos
clinicos tenham indicado que as estatinas sdo bem toleradas na populacéo

25; 26; 27

adulta e jovem , 0s dados de longo prazo sobre o impacto da terapia com

estatinas no crescimento e desenvolvimento s&o limitados?’ 22, De acordo com
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Macpherson®, o tratamento de pacientes jovens com estatinas, ao longo de 2
anos, ndo teve impacto sobre a altura, peso, indice de massa corporal e
maturacdo sexual. Por outro lado, Leem et al.*, observaram que a lovastatina
aumenta o crescimento longitudinal do osso e os niveis de BMP-2 na placa de
crescimento de fémures de ratos, o que poderia ter consequéncias negativas

para o tratamento de criancas. JA Yamashita et al.*

, observaram que as
injecoes intraperitoneais diarias  de rosuvastatina ~ aumentaram
significativamente o comprimento antero-posterior de cranios, ulnas, fémures e
tibias de ratos geneticamente modificados, com acondroplasia. Os autores
também observaram, in vitro, que o tratamento com estatinas estimulou a

proliferacdo e a maturacdo de condrécitos.

Em vista do exposto, parece evidente que a biologia celular e molecular
ainda nos permitira testemunhar grandes avanc¢os na clinica odontolégica. Por
isso, propusemo-nos a realizar este trabalho, onde se observou o efeito da
astorvastatina sobre a biologia do tecido 6sseo, analisando seus possiveis
impactos sobre a dindmica ortoddntica.
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2. OBJETIVOS
2.1. Geral:

Investigar, in vivo, uma plausivel acdo da atorvastatina sobre a
ossificacdo endocondral, o turnover ésseo e o deslocamento dentério, durante

a recidiva e a movimentag&o ortodontica.
2.2. Especificos:
Para atingir tal objetivo, iremos:

1) Estudar o efeito da atorvastatina sobre o deslocamento dentario, durante
a recidiva e a movimentacao ortodontica,

2) Avaliar o efeito da atorvastatina sobre o numero de células
osteoclasticas e sobre o volume 6sseo, durante e apdés 0 movimento dentario
induzido;

3) Avaliar o efeito da atorvastatina sobre a expressdo das proteinas
RANKL e OPG, nos tecidos periodontais, durante a recidiva ortodontica;

4) Estudar os efeitos da administracdo de atorvastatina, em curto e longo
prazo, sobre a ossificacdo endocondral, osteoclastogénese e volume 4dsseo de

fémures.
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Pharmacological induction of OPG overexpression reduces orthodontic
relapse

Abstract

Introduction: The statin class of drugs enhances osteogenesis and suppresses
bone resorption, which could represent a plausible biological mechanism for
mitigation of orthodontic relapse. We aimed to determine whether atorvastatin
(ATV) might affect orthodontic relapse and osteoclastogenesis by modulating
expression of RANKL and OPG, crucial molecules involved in bone turnover.
Furthermore, we analyzed the adverse effects of ATV on femur turnover and
endochondral ossification. Methods: Wistar rats were subjected to orthodontic
tooth movement (OTM) for 21 days, followed by removal of the appliance and
start of ATV or saline administration. Up to 7, 14, and 21 days of ATV
administration, tooth relapse was measured and maxillary and femur sections
were obtained and prepared for H&E, TRAP, and immunohistochemical
(RANKL and OPG) staining. Results: ATV decreased tooth relapse (p=0.03)
and osteoclast count (p=0.04), which were positively correlated (p=0.006).
Statin administration increased periodontal expression of OPG (p=0.008), but
not of RANKL protein. ATV administration also enhanced growth plate cartilage
thickness. Conclusions: Statin-induced OPG overexpression reduces relapse
after OTM, in a phenomenon correlated with decreased osteoclast counts. This
phenomenon sheds light on OPG as a molecular target that modulates

maxillary bone metabolism and orthodontic relapse.
Keywords

Tooth movement; osteoprotegerin, osteoclasts; atorvastatin; rats.
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1. Introduction

Despite the clinical relevance of orthodontic relapse, the cellular and
molecular mechanisms involved in this event are not fully understood.* %3
Yoshida et al.? proposed that remodeling of the periodontal ligament (PDL)
fibers and alveolar bone are the main causes of relapse. In addition, Franzen et
al.! found that orthodontic relapse and orthodontic tooth movement (OTM) are
associated with similar cellular adaptations, such as increased osteoclast
differentiation in compression areas. Given this background, one could argue
that endogenous or pharmacological bone modulation to inhibit osteoclast
resorption and promote osteoblast neoformation may have clinically relevant

effects on the regulation of OTM and relapse.® 4% 7:8

Statins are inhibitors of 3-hydroxy-3-methylglutaryl CoA (HMG CoA)
reductase, the rate-limiting enzyme within the mevalonate pathway of
cholesterol biosynthesis.* *° In addition to their cholesterol-lowering properties,
statins have a series of pleiotropic and anti-inflammatory effects.* Studies have
suggested that statins are able to influence bone turnover, enhancing
osteogenesis and suppressing bone resorption.® 1% 13 14:15/16: 17 18:19 Thage
effects involve modulation of the receptor activator of nuclear kappa B (RANK),
receptor activator of nuclear kappa B ligand (RANKL), and osteoprotegerin
(OPG), ultimately promoting suppression of osteoclastogenesis.® > In the
bone system, RANKL is expressed on the osteoblasts and, as it binds to the
RANK receptor expressed on hematopoietic osteoclast precursors, it induces
rapid differentiation of these cells to mature osteoclasts. OPG is a decoy
receptor produced by fibroblasts, osteoblasts, and even osteoclasts. This
molecule will compete with RANK for RANKL binding, thus inhibiting
differentiation of osteoclasts and inducing their apoptosis.

Apparently, the effects of statins on orthodontic relapse have been less
explored. Han et al.® observed that the ability of simvastatin to minimize tooth
displacement was associated with decreased RANKL and increased OPG
expression. The authors suggested an effective drug stimulation of bone
neoformation, thus accelerating tooth stability and assisting the retention phase.

Furthermore, Jin et al.?° found that simvastatin increases bone volume in rats
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affected by periodontal disease, with decreased RANKL expression apparently
involved. Although statins seems to be well tolerated in adult and young
patients®" %> 2% |long-term undesirable effects must be considered in clinical
practice.?* For instance, in vitro and in vivo preclinical studies have suggested
that statins increase chondrocyte proliferation and longitudinal bone growth?> 2°,
which may preclude their use as an orthodontic pharmacological strategy in
children.

In this study, we hypothesized that short-term ATV treatment in rats
might reduce orthodontic relapse and osteoclastogenesis through modulation of
RANKL and OPG expression. We also analyzed the adverse effects of ATV on

long-bone turnover and endochondral ossification.
2. Material and Methods
2.1. Animals

Thirty-six male Wistar rats, age 6 weeks, weighing approximately 330-
340 g, were used in the experiments. The animals were housed four to a cage,
under a 12-h light/dark cycle, at a constant temperature of 23°C, and provided
food and water ad libitum. All animal handling and care procedures were
conducted in keeping with internationally accepted guidelines (Guide for the
Care and Use of Laboratory Animals)?’ and were approved by the |||l

I school of Dentistry Ethics Committee (CEUA

23145).
2.2. Experimental tooth movement

After induction of anesthesia with ketamine (80 mg/kg) and xylazine (5
mg/kg), a superelastic closed nickel-titanium coil spring exerting a force of 50
cN was inserted unilaterally, between the upper right first molar and upper
incisors, as described in the split-mouth design.' 1" 2% 2%:3% Qur protocol was
based on previous demonstrations that 50cN provides substantial tooth
movement.t 3 4 &3% The device was kept in place for 21 days to generate
mesial displacement of the first molar (M1). Whereas the right maxillary molar
was used for experimental tooth movement, the left maxillary molar served as

the internal control (Co), in which there was no orthodontic tooth movement.
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Throughout the study, animals were evaluated weekly for weight gain or loss,
appliance breakage, and signals of gingival or other soft tissue inflammation.
After 20 days of OTM, animals were randomly divided into two groups: control
(SAL, n=18) and experiment (ATV, n=18). ATV, 15mg/Kg, was given daily
(T ). ia gavage, for 7, 14, or 21 days (Figure
1A). Elewa®,suggested that the atorvastatin peak plasma concentration
achieved after administering 15 mg/kg by oral route, in rats, was similar to that
reported after a dose of 80 mg/day atorvastatin is given to humans. Rats in the
control group received 0.1 mL of phosphate-buffered saline (PBS), daily, via
gavage. On day 21, the appliance was removed, marking the start of the
relapse phase (Figure 1A). The experimental time points were set at 7, 14, and

21 days after appliance removal (Re7, Rel4, and Re21, respectively).
2.3. Measurement of tooth movement

Using dental stone (Durone, Dentsply®, PA, USA), precise plaster
models of the maxilla were obtained from impressions made with silicone
material ([ ). | pressions were obtained every 7
days, under anesthesia (Figure 1A), in both groups. The occlusal surfaces were
photographed (DSC#H10, Sony®, Tokyo, Japan) at 300 dpi and magnified (4x)
using Image J® software (version 1.44, National Institute of Health, 2011). A
100-mm ruler was placed next to the casts to calibrate measurements. The
mean distance between the distal surface of M1 and the mesial surface of the
second molar (M2), measured at three distinct points on each photo, was
considered for analyses (Figure 1B). Total tooth movement during the 21 days
of orthodontic treatment was recorded as “D0”. At 7, 14, and 21 days after
appliance removal, the distance between M1 and M2 was measured and
recorded as DFinal. Based on DO and DFinal, the percentage of relapse in each
animal was calculated and the values averaged for each group, as described in

previous studies.®
2.4. Tissue preparation

At each experimental time point, 12 animals (6 per group) were
euthanized with an overdose of ketamine and xylazine. Maxillae and the distal

left fémures were immediately dissected and fixed by submerging for 24 h in
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10% buffered formalin. The specimens were demineralized in 10% EDTA (pH 7)
for 30-60 days. The samples were then dehydrated through an ethanol series,
embedded in paraffin, cut into 5-um longitudinal sections, and prepared for
hematoxylin and eosin (H&E), tartrate-resistant acid phosphatase (TRAP), and

immunohistochemical (RANKL and OPG) staining.
2.5. TRAP staining

Briefly, for TRAP staining, histologic sections were selected and
incubated in acetate buffer (pH 5.0) containing naphthol AS-MX phosphate
(Sigma®, St. Louis, Missouri, USA), Fast Red Violet LB Salt (Sigma®), and 50

mM sodium tartrate. The sections were counterstained with hematoxylin.
2.6 Histomorphometry

Histomorphometric analyses of maxilla specimens were performed
considering the following subgroups: ATV+OTM, experimental hemimaxillae
from ATV animals; - CoATV, control hemimaxillae from ATV animals;
SAL+OTM, experimental hemimaxillae from SAL animals; and CoSAL, control
hemimaxillae from SAL animals. Comparisons across subgroups were
performed at each time point (7, 14, and 21 days) or by analysis of overall
means. For evaluation of femur specimens, the sample was divided into two
groups: ATV (n=18) and SAL (n=18). In this case, all comparisons between

groups were done considering overall mean values.

H&E- and TRAP-stained sections were visualized in a Nikon Eclipse 90i
microscope (Nikon Co., Tokyo, Japan) coupled to a Coolsnap EZ camera
(Photometrics, AZ, USA). Microphotographs were captured using the NIS
Elements Imaging 3.10 Sp2 software (Nikon Co.). All histomorphometric
measurements and terminology were in accordance with the American Society

for Bone and Mineral Research recommendations®.

2.6.1 Maxillary bone turnover — Molar-supporting structures were

evaluated using the NIS Elements Imaging 3.10 Sp2 software. Under high
magnification (x100), the number of osteoclasts was counted. The region of
interest (ROI) consisted of the periodontal tissues at the distal surface of the

mesial root of M1*® (Figure 1C). Cells were considered to be osteoclasts if they
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were TRAP-positive, multinucleated, and located on the bone surface or

residing in Howship’s lacunae®.

The maxillary bone volume ratio (BV/TV), expressed as the ratio of
cancellous bone volume (BV) to total tissue volume (TV), was defined in the
ROI of H&E sections (Figure 1C) using Adobe® Photoshop® CS6 software
(Adobe Systems, San Jose, CA, USA) and ImageJ, following the method
suggested by Egan et al.*® The total osteoclast count and bone volume were
calculated for each animal and averaged for each group.

2.6.2 Femur bone turnover — The number of osteoclasts was counted in

10 randomly selected fields of view within the metaphyseal regions of the femur
specimens®, using the same software described above. The BV/TV ratio of five
rectangular areas of subchondral bone tissue was calculated according to the

1
|19

protocol outlined by Ho et al.”” Again, the total osteoclast count and bone

volume were calculated for each animal and averaged for each group.

2.6.3 Endochondral ossification - Growth plate cartilage and hypertrophic

zone thickness (GPC.Th and HpZ.Th, respectively) were calculated as the
mean of 10 different measurements performed at randomly selected locations in

35; 36

femur H&E sections , using NIS Elements Imaging 3.10 Sp2 software.

2.7. Immunohistochemistry

Immunohistochemical staining was performed on each hemimaxilla
section (with and without OTM) after mounting on silanized slides (DAKO® A/S,
Golstrup, Denmark). After deparaffinization and dehydration, endogenous
peroxidase activity was blocked using H,O, 30 vol. and methanol (1:1) for 10
min. Antigen retrieval was performed using trypsin (0.25%) for 20 min, at room
temperature. Sections were then incubated overnight with primary antibodies in
a humidified chamber at 4°C. The antibodies and conditions were as follows:
RANKL, rabbit polyclonal antibody (Bioss Inc., USA, bs-0747R, dilution 1:200);
OPG, rabbit polyclonal antibody (Abcam Inc,. USA, ab73400, dilution 1:200).
Immunodetection was performed using the EnVision + Dual Link system-HRP
(K4063, Dako® A/S) and diaminobenzidine (DAB) as substrate-chromogen
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system (K3468, Dako® A/S). Harris hematoxylin (Sigma—Aldrich®) was used as
counterstain. A negative control, which consisted of primary antibody omission,

was included in all reactions, as was an internal positive control (bone marrow).

Digital images representative of the periodontal ROI were obtained at a
magnification of x200. For each image, the color deconvolution method was
used to isolate RANKL and OPG positive DAB-stained cells/stroma. DAB and
hematoxylin nuclear staining were digitally separated using ImageJ software
and an ImageJ plugin for color deconvolution *’, which calculated the
contribution of DAB and hematoxylin. Following deconvolution, the DAB image
was transformed into an 8-bit format and the threshold set to black and white,
with the black pixels considered as positive DAB staining. The total value of
black pixels observed in the ROI was calculated for each animal and then
averaged for each group, ATV (n=18) or SAL (n=18). The overall mean RANKL-
and OPG-stained areas were compared between the SAL and ATV groups in
the experimental and control hemimaxillae (with and without OTM,

respectively).

All procedures were performed by a single blinded and calibrated
examiner. To determine random intra-individual error, 10% of the sample
(plaster models and histologic sections) was randomly selected for re-
evaluation 15 days after the first analysis. The Dahlberg formula was applied

and acceptable values were obtained (<10%).
2.8. Statistical analysis

Data are presented as mean + standard deviation or, when appropriate,
standard error (SD or SE, respectively). Relapse was calculated as a
percentage per group, and a linear mixed model with repeated measures for
time was used. At each time point, between-subgroup comparisons of maxillary
histomorphometric parameters were analyzed with one-way ANOVA followed
by the LSD multiple comparison test (for homogeneous variances) or the
Games-Howell test (for heterogeneous variances). Pearson correlation
coefficients were used to verify the association between orthodontic relapse and
osteoclast count. When comparisons were performed between two groups, the

independent Student t-test was used. Results were processed in PASW
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Statistics for Windows, Version 18.0 (SPSS Inc., Chicago, IL, USA). The

significance level was set at 5% (p < 0.05).
3. Results
3.1. Animal status

There was no between-group difference (p > 0.05) in weight gain or loss
during the OTM period (day 0 to 21) or during the relapse phase (day 21 to 42).
Mean (SD) weight at the end of the relapse phase was 311.67 (66.15) g for the
SAL group and 349.17 (30.44) g for the ATV group.

3.2. Atorvastatin reduced orthodontic relapse

SAL animals reached maximal relapse at day 7 (31.91%), and percent
relapse decreased gradually thereafter through days 14 to 21 (29.36% and
28.40%, respectively). ATV animals exhibited reduced relapse at 7, 14, and 21
days (9.59%, 20.59% and 7.94%, respectively) when compared to the SAL
group, indicating that ATV administration prevents orthodontic relapse

independently of the time point of assessment (Figure 2A).

3.3. Atorvastatin acts on osteoclastogenesis, bone volume, and OPG

expression

ATV administration significantly reduced osteoclast counts and increased
BV/TV ratio during the orthodontic relapse period (Figures 2B and 2C).
However, when the different time points of the relapse period were analyzed
separately (7, 14, and 21 days), we observed a transient osteoclast inhibition in
association with statin administration. Only after 7 days of relapse (Re7) did
atorvastatin promote a marked decrease in the number of TRAP+ cells (p <
0.05) when compared to SAL+OTM animals and to the control hemimaxillae
(without OTM) of both groups (SAL and ATV) (Figure 3A and 3B). A positive
and significant correlation between osteoclast count and orthodontic relapse
was confirmed (r = 0.452; p = 0.006; r2 = 0.204). Control hemimaxillae (without
OTM) from ATV animals also exhibited reduced osteoclast counts when
compared to control hemimaxillae from the SAL group; however, this difference

was not significant (p > 0.05).
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In the absence of mechanical force (hemimaxillae without OTM), the
BV/TV ratio was higher in ATV than in SAL animals (Figures 3C and 3D),
indicating an effect of ATV administration on bone turnover under physiological
conditions. When analyzing the BV/TV ratio at each time point of the relapse
phase (7, 14, and 21 days), a statistical increase in bone volume in ATV
specimens when compared to the control hemimaxillae of SAL animals was
observed only after 14 days (Figures 3C and 3D).

At the molecular level, atorvastatin affected OPG expression in
periodontal tissues. Overexpression of OPG was observed in both ATV
subgroups (CoATV and ATV+OTM) when compared to their corresponding SAL
controls (CoSAL and SAL+OTM), as shown in Figures 4A and 4B. Our
observational data suggest that fibroblasts, osteoblasts, bone lining cells, and
even osteoclasts presented cytoplasmic OPG labeling (Figure 4A). Interestingly,
cytoplasmic expression of OPG in osteoclasts was observed especially in the
control hemimaxillae (i.e., in the absence of OTM) of ATV animals. During
orthodontic relapse, these cells appeared to lose cytoplasmic OPG labeling
capability (Figure 4A). Furthermore, both during orthodontic relapse and under
physiological conditions, RANKL expression was decreased in the ATV groups
when compared to SAL animals (Figure 4C), although the difference was not

statistically significant (Figure 4D).
3.4. Endochondral ossification was affected by ATV

In femoral specimens, there was no significant difference between the
SAL and ATV groups in either of the parameters of interest (osteoclast count
and BV/TV) (Figures 5A and 5B). Regarding endochondral ossification, ATV
animals exhibited greater growth plate thickness and a larger hypertrophic zone
when compared to SAL animals (p < 0.05), as shown in Figures 5C, 5D, 5E,
and 5F.

4. Discussion

Prevention of orthodontic relapse appears to be a plausible application
for statins. It should be considered that these drugs are currently used in adults,

but not in children or adolescents. In clinical trials, statins have been well
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tolerated by the pediatric population.?* %% 2% 24 Nevertheless, the adverse effects
of this class have not been analyzed in depth in this population, and appropriate
long-term monitoring is necessary. In vitro and in vivo preclinical investigations
have suggested that statins affect endochondral ossification, increasing
chondrocyte proliferation and longitudinal bone growth® %, which may have
implications for its clinical use in children and adolescents. Atorvastatin is FDA-
approved for use in children®, but, to the best of our knowledge, its effects on

endochondral ossification have yet to be characterized.

To evaluate the effect of ATV on orthodontic relapse, we used a linear
mixed model with repeated measures for the “time” factor, which calculated the
power of the test for each factor independently, and the interaction between
factors (group and time). Our data indicate that ATV will promote a reduction of
orthodontic relapse regardless of the timing of administration (7, 14 or 21 days).

In agreement with other authors® % *°

, we found a greater relapse rate in the
SAL group immediately after appliance removal, which gradually decreased up
to 21 days. This trend was not observed in ATV animals, which presented
reduced relapse rates from the earliest (Re7) to the latest (Re21) time points of
assessment. Similarly, Han et al.® reported a significant reduction of tooth
relapse in rats treated with simvastatin after 7 and 28 days of appliance
removal. MirHashemi et al.'” concluded that ATV administration (5 mg/kg via
gavage) decreases the rate of tooth movement in rats. However, our data
showed that the drug also affected endochondral long bone ossification, what
could limit its clinical use in the pediatric population, as discussed below. Thus,
further explorations of the molecular and cellular mechanisms associated with

bone turnover during orthodontic relapse are still required.

Our findings suggest that daily ATV administration affects the bone
resorption during orthodontic relapse, as demonstrated by the significant
decrease in overall osteoclast count in the ATV group as compared to SAL
animals (Figure 2B). In contrast, other authors® !’ have reported that statins did
not affect the number of osteoclasts during orthodontic tooth movement or
during the relapse phase. Therefore, our study is the first to associate statin
administration to a reduction in osteoclast counts during orthodontic relapse in

rats. Several plausible explanations—including the type and dosage of statin,
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the tooth movement/relapse protocol employed, and, especially, the use of an
appropriate histochemical method for osteoclast counting (TRAP)—may explain
this contradictory result at least in part.

When the different time points of assessment during the relapse period
were analyzed separately (7, 14, and 21 days), we observed that osteoclast
inhibition was transient, occurring only after 7 days of relapse. Other authors
have demonstrated the early effect of statins on bone turnover® **, but the lack
of effects after 14 and 21 days (at Re14 and Re21 respectively) is puzzling.
One hypothesis for this phenomenon is the presence of an in vivo
compensatory mechanism able to stimulate osteoclasts to overcome statin
blockade at Re14 and Re21, as suggested by Staal et al.*? Furthermore, after 7
days of relapse the periodontal microenvironment is still partially inhabited by
chronic inflammatory cells, but at Re14 and Re21, physiological periodontal
turnover is being gradually reestablished. Thus, the anti-inflammatory
mechanisms of ATV would act only at the early phase of the relapse period
(Re7), emphasizing the inhibitory effect of statins on T-cell activation®® and T-
cell RANKL expression, ultimately preventing bone resorption®’. However, even
considering this transient effect of statins on osteoclastogenesis, our results
highlight the clinical relevance of this finding, as orthodontic relapse was
inhibited.

The present study also demonstrated that ATV increases the BV/TV ratio
during orthodontic relapse (Figure 2C), an effect that seems to be related to the
reduced osteoclast counts observed in this group (Figure 2B). As noted above,
osteoclast inhibition in the ATV group occurred only after 7 days of relapse
(Re7). This was followed by a higher bone volume ratio at Re14 (Figure 3D). In
agreement, other authors have also observed a direct relation between statin
administration, decreased osteoclast counts, and increased bone volume.** %
13:14:18,19: 20 Moreover, under physiological conditions, in maxillae without tooth
movement, ATV administration increased the BV/TV ratio, but not the osteoclast
count, when compared to the SAL group (Figure 3D). We suggest that the
BV/TV ratio was affected through an increase in osteoblast-mediated bone

neoformation induced by statin administration. However, we did not assess
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osteoblast function or any dynamic bone volume parameters, which could be

construed as a limitation of our study.

The exact mechanisms involved in the inhibition of osteoclasts by statins
is unknown?® 1% 131518 A plausible hypothesis involves inhibition of the NF-kB
pathway® ***! a downstream target of RANK/RANKL binding. According to
Han et al.3, during orthodontic relapse, statins attenuate RANKL and increase
OPG expression, thereby preventing RANK/RANKL interaction and tooth
displacement. Conversely, our data showed a slight reduction of RANKL
expression in the ATV group when compared to SAL animals, but this result did
not reach statistical significance. It is important to emphasize the differences in
methodology between these two studies, including type, dosage, and duration
of statin administration. This is a topic of controversy in the literature® 13 1> 20:42
3 and further studies are still needed to confirm statin modulation of RANKL

expression.

On the other hand, we found increased expression of OPG in both ATV
groups (without and with tooth movement) when compared to their respective
SAL controls (Figure 4). After 7 days of relapse, it was reasonable to presume
that, in the ATV group, the increase in OPG and slight reduction in RANKL
expression was the major mechanism involved in osteoclastogenesis inhibition.
However, after 14 and 21 days of relapse, although statin administration
induced high OPG expression (data not shown), osteoclast counts were similar
in the ATV and SAL groups. This result suggests that mechanisms other than
statin-mediated OPG regulation are involved in osteoclastogenesis. In addition,
our observational data (Figure 4A) show that atorvastatin induced OPG
expression in the osteoclast cytoplasm in maxillae without OTM, suggesting an
autoregulatory mechanism of these cells that plays a negative role in
osteoclastogenesis and probably induces osteoclast apoptosis.** This finding
could explain why the high OPG expression observed in control maxillae (not
subjected to orthodontic tooth movement) in the ATV group was not associated
with a reduction in osteoclast count, as the clastic cells themselves were
contributing to higher OPG expression. In short, it seems that atorvastatin is
able to modulate OPG expression during orthodontic relapse, which is a major

mechanism of osteoclast inhibition.
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When considering overall osteoclast number and relapse findings, we
observed that SAL animals had high relapse rates and osteoclast counts,
whereas ATV animals exhibited the opposite profile. Although a significant
positive correlation between the rate of tooth movement and osteoclast count
has been described in a previous study®®, no correlation analysis was
performed regarding orthodontic relapse. We found a significant positive
correlation between osteoclast count and percentage of relapse. In this regard,
Yoshida et al.? suggested that alveolar bone remodeling is one of the main
causes of relapse after tooth movement in rats. Franzen et al.?, reported that,
after 7 days, the first molar continued to relapse, although the trans-septal fibers
were normally stretched. The authors concluded that stretching of these fibers
may not play a central role in the etiology of relapse, while bone remodeling is a
major factor to be considered. In agreement, our data indicate that osteoclast
count and orthodontic relapse are directly correlated, highlighting the
importance of bone resorption during the relapse phase. However, Pearson
correlation yielded a coefficient of determination (R?) of 0.2, which suggests that

other variables, such as periodontal fiber stretching, are influencers of relapse.®
46; 47

Besides assessing the local effects of ATV on tooth relapse and
periodontal bone physiology, this study also provides insights regarding some of
its undesirable effects, namely, on long bone turnover and endochondral
ossification. We observed an increase in thickness of the growth plate and
hypertrophic zone, corroborating previous results described in the literature.?® 2°
According to Leem?® , lovastatin increases longitudinal bone growth and BMP-2
(bone morphogenetic protein-2) levels in the growth plate of rats, which may
have negative implications for the treatment of children. Yamashita et al.?®
observed that daily intraperitoneal injections of rosuvastatin significantly
increased the anteroposterior lengths of skulls, ulnas, fémures, and tibiae in rats
with achondroplasia. However, wild-type animals showed an increase in skull
length only when compared to the control group. The authors also observed, in
vitro, that statin treatment stimulated chondrocyte proliferation and maturation.

25; 26

The main limitation of these studies, including ours , was the short duration

of statin administration.
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Taken together, these data suggest that osteoclastogenesis inhibition by
statins can be a plausible target in the search for a pharmacologic therapy to
minimize orthodontic relapse. However, further research evaluating the adverse
effects of statins on long bone turnover and growth are apparently needed
before they can be considered for this clinical indication in the pediatric
population. Furthermore, considering that statins are among the most

commonly prescribed pharmaceutical agents for prevention of hyperlipidemia

9; 10

and cardiovascular diseases™ ~, their clinical effects on tooth movement seem

to be a relevant concern in orthodontic practice.
5. Conclusions

Within the limitations of this study, drug modulation of bone remodeling
appeared to provide a feasible strategy to decrease orthodontic relapse. The
cellular and molecular mechanisms underlying this effect involve decreased
osteoclastogenesis and increased OPG protein expression. The positive
correlation between orthodontic relapse and osteoclast count highlights

osteoclastogenesis as a potential mediator of orthodontic relapse.
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8. Figure Captions

Figure 1 — (A) Experimental study design. Right first molars were displaced
mesially during active orthodontic tooth movement (OTM). After 21 days, the
orthodontic device was removed and the molars allowed to relapse (relapse
phase). Saline solution or atorvastatin (15 mg/kg) were administered daily, via
gavage, from days 20 through 42. Clinical evaluation of relapse and histological
analysis (H&E, TRAP, and immunohistochemistry) were performed at 3 distinct
time points: Re7, Rel4 and Re21 (7, 14 and 21 days after appliance removal).
(B) Occlusal photography of a dental cast. The distance between first and
second molars at three points (A, B, and C) was measured and averaged for
each animal. (C) H&E section of experimental maxilla (magnification x40). The
region of interest (ROI) was composed of the periodontal tissues at the distal
surface of the first molar mesial root. The yellow arrow indicates the direction of

relapse force.

Figure 2 — (A) Comparison between overall mean relapse percentage in ATV
and SAL groups. A linear mixed model indicated a significant main effect of
group (p = 0.033), demonstrating that atorvastatin reduced the rate of relapse at
all time points. The interaction between group and time was not statistically
significant (p = 0.731). All data are mean = SE. (B) Comparison between overall
mean osteoclast counts in the ATV+OTM and SAL+OTM groups. An
independent Student t-test indicated reduced osteoclast counts in the
atorvastatin group. (C) Comparison between overall mean bone volume ratio
(BVI/TV) in the ATV+OTM and SAL+OTM groups. An independent Student t-test
indicated increased bone volume in the atorvastatin group. All data are mean +
SD.

Figure 3 — (A) TRAP staining of control and experimental maxillae (without
and with OTM, respectively). In general, during orthodontic relapse, ATV
animals exhibited fewer TRAP-positive cells as compared with SAL animals. (B)
Comparison of osteoclast counts during the relapse phase across subgroups at
each experimental time point (7, 14, and 21 days of relapse). ATV+OTM
subgroup exhibited significantly decreased osteoclastogenesis only at Re7
(ANOVA followed by least significant difference test). (C) H&E sections of
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control and experimental maxillae of ATV and SAL animals. Atorvastatin
increased the BV/TV ratio as compared to SAL. (D) Atorvastatin increased the
BV ratio in the absence of OTM, as well as after 14 days of relapse (Re 14),
when compared to control maxillae of SAL animals (ANOVA followed by
Games-Howell test). Small arrows indicate presence of osteoclasts. Scale bars
represent 100 um, at x200 magnification. Yellow arrow represents the direction
of relapse force. Bo, bone; Ro, root. All data are mean £ SD.

Figure 4 — (A) Sections of control and experimental maxillae of SAL and ATV
animals, stained immunohistochemically for OPG. Osteoclast OPG expression
was commonly found in the control maxillae of ATV animals, contrasting with
the absence of such expression in experimental maxillae of the same group, as
demonstrated at higher magnifications (*,x1000). (B) Comparison of OPG
expression in control vs. experimental maxillae of ATV and SAL animals,
demonstrating OPG overexpression in both control and experimental maxillae
of ATV animals. (C) Sections of experimental maxillae of SAL and ATV animals,
stained immunohistochemically for RANKL. (D) Comparisons between the ATV
and SAL groups indicated similar RANKL expression in both groups, in control
and experimental maxillae alike. Scale bars represent 100 um at x200
magnification. Yellow arrow represents the direction of relapse force. Bo, bone;

Ro, root. All data are mean + SD.

Figure 5 — (A) Femur osteoclast counts and (B) bone volume were not affected
by atorvastatin administration. (C) Thickness of hypertrophic zone and (D)
growth plate were increased in the ATV group, as shown in H&E sections of
femur growth plate from SAL and ATV animals (E and F, respectively). Scale
bars represent 100 um at x200 magnification. GPCTh, growth plate cartilage
thickness. All data are mean + SD.
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9. Figures
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Pharmacological bone modulation through osteoclasts inhibition arrests
tooth movement

Abstract

Introduction: In addition to the cholesterol-lowering, a class of drugs namely
statins seems to enhance osteogenesis and suppress bone resorption, which
could represent a clinical concern during orthodontic treatment. This study
aimed to determine whether atorvastatin (ATV) might affect the orthodontic
tooth movement (OTM) through osteoclasts inhibition. Furthermore, we
analyzed potential adverse effects of ATV on long bone turnover and
endochondral ossification. Methods: Rats started to be administered with ATV
(15mg/Kg) or saline, via gavage (n=12, per group), two weeks prior to the initial
OTM. The tooth displacement was measured after 7, 14, and 21 days, while the
maxillary and femur histologic sections were obtained after 14 and 21 days of
OTM. The sections were prepared to H&E and TRAP staining, then
histomorphometric analysis was performed Results: Atorvastatin resulted in a
significant decrease of tooth movement (p<0.05), and osteoclasts number
(p<0.05). Independently of drug administration, the OTM increased number of
osteoclasts and reduced bone volume rate, when compared to the control
maxillae, without OTM. Furthermore, it seems that long-term statins
administration did not affect femur bone turnover and endochondral ossification.
Conclusions: Considering the methodology used in this study, we found that
atorvastatin is able to minimize orthodontic tooth movement through osteoclasts
inhibition, which could represent a clinical concern. These results shed light on
osteoclasts as a cellular target modulating maxillary bone metabolism and

orthodontic tooth movement.

Keywords: Tooth movement; atorvastatin; osteoclasts; rats
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1. Introduction

Epidemiologic studies have shown a significant increase on the
prevalence of diseases such as obesity and hyperlipidemia in adults*?, the
latter being regarded as the main cause of coronary atherosclerosis.* According
to Mercado?, overall 36.7% of U.S. adults or 78.1 million persons aged =21
years were on or eligible for lipid lower treatment, among whom 55.5% were
taking cholesterol-lowering medication. In this regard, statins are a class of
drugs widely used to lower cholesterol levels by the inhibition of HMG-CoA
reductase, the rate-controlling enzyme of mevalonate pathway.*> In addition to
the cholesterol lowering, studies suggested that statins may influence bone
turnover, enhancing osteogenesis and suppressing bone resorption.®**
Researchers have attempted to determine the mechanism of bone anabolism
regulated by statins, suggesting three aspects: promotion of osteogenesis,
inhibition of osteoblast apoptosis and suppression of osteoclastogenesis.™
Although the statins effects on bone anabolism are widely demonstrated in

6-14

laboratory studies®**, their clinical effects are not so convincing.*®

Biological aspects of periodontal tissues, during orthodontic tooth
movement (OTM), are characterized by an aseptic acute inflammatory response
in the early stages, followed by an aseptic and transitory chronic inflammation.
Chemokines, cytokines, and growth factors are the main molecules that
orchestrate this inflammatory response, followed by osteoclastogenesis and
bone resorption, and by osteoblast and new bone formation.*” The current
biological knowledge applied to clinical practice, raises the possibility of
pharmacological modulation of these periodontal cellular and molecular
responses, thus affecting the orthodontic tooth movement, as shown in different
experimental models'*'®?? Previous investigations demonstrated that statins
reduces orthodontic tooth movement and relapse, however, the biological
mechanisms behind these clinical effects are unrevealed.'**? Therefore,
considering that statins are among the most commonly prescribed
pharmaceutical agents for prevention of cardiovascular diseases,** their
plausible clinical effects arresting tooth movement, seem to be a concern to

orthodontic practice.
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Besides, clinical trials had shown that statins are well tolerated in adult
and young population ?*2°, but long-term data regarding the impact of statin
therapy on growth and development are limited.?*?® According to Macpherson®,
the treatment of young patients with statins, over the course of 2 years, had no
impact on height, weight, body mass index and sexual maturation. On the other
hand, pre-clinical studies suggested that these drugs increase the chondrocytes
proliferation and longitudinal bone growth 2%, what could have implications for
its clinical use in the pediatric population. These discrepancies between clinical

trials, in vitro and in vivo studies?®>?®

seem to be a puzzle and further researches
are apparently necessary to investigate the adverse effects of statins on bone

turnover and endochondral ossification.

In an attempt to try to mimic the clinical perspective of orthodontic
treatment in patients taking statins, we developed a study design in which the
drug administration started prior to OTM, in a high dosage, simulating a protocol
used in humans. Thus, it was hypothesized that atorvastatin (ATV) treatment in
rats may reduce the OTM through osteoclastogenesis inhibition. Furthermore,
we analyzed the potential drug adverse effects on long bone turnover and
endochondral ossification. So, we found that statins bone modulation could
arrest the tooth displacement during orthodontic treatment, thus representing a

relevant subject in the clinical practice.

5. Methods

2.1. Animals and Experimental tooth movement

Twenty four male Wistar rats, 6 weeks old, weighting approximately 330-
3409, were used in the experiment. The animals were housed in separate
cages (four per cage) in a 12 h light/dark cycle, at a constant temperature of
23°C and provided with food and water ad libitum. All procedures for treatment
and maintenance of the animals were conducted in keeping with internationally
accepted guidelines - Guide for the Care and Use of Laboratory Animals,?® and
were approved by Ethics Committee of the School of Dentistry of |||l

I | (CEUA 28401).
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The animals were randomly divided in two groups: - Experimental (ATV,
n=12; ) and; -Control (SAL, n=12). In the experimental and control groups,
respectively, the animals received, daily, via gavage, 15mg/Kg of atorvastatin
(N ). o' 0.1mL of Phosphate-Buffered Saline
(PBS). The saline/drug administration continued until the animals were killed
(Figure 1).

After 14 days of saline or drug administration, the animals were
anesthetized with ketamine and xilazyne (80mg/kg and 5mg/kg, respectively),
and the orthodontic device was placed. This procedure consisted in the
insertion of a superelastic closed nickel-titanium coil spring between the upper
right first molar and upper incisors, as previously described in the literature *#3%
33 Our protocol was based on previous studies, which demonstrate that 50cN is
a good strength for providing a substantial tooth movement'*?23233 The device
was maintained for 21 days (Figure 1A), in order to generate a mesial
movement of the first molar (M1). Whereas the right maxillary side in each rat
served as experimental orthodontic tooth movement, the left maxillary side,
without tooth movement, served as internal control (Co). Through the study, the
animals were evaluated weekly for weight gain/loss, appliance breakage, and

gingival or other soft tissue inflammation.
2.2. Measurement of tooth movement

Precise plaster models of the maxilla were obtained from impressions
made with silicone material (| [ [ [ |GGG 2 d dental stone
(Durone, Dentsply®, PA, USA). Impressions were made every 7 days, under
anesthesia (Figure 1A). The occlusal surfaces, together with a 200mm ruler
placed next to the casts, were photographed (DSC#H10, Sony®, Tokyo, Japan)
at 300 dpis and magnified (4x) using Image J® software (version 1.44, National
Institute of Health, 2011). The ruler was used to calibrate the casts’
measurements. Then, the mean of the distance between the distal surface of
M1 and the mesial surface of the second molar (M2), measured at 3 distinct
points on each plaster, was calculated for each animal and averaged for the
groups SAL and ATV.
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The evaluation of tooth displacement, was performed after 7, 14, and 21
days of OTM (T7, T14, and T21, respectively), while the histological analysis
was done after 14, and 21 days of orthodontic appliance insertion (T14 and

T21, respectively), as demonstrated in Figure 1.
2.3. Tissue Preparation and TRAP staining

At each experimental time (T14 and T21), 12 animals, 6 per group, were
sacrificed by an overdose of ketamine and xilazyne hydrochlorides. Maxillae
and the distal left fémures were immediately dissected and immersed for 24h in
10% buffered formalin to fixation. The specimens were demineralized in 10%
EDTA (Ethylenediaminetetraacetic acid), pH 7, for 30-60 days. Then, the
samples were dehydrated through an ethanol series, embedded in paraffin,
cuted in 5um longitudinal sections and prepared to hematoxylin and eosin
(H&E) and Tartrate Resistant Acid Phosphatase (TRAP). This molecule (TRAP)
is expressed in mature osteoclasts, and in their precursors, which develops an
osteoclastic phenotype at early stages and also are able to promote bone
resorption.* Briefly, for TRAP staining, histologic sections were selected and
incubated in acetate buffer (pH 5.0) containing naphtol AS-MX phosphate
(Sigma®, St. Louis, Missouri, USA), Fast Red Violet LB Salt (Sigma®), and

50mM sodium tartrate. The sections were counterstained with hematoxylin.
2.4 Histomorphometry

Histomorphometric analyses of maxilla was performed, considering 4
subgroups: - ATV+OTM — Experimental hemi maxillae (with OTM) of ATV
group; - CoATV - Control hemi maxillae (without OTM) of ATV group; -
SAL+OTM — Experimental hemi maxillae (with OTM) of SAL group and; -
CoSAL - Control hemi maxillae (without OTM) of SAL group. Comparisons
between the subgroups were done at each studied time (14 and 21 days) or,
analyzing their overall mean. To femur evaluation, the sample was divided in
two groups: ATV (n=18) and SAL (n=18). In this case, the comparisons
between the groups were done considering their overall mean.

H&E and TRAP sections were visualized in a Nikon Eclipse 90i

microscope (Nikon Co., Tokyo, Japan) coupled to a Coolshap EZ camera
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(Photometrics, AZ, USA). The microphotographs were captured using the
software NIS Elements Imaging 3.10 Sp2 (Nikon Co.). All histomorphometric
measurements and terminology were in accordance with the American Society

for Bone and Mineral Research recommendations®®.

Maxillary Bone Turnover - Dental supporting structures of the

molars were evaluated using the software NIS Elements Imaging 3.10 Sp2.
Under high magnification (x100), the number of osteoclasts (N.Oc.) was
counted on the most mesial root of the first molars. The Region of Interest (ROI)
was the periodontal tissues at the distal surface of the mesial root of first molar
1819 35 described in our previous study. Cells were considered to be
osteoclasts if they were TRAP-positive, multinucleated, and were located on the

bone surface or residing in Howship’s lacunae®.

The maxillary bone volume ratio (BV/TV), expressed as the ratio
of cancellous bone volume (BV) to total tissue volume (TV), was defined in the
in the ROI of H&E sections, using the software Photoshop® (CS6; Adobe
Systems, San Jose, CA, USA) and Image J, following the method suggested by
Egan et al. *°. The total osteoclasts number and bone volume were considered
for each animal and after averaged for each group.

Femur Bone Turnover - The number of osteoclasts (N.Oc.) was

counted in 10 fields randomly chosen within the femur metaphyseal region®’,
using the software NIS Elements Imaging 3.10 Sp2. The BV/TV ratio of five
rectangular areas of subchondral bone tissue was calculated, according to the
protocol outlined by Ho et al.** The total N.Oc. and BV/TV were considered for

each animal and after averaged for each group,

Endochondral Ossification- - Growth Plate Cartilage and

Hypertrophic Zone Thickness (GPC.Th and HpZ.Th, respectively) were
calculated as the mean of ten different measurements performed at locations

38,39

randomly chosen in the H&E sections®™ ", using the software NIS Elements

Imaging 3.10 Sp2.

All procedures were done by a single blinded calibrated examiner. In

order to determine the random intra-individual error, 10% of the sample (plaster



67

models and histologic sections) were randomly chosen and evaluated twice (15
days between the first and the second evaluation). Dahlberg’s equation was

applied and acceptable values were obtained (<10%).
2.5. Statistical Analysis

Data are presented as mean values * standard deviation or, when
appropriated, standard error (SD or SE, respectively). A Linear Mixed Model
with repeated measures to the factor time was used to evaluate the main effects
and interactions of the Group (ATV or SAL) and the Time (T7, T14 andT21) on
the orthodontic tooth movement. Between-group comparisons of maxillary
histomorphometric parameters were performed using one way ANOVA followed
by the LSD multiple comparison test (for homogeneous variances) or, Games-
Howell test (for heterogeneous variances). When comparisons were performed
between two groups, the independent student t test was used. Results were
processed with SPSS software (version 18, SPSS, Chicago, Ill) and a

significance level of 5 % (p < 0.05) was considered in all cases.
3. Results
3.1. Animals

There was no difference in weight gain/loss between the groups during
the experimental period. The mean weights at the end of the study were 327.18
(SD % 86.54) for SAL group and, 344.56 (SD * 55.44) for ATV group.

3.2. Atorvastatin reduced orthodontic tooth movement (OTM)

After 7, 14 and 21 days of tooth movement, the displacement of first
molars in the SAL group was 310.13+14.79, 381.38+33.33 and,
485.85+68.94um , respectively, while in the ATV group it was 263.53+£14.79,
334.78+33.33, and 439.25+68.94um , respectively. Statistical analysis indicated
that drug administration provides a significant decrease in the tooth movement

(p<0.05), independently of the studied time (Figure 2A).

3.3. Atorvastatin inhibited osteoclastogenesis
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During orthodontic tooth movement, atorvastatin administration reduced the
overall number of osteoclasts, but not affected the overall bone volume rate,
when compared to SAL group (Figure 2B and 2C). However, when analyzing
the drug effect at each time point separately, only after 14 days of orthodontic
tooth movement (T14), atorvastatin promoted osteoclasts inhibition (Figure 3A
and 3B). At this time of OTM (T14), the number of TRAP+ cells in ATV group
was statistically smaller than that observed in the experimental maxillae of SAL
group (with OTM) and, equal to that observed in the control maxillae of SAL
group (without OTM). During tooth movement there was a trend to increase the
number of osteoclasts, only in in SAL group when compared to the its
respective control maxillae (without OTM), as observed in Figure 3A and 3B.
After 21 days, there were no statistical differences between the osteoclasts

number among all groups.

Regarding to osteoclasts distribution, our observational data indicated
that, independently of drug or saline administration, these cells were observed
in the periphery around the bone blood vessels (Havers Canals), or sparse
through the periodontal ligament (Figure 3A).Also, after 14 days, it was
observed the presence of chronic inflammatory cells in the ROI, while after 21
days, apparently, there was resolution of the cellular infiltrate, increasing
amount and maturation of bone. However, in some cases the width of the PDL

continued to be enlarged, especially in the SAL group (Figure 3D).

After 14 and 21 days of OTM, bone volume (BV/TV) was significantly
reduced in the SAL and ATV groups, when compared to their respective
controls (without OTM). However, after 14 days of OTM, the BV/TV rate in the
ATV group was statistically similar to that observed in the control maxillae of
SAL group (without OTM), as demonstrates Figure 3B and 3C. In the absence
of orthodontic force (maxillae without OTM), the number of osteoclasts and the
bone volume were statistically similar between ATV and SAL groups (Figure 3B
and 3D).

Long bone turnover and endochondral ossification were not affected by

statins.
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As observed in Table 1, atorvastatin did not affect femur
osteoclastogenesis and bone volume. The thickness of growth plate cartilage
and hypertrophic zone was increased in ATV group when compared to SAL;
however, there was no statistical significance between the groups, at a level of
5% (p=0.259 and p=0.09, respectively).

4. Discussion

In a previous research conducted in our laboratory, we demonstrated
that, in alveolar bone of rat molars, the number of osteoclasts was inhibited by
statins administration, what was correlated to a decreased orthodontic relapse.
However, this former study also showed that atorvastatin was able to affect
endochondral ossification of long bones, since it elongated the thickness of
growth plate cartilage and chondrocytic hypertrophic zone of femurs, after a
short-term therapy (7-21 days). These results highlighted the clinical relevance
of pharmacological bone modulation during orthodontic treatment and, the statin
adverse effects on femoral growth plate, what seems to limit its use as an
orthodontic pharmacological strategy for children. So, in the current study, we
developed an experimental design to confirm the plausible statins effects on
orthodontic tooth movement (OTM) through osteoclasts inhibition and, at the
same time, analyze its potential adverse effects on endochondral ossification,

now considering a longer-term therapy (28 -35 days).

Our study was conducted in Wistar rats, which are widely used in pre-
clinical researches intending to evaluate the cellular aspects of OTM, being a
recognized and adequate model with some translational potential. ®*+1%19:30.3233
Therefore, to reproduce the statin oral usage preconized in humans, we
performed a daily administration, via gavage, at a dose of 15mg/Kg. Differing

from others®11:12:40

, we elect a high statin dosage, because it is expected that
73% of this oral dose would be excreted in bile.** Besides, according to
Elewa®, the atorvastatin peak plasma concentration achieved after
administering 15 mg/kg by oral route, in rats, was similar to that reported after a
dose of 80 mg/day atorvastatin is given to humans.*® Finally, our study protocol
was developed to allow the full potency of statins, once we started the drug

administration two weeks before OTM. Considering that each day in the mouse
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life represents 30 days of the human life**, the period of two weeks seems to
signify a drug administration for 1 year, in humans. In this regard, Reamy*
emphasized that the clinical use of statins will achieve its full potency after 6

weeks but can require up to 12 weeks, in some patients.

The present study demonstrated that the major total molar movement in
both groups occurred within the first 7 days, however, there were significant
differences between the groups SAL and ATV, after 7, 14 and 21 of orthodontic
tooth movement. In the SAL group, we observed a crescent tooth displacement
through day 7 to 21, while the ATV group presented a reduced OTM from the
earliest to the latest evaluated periods. These findings corroborate previous
studies, in which it was described a significant prevention of orthodontic tooth
movement and relapse after statin administration.***? MirHashemi et al.*?,
observed that ATV, administered in a dosage of 5 mg/Kg/day, via gavage,
decreases the rate of tooth movement in Wistar rats, after 21 days of OTM.

Also, Han et al.}

reported a significant reduction on tooth relapse in rats treated
with simvastatin (2.5mg/KG/day), via intraperitoneal, after 7 and 28 days of
appliance removal. Based on that, if we extrapolate this potential statin action to
humans bone turnover, a hindered orthodontic tooth movement should be
considered in patients taking these drugs. Therefore, our results could suggest
an anabolic bone effects of statins, increasing osteogenesis and suppressing
osteoclastogenesis, as previously described.®** Although further studies are
apparently necessary to confirm this hypothesis, we suggest that statins
administration is a relevant data to be included in the anamnesis form, thus
allowing the clinical observation of plausible deviations from the expected tooth

movement.

On the other hand, the pharmacological inhibition tooth movement
observed in this study also may represent a clinical advance, since it could be
used to improve the tooth anchorage during orthodontic treatment. Regarding to
this, different strategies have been investigated to prevent undesirable tooth
movement. 121819212233 Lig\wever, considering this purpose, it is suggested a
study design electing a local drug application, in contrast with the oral

administration performed in the current study.
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Another important finding of our study was the statin osteoclasts
inhibition. The overall number of TRAP positive cells was significantly
decreased in ATV group, when compared to SAL group. In disagreement,
authors suggested that these drugs are not able to affect osteoclastogenesis
during orthodontic tooth movement or relapse.***? On the other hand, our
research used an appropriate histochemical technique to osteoclasts counting
(TRAP), while the others used H&E sections, which could explain these
significant differences between results. According to Kirstein, Chambers &
Fuller*®, TRAP expression in osteoclasts is directly correlated with bone
resorptive activity, moreover, agents that stimulate or inhibit bone resorption
also stimulated and inhibits TRAP osteoclastic expression, respectively. During
the bone resorption process, it is proposed that TRAP enzyme generates free
radicals that help to dissolve collagen fragments, intracellularly, in vacuoles of

the osteoclastic cell.*’

In fact, the statins osteoclasts inhibition is widely supported in the
literature,®"**13 but the exact mechanisms involved in this process are far to
be known. It is suggested that statins ability to inhibit HMG CoA reductase, thus
suppressing the mevalonate pathway, is positively correlated with their ability to
inhibit bone resorption, since it will prevent the activation of GTP-binding
proteins, crucial molecules involved to the osteoclasts development and
function (actin cytoskeleton regulation, apoptosis, membrane ruffling and
vesicular trafficking).®*® Pan et al.*® conducted a study to further understanding
of the role of small GTPase-Rho signaling pathway in the regulation of
periodontal tissues while responding to mechanical stimuli. It was observed, in
vitro, that human periodontal cells, when submitted to a cyclic strain protocol,
will present an upregulation of Rho. The authors suggest that this molecular
mechanism promotes actin polymerization, which may be responsible for
cytoskeletal rearrangement, thus stimulating orthodontic tooth movement and
alveolar bone remodeling. Therefore, it is reasonable to suppose that statins
downregulation of small GTPases would affect the osteoclastogenesis during

orthodontic tooth movement.

Other plausible hypothesis is the prevention of the activation of NFkB

9,11,49

pathway , Which involves modulation of the cell receptor activator of nuclear
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kappa B (RANK), the extra-cellular (EC) and cell receptor activator of nuclear
kappa B ligand (RANKL), and the EC decoy receptor osteoprotegerin (OPG),
ultimately promoting suppression of osteoclastogenesis.’***? The current
research attempted to investigate the cellular effects of long-term atorvastatin
administration on bone turnover, disregarding molecular aspects, what seems
to be a limitation. Further studies associating the cellular and molecular
atorvastatin effects on bone system during orthodontic tooth movement are

apparently necessary.

In the SAL group, a maximum peak of osteoclasts number was observed
after 14 days of OTM (T14), which had dropped down after 21 days, agreeing
with others authors.*® However, this trend was not obvious in the ATV group,
which presented, only at this time (T14), a reduced number of osteoclasts,
when compared to the SAL group. It seems that this transient osteoclasts
inhibition may be due to the reduction of statins effects on alveolar bone over
time. In this regard, it is suggested an in vivo compensatory mechanism able to
stimulate osteoclasts to overcome statins blockade at T21.° Moreover, it should
be expected that statin anti-inflammatory effects will reduce the acute
inflammation observed at early stages of OTM, thus inhibiting the recruitment,
maturation and activation of osteoclast during the tooth movement. However,
even reporting a transient statin bone effect, our results highlighted the
osteoclastogenesis as a cellular candidate target modulated by ATV, which
prevented tooth movement in rats, thereby providing some mechanistic clues

for future studies in humans

Remarkably, although atorvastatin had affected the osteoclasts number,
our observational data showed a quite similar distribution of these cells among
all the studied groups. Most osteoclasts were localized around blood vessels, in
the prospective Haversian canals. These findings seems to confirm that, during
orthodontic tooth movement, early mononuclear precursors in the bone marrow
differentiate into committed mononuclear precursors, fuse, and migrate into the
PDL, where they differentiate into active multinuclear osteoclasts®. Also, it
should be emphasized the importance of angiogenesis during bone remodeling.
It has been shown that microvascular pericytes, which comprises

undifferentiated cells located around the periphery of the blood vessels®?, have
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pluripotent potential to differentiation into osteoblastic bone cells and
chondroblasts.*>* Apparently, further preclinical investigations are crucial to
confirm the plausibility of osteoclasts differentiation from pericytes, which could

explain some observations of this study (Figure 3A).

To assess the effects of ATV administration on periodontal tissues under
physiological conditions, a split-mouth design was used, in accordance with
other studies *23%323 Qur data indicated that the long-term Atorvastatin
administration did not affect the bone remodeling cycle on control maxilla
(without OTM), since the overall osteoclasts number and bone volume rate
(BVITV) were statistically similar between the groups ATV and SAL. During
orthodontic tooth movement, the overall BV/TV rate was similar between ATV
and SAL groups. Considering this result as an unexpected data, once the ATV
administration had inhibited tooth displacement and osteoclastogenesis, we had
analyzed the BV/TV rate at each time point, separately. .After 14 days of tooth
movement, in the SAL group, there was a trend toward a markedly decrease on
alveolar bone volume (BV/TV), when compared to the control maxillae (without
tooth movement), as already described by others'®%2.This finding seems to be
related with the higher osteoclasts number observed in this group, during OTM
(Figure 3B), corroborating with other authors®. On the other hand, in the ATV
group, after 14 days of OTM, the BV/TV rate was similar to that observed in
control maxillae of SAL group without tooth movement, apparently confirming
that statins osteoclasts inhibition was able to prevent bone resorption and/or
promote bone formation, thus maintaining bone volume. In short, our results
seem to confirm that the alveolar bone microenvironment is modified during
OTM, ultimately promoting a higher osteoclastic activity and a reduction on
alveolar bone volume. However, the atorvastatin administration had affected

this bone modulation, thus arresting OTM.

In the current research, the long-term statin administration did not
demonstrate effects adverse on long bone turnover and endochondral
ossification, in agreement with several studies.?** Although a reduced
thickness of hypertrophic zone and growth plate cartilage was observed in
animals that received ATV, there were no statistical differences between ATV

and SAL groups, at significance of 5%. In contrast, a previous research
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conducted in our laboratory showed that atorvastatin elongates the growth plate
cartilage and chondrocytic hypertrophic zone, after a short-term therapy (7-21
days), which seems to be a major clinical limitation of its use in children and
adolescents.?”? These divergences between results are apparently associated
to the period of ATV administration, which comprised, in the current study, a
mean time of 31.5 days, while in the former research it was equal to 14 days.
Consequently, in the present research, the mean age of the animals at the
sacrifice time was greater than in our previous investigation; what seems to be
associated with the physiologic reduction in the thickness of growth plate
cartilage and hypertrophic zone, normal for this age. In accordance, Walker &
Kember *° verified that over time, the cellular proliferation slows in the growth
plate, causing the rate of longitudinal bone growth to decrease and approach
zero as the organism approaches its adult size. Therefore, further preclinical
studies aiming to confirm the statins effects on endochondral ossification are
apparently necessary, thus confirming its safety use in children and

adolescents.

Taken together, our data suggest that osteoclastogenesis inhibition by
statins is able to minimize orthodontic tooth movement (OTM), in rats. Whether
these findings will translate to the clinical practice is not known, but considering
the widespread use of statins*?, clinical trials should be performed to evaluate
this bone-anabolic role of statins during tooth movement. Finally, among the
expected statins effects applied to orthodontic practice and science, we
underline two conflicting aspects: 1) a hindered tooth displacement in patients
taking these drugs, which represents a clinical concern and; 2) an additional
tooth anchorage obtained through the pharmacological bone modulation, which

represents a clinical aid.
5. Conclusion

In summary, considering the methodology applied in this study, we can
conclude that the drug modulation of bone turnover through osteoclasts
inhibition is able to minimize orthodontic tooth movement, in rats. Furthermore,
under physiological conditions, atorvastatin did not affect the bone turnover and

endochondral ossification.
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8. Figure Captions

Figure 1 — Experimental study design. Saline solution or atorvastatin (15
mg/kg) were administered daily, via gavage, since day 0 through day 35. At day
14, the right first molars started to be mesialy moved. The tooth displacement
was evaluated at 7, 14 and 21 days of OTM (T7, T14 and T21, respectively),
while the histological analysis (H&E and TRAP) were performed at T14 and
T21. The left maxilla served as internal control (without tooth movement).

Figure 2 — (A) A liner mixed model was used compare overall tooth
displacement in SAL and ATV groups, indicating a significant reduction of tooth
displacement in the ATV group. The data are mean + SE. (B) Occlusal
photographic views of representative saline and atorvastatin (ATV)
administered animals. Note the difference in interdental distance (overall mean)
between the first and second molar teeth in saline versus ATV treated animals.
(C) An independent student t-test indicated that the overall mean of osteoclasts
number in ATV group was decreased, in comparison to SAL group. The data
are mean x SD. (D) Independent t-test showed that the overall bone volume
rate (BV/TV) was not affected by atorvastatin administration (p>0.05). The data

are mean = SD.

Figure 3 — (A) TRAP staining of Control maxilla (without tooth movement) and
Experimental maxilla (after 14 of OTM), in ATV and SAL groups. The images
supported that, during OTM, osteoclasts were inhibited by statins
administration. Also, these cells were frequently observed in the periphery of
blood vessels, independently of the studied time or drug administration. (B)
Osteoclasts number in the control maxilla (without tooth movement) and
experimental maxilla (after 14 and 21 days of OTM) of ATV and SAL groups.
One-way ANOVA was performed at each time (14 and 21 days), indicating that
Atorvastatin did not affect the osteoclasts number under physiological
conditions (control maxillae, without tooth movement). After 14 days of OTM,
the ATV group presented a reduced number of TRAP positive cells. (C) H&E

sections of control and experimental maxilla of ATV and SAL groups.
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Descriptive analysis, indicated that ATV did not affect the bone volume rate
(BV/TV) under physiological conditions (control maxilla, without tooth
movement). During OTM, ATV administered animals seemed to present a slight
increase in the BV/TV rate. (D) Statistical comparisons between bone volume
rate (BV/TV) between ATV and SAL groups (one way ANOVA). The OTM
reduced the bone volume in both groups (ATV and SAL), when compared to
their controls, without tooth movement (CoATV and CoSAL). Atorvastatin
prevented bone loss after 14 days of OTM, once the BV/TV rate of ATV group
was statistically equal to that observed in control maxilla of SAL group. Small
arrows indicate the presence of osteoclasts. The scale bars represents 100um,
at a magnification of 200x. Yellow arrow represents the direction of relapse

force; Bo — bone; Ro — root. The data are mean + SD.

Table 1 — Considering the femurs’ histomorphometric analysis, independent-
student t test was performed to compare osteoclasts number, bone volume,
thickness of hypertrophic zone and growth plate cartilage between the groups
ATV and SAL. All the parameters were not affected by atorvastatin

administration (p > 0.05). NS — not significant. The data are mean + SD.
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9. Figures
ORTHODONTIC TOOTH MOVEMENT (OTM)
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Osteoclasts Number (Oc.N.)

Bone Volume (BV/TV) (%)

Thickness of hypertrophic zone (HpZ.Th) (um)
Thickness of growth plate cartilage.GPC.Th (um)

Group

ATV

26.33+9.14

27.10+9.91
67.20+12.09
136.70+£24.50

SAL

20.25+8.90

20.97+7.73
58.25+12.64
124.29+27.81

NS
NS
NS
NS
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5. Consideragdes Finais

Durante o movimento dentario induzido, o microambiente 0Osseo é
caracterizado pela presenca de quimiocinas, citocinas varias e fatores de
crescimento, 0s quais estimulardo células a se diferenciarem em osteoclastos
na zona de pressdo, e osteoblastos na zona de tensdo. No caso da
osteoclastogénese, esse processo dependera, impreterivelmente, da
sinalizagdo através da ligacdo RANKL/RANK em células pré-osteoclésticas, o
que podera ser inibido pela acdo da moélécula OPG, que competira com RANK
a ligacdo com RANKL, impedindo a sinalizagcdo via RANKL/RANK. Tal
mecanismo regulador da diferenciacdo osteoclastica € amplamente discutido
em estudos laboratoriais, inclusive sugerindo-se a possibilidade de controle
biolégico do movimento dentario induzido. Apesar das limitacdes ao transladar
esses dados laboratoriais para a préatica diaria, interessantes aplicacdes
clinicas da biologia celular e molecular tém sido descritas na literatura.

Drogas anabolistas do tecido 6sseo, tais como as estatinas, parecem inibir
a reabsorcao osteoclastica por trés distintas vias: (a) efeitos antiinflamatorios,
(b) inibicdo da ativacédo da via de NFkB e, (c) inibicdo de GTPases de baixo
peso molecular. Sob esta perspectiva, nossos resultados evidenciaram que a
modulacdo farmacolégica do tecido 6sseo alveolar, induzida pela
administracdo sistémica da droga atorvastatina, provou ser uma estratégia
plausivel para reduzir a recidiva ortoddntica. Um dos principais mecanismos
biolégicos envolvidos neste importante achado foi a inibicdo da
osteoclastogénese, associada a superexpressiao da osteoprotegerina (OPG)
nos tecidos periodontais. Outro dado importante, embora observacional, foi a
expressdo de OPG no citoplasma de osteoclastos, o que aparentemente
confirma um papel autorregulatério exercido por este tipo celular. Ja quanto a
expressao proteina RANKL durante o movimento denério induzido, ndo houve
diferenca significativa entre os animais que administraram ou ndo atorvastatina,
apesar de ter se observado uma suave reducdo desta proteina no periodonto
de animais tratados com a referida droga.

Por outro lado, em um experimento paralelo, também observamos que a
administracdo de atorvastatina previamente ao inicio do movimentacéo

ortodontica, reduziu o deslocamento dentario em ratos Wistar, via inibicdo da
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osteoclastogénese. Ao inferir que tal resultado possa ser reproduzido em
humanos, devemos observa-lo sob dois prismas: (1) considerando-0 um
problema clinico - visto que individuos em tratamento da hipercolesterolemia,
com o0 uso continuado de estatinas, poderiam ter o movimento dentario
dificultado durante o tratamento ortodontico e; (2) considerando-o um avanco
clinico — visto a possibilidade de induzir uma reducdo localizada da
movimentagcdo dentaria, assim permitindo um aumento de ancoragem em
regides especificas do arco dentario, por exemplo.

Ja na analise descritiva dos dados, observamos que a maior concentracao
de células osteoclasticas ocorreu na periferia de vasos sanguineos, o que
parece confirmar que o comprometimento e a diferenciacdo de pré-
osteoclastos ocorre na medula éssea, processo sucededido pela a migracéo
destas células ao ligamento periodontal. Além disso, levantou-se a hipétese de
que a presenca de células pluripotentes na regido perivascular (pericitos),
poderiam estar associadas a este achado.

Interessantemente, em ambos experimentos, seja durante a recidiva
ortodontica ou seja durante a fase ativa da movimentacdo dentaria, a
atorvastatina teve um efeito biolégico muito semelhante, inibindo a
osteoclastogénese especialmente nos periodos iniciais dos experimentos
(ap6s7 dias de recidiva e ap0s 14 dias de movimento dentario). Sugere-se que
o fato da inibicdo osteoclastica nao ter sido observada nos tempos
subsequentes, provenha de um mecanismo compensatorio observado in vivo,
capaz de estimular as células osteoclasticas a superar a sua inibicdo via
estatinas, o que ocorreria apés determinado tempo. Outra hipGtese é que as
estatinas poderiam atuar apenas nos estagios iniciais do processo inflamatario,
durante a recidiva e movimento dentario ortodontico. A medida que o
microambiente &sseo reestabelecesse sua condicdo fisiolégica, a droga
perderia seus efeitos sobre a osteoclastogénese. Ressalta-se que, mesmo
considerando este transitorio efeito bioldgico, a atorvastatina foi capaz de
promover significativos resultados clinicos, conforme descrito anteriormente.

Além disso, a reducédo do numero de osteoclastos observado nos grupos
ATV, durante o movimento dentario e recidiva ortoddntica, parece estar
associada ao aumento do volume Gsseo alveolar, quando comparados aos

grupos SAL. Outra hipotese para explicar tal achado é um plausivel estimulo da
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neoformacéo 6ssea promovido pelo uso da droga, sendo necessarias maiores
investigacdes nesta area.

Em relacdo ao efeitos colaterais da atorvastatina, preocupamo-nos em
estudar a acdo destas drogas sobre a ossificacdo endocondral e turnover de
0ssos longos (fémures). Para uma melhor avaliagdo destes dados, devemos
tomar os resultados de nossos dois exprimentos em conjunto. Dessa forma, o
amplo aspecto de nosso desenho experimental contempla a analise de fémures
de animais com admnistracdo de estatinas pelos periodos de 7, 14, 21, 28 e 35
dias. Os trés primeiros tempos (7, 14 e 21 dias), foram considerados como
“administragédo por curto prazo” (média de 14 dias), enquanto os dois ultimos
tempos (28 e 35 dias) foram denominados “administragcdo por longo prazo”
(média de 31,5 dias). De forma inesperada, a administracdo da droga por curto
prazo promoveu um aumento da espessura do disco epifisario (GPCTh) e da
zona hipertrofica de condrécitos (HzTh), apontando para um efeito anabdlico
sobre a ossificacdo endocondral. Ja, quando considerado um maior tempo de
administracdo das drogas, também houve um incremento nas medidas destes
mesmos parametros (GPCTh e HzTh), mas estas ndo foram estatisticamente
maiores do que aquelas observadas em animais sem administracdo de
estatinas. Esta intrigante diferenca de acdo da droga sobre a ossificacao
endocondral, entre o curto e o longo prazo, parece evidenciar um efeito do fator
tempo: a esse respeito, pode-se supor que o aumento de espessura verificado
retratasse apenas um momento fisiologico da cartilagem, o que foi
ultrapassado em momento posterior. Por outro lado, tem sido sugerido na
literatura uma crivel acdo das estatinas estimulando a ossificacdo endocondral
e aumentando o comprimento de 0ssos longos, 0 que parece ser de grande

valia clinica.

Finalizando, de um modo geral, este estudo aponta para promissoras
perspectivas, onde a aplicacdo da biologia celular e molecular deve modificar
definitivamente algumas condutas ortodbnticas diagndsticas e terapéuticas.
Nesse cenario, a modulacdo medicamentosa dos tecidos periodontais podera
se tornar uma realidade, devendo ser rotineiramente usada para distintas

finalidades clinicas
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7. Anexos

Materiais Suplementares

Anexo | — Aprovacédo do Comité de Etica no Uso de Animais (CEUA).

UFRG S PRO-REITORIA DE PESQUISA PROEB

UNIVERSIDADE FEDERAL Comissdo De Etica No Uso De Animais
DO RIC GRANDE DO SUL

CARTA DE APROVACAO

Comissao De Etica No Uso De Animais analisou o projeto:

NUmero: 23145

Titulo:  ece 1705 DA ATORVASTATINA SOBRE A REMODELAGAO OSSEA APOS MOVIMENTAGCAO
DENTARIA INDUZIDA EM RATOS

Pesquisadores:

Equipe UFRGS:

ANNA CHRISTINA MEDEIROS FOSSATI - coordenador desde 09/04/2012
DIOGO ONOFRE GOMES DE SOUZA - pesquisador desde 09/04/2012
Gabriel Schmidt Dolci - pesquisador desde 09/04/2012

Comisséo De Etica No Uso De Animais aprovou o mesmo , em reunido realizada em
18/03/2013 - Sala de Reuni6es do 2° andar do Prédio da Reitoria - Campus Central., em seus
aspectos éticos e metolodologicos, para a utilizagao de 54 ratos Wistar machos, de acordo
com as Diretrizes e Normas Nacionais e Internacionais, especialmente a Lei 11.794 de 08 de
novembro de 2008 que disciplina a criagdo e utilizagao de animais em atividades de ensino e
pesquisa.

Porto Alegre, Quinta-Feira, 28 de Margo de 2013
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STELA MARIS KUZE RATES
Coordenador da comissao de élica
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Anexo Il — Método da boca dividida, usado para a movimentacdo do primeiro molar
superior direito, em ratos Wistar. O lado contralateral (primeiro molar superior
esquerdo) serviu como controle interno. (a) A for¢a foi mensurada com um
tensiométro, numa magnitude de 50cN. (b) Foto do dispositivo ortoddntico instalado.
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Anexo Il — Método usado para a analise do volume 0sseo, em sec¢des de H&E de
fémures. (a) Foram selecionadas cinco regides, na metafise dos 0ssos longos,
conforme método descrito por Ho et al'®. Magnificacéo de 4x. (b) Nestas regides,
procedeu-se a avaliagdo do volume 6sseo (200x). (¢) Representacdo da imagem
mostrada em “b” digitalmente manipulada. Os pixels pretos representam o volume
0sseo (BV), o qual era dividido pelo volume total da imagem (TV). Para cada fémur,
considerava-se o valor total das cinco medidas realizadas. Apdés, era calculada a
média por grupo.
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Anexo IV — (a) As células TRAP positivas foram contadas em 10 regibes subcondrais
distintas, aleatériamente selecionadas, em fémures (magnificacdo de 200x). (b)
Detalhe da coloragdo TRAP positiva (magnificagdao 400x), indicando a presenca de
osteoclastos.
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Anexo V — (a) A ossificacdo endocondral foi avaliada em 10 regifes

subcondrais aleatoriamente selecionadas, representativas de toda extensao do

disco epifisario (magnificacdo 100x). (b) Sob um aumento de 200x, foram

realizadas as medicdes. (c) Detalhe da regido de interesse (magnificacao de

400X).
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