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RESUMO

Introducao: O tecido 6sseo pode sofrer alteracdes em suas propriedades bioquimicas,
morfoldégicas, bioquimicas e biomecanicas sob a influéncia de determinadas doencas. Niveis
elevados de colesterol e hiperlipidemia podem causar alteracdes no 0sso, comprometendo a
osteogénese e resisténcia mecanica. A sinvastatina € um medicamento do grupo de estatinas mais
comumente utilizado para o tratamento d hiperlipidemia, reduzindo o nivel de colesterol. Além
disso, estudos com estatinas t€m demonstrado bons resultados na prevengdo e tratamento da
osteoporose. Objetivos: Avaliar o efeito da hiperlipidemia e da utilizacdo de sinvastatina sobre
as propriedades biomecanicas, a estrutura do osso cortical e trabecular e osteogénese em
camundongos LDLr(-/-) e selvagens. Métodos: Neste estudo foram utilizados camundongos do
tipo selvagem (C57BL6) (Grupo W) e camundongos homozigotos para a auséncia do gene
receptor LDL (LDLr-/-) (Grupo L), todos do sexo masculino com 3 meses de idade. Os animais
foram divididos em dois grupos experimentais, que foram subdivididos em quatro grupos de 12
animais cada: Experimento I (grupo W — racdo padrao; Grupo WH — dieta hiperlipidica; Grupo L
— ragdo padrao e Grupo LH — dieta hiperlipidica) e Experimento II tratados com sinvastatina (S)
(Grupo WS - ragdo padrao; Grupo WHS - dieta hiperlipidica; Grupo LS — ra¢do padrao e Grupo
LHS - dieta hiperlipidica). Apdés 15 dias de experimentacdo um defeito 6sseo de 3mm de
diametro foi produzida cirurgicamente no osso parietal direito em cada animal. No final de 60
dias de experimentacdo os animais foram sacrificados. O sangue foi coletado e os fémures e o
osso parietal direito foram retirados para estudo histolégico e mecanico. Resultados: Os dados
obtidos neste estudo originou trés artigos. O primeiro artigo “Efeitos da hiperlipidemia sobre as
propriedades biomecanicas e morfoldgicas do fémur de camundongos LDLr(-/-)” aceito para
publicacdo no Journal of Bone and Mineral Metabolism, o segundo “Efeitos da sinvastatina sobre
as propriedades morfométricas e mecanicas no fémur de camundongos” formatado para
submissao ao Journal of Orthopaedic Research e o terceiro artigo “Efeitos da hiperlipidemia e
sinvastatina na reparacdo Ossea de defeitos na calvaria de camundongos LDLr-/-" esta sendo
preparado para a publicacdo. Conclusdo: A dieta hiperlipidica causa alteragdes na integridade
dssea e que o uso da sinvastatina foi eficaz para preservar as propriedades biomecanicas do fémur
nos animais tratados com dieta comercial, no entanto, seu efeito sobre o tecido 6sseo pode ser
comprometido pela ingestdo de uma dieta rica em gorduras. A osteogé€nese foi restrita nos
camundongos LDLr-/-, principalmente nos grupos alimentados com dieta rica em gorduras.

Palavras-chave — Hiperlipidemia; Sinvastatina, Crescimento ¢sseo; Resisténcia mecanica.

12



ABSTRACT

Introduction: The bone tissue can suffer alterations in their biochemical morphological and
biomechanical properties under influence of certain diseases. High levels of cholesterol and
hyperlipidemia can cause changes in the bone, compromising osteogenesis and mechanical
strength. The simvastatin is a drug of the statins group most commonly used for the treatment of
hyperlipidemia, reducing the cholesterol level. Additionally, studies with statins have
demonstrated good result in the prevention and treatment of osteoporosis. Objectives: Evaluate
the effect of hyperlipidemia and the use of simvastatin on the biomechanical properties, structure
of cortical and trabecular bone and osteogeneses in LDLr(-/-) and wild-type mice. Methods: In
this study were used wild-type (W) mice (C57BL6) and homozygous mice for the absence of the
LDL receptor gene LDLr-/- (L), all male with 3 months of age. The animals were divided into
two experimental groups that were subdivided into four groups of 12 animals each: Experiment I
(Group W — standard ration; Group WH — high-fat diet; Group L - standard ration; Group LH —
high-fat diet) and Experiment II with simvastatin (S) (Group WS — standard ration; Group WHS
— high-fat diet; Group LS - standard ration; Group LHS - high-fat diet). After 15 days of
experimentation a bone defect measuring 3mm in diameter was surgically produced in the right
parietal bone in each animal. At the end of 60 days of experimentation the animals were
euthanatized. Blood was collected and the femurs and the right parietal bone were removed for
mechanical and histological study. Results: The data obtained in this study originated three
articles. The first article “Effect of hyperlipidemia on femoral biomechanics and morphology in
LDLr-/- mice” was accepted for publication in the Journal of Bone and Mineral Metabolism, the
second “Effects of simvastatin on morphometric and mechanical properties in the femur of
mice” was submitted to Journal of Orthopaedic Research and the third article “Effect of
hyperlipidemia and simvastatin on bone repair of the calvaria of the LDLr-/- mice” is being
prepared for publication. Conclusions: The high-fat diet caused alteration in bone integrity and
the treatment with simvastatin was effective in preserving the biomechanical properties and
structure of the femur in the animals treated with low-fat diet, however, its effect on bone tissue
can be compromised by a high-fat diet. Osteogenesis was reduced in LDLr-/- mice, especially in
the high-fat diet groups.

Keywords: hyperlipidemia; Simvastatin; Bone growth; Mechanical strength.
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I Introducdo

1.1 Camundongos Knockout para o gene do receptor de LDL (LDLR-/-)

Segundo Smithies e Maeda (1995), os camundongos naturalmente apresentam niveis
elevados de HDL (lipoproteina de alta densidade). Em contrapartida, niveis de LDL (lipoproteina
de baixa densidade) sdo baixos em relagdo aos valores encontrados em humanos. Tais condi¢des,
alids, exercem um papel protetor contra a aterosclerose. Camundongos também apresentam a
auséncia da lipoproteina A, uma lipoproteina pré-aterogénica presente em humanos. Embora
existam diferencas no transporte € no metabolismo de lipidios entre camundongos e humanos,

alteracOes em partes especificas das vias tornam as duas espécies similares.

Nas décadas de 60 e 70, foram desenvolvidas dietas capazes de induzir uma
hiperlipidemia leve em camundongos (Vesselinovitch e Wissiler, 1968). Uma vez alimentadas
por védrios meses com tais dietas, certas cepas desenvolviam lesdes com estrias de gordura na
porcao proximal da aorta (Roberts e Thompson, 1976). No inicio da década de 80, varios
pesquisadores caracterizaram as lipoproteinas e demonstraram as diferencas nos niveis destas
associadas as diferentes cepas de camundongos (Leboeuf et al., 1983; Lusis et al., 1983). Paigen
et al. (1987) desenvolveram um método que permitiu quantificar lesdes aterosclerdticas em
camundongos. Na década de 90, a engenharia genética permitiu o desenvolvimento de modelos
de camundongos transgénicos capazes de desenvolver lesdes avancadas em contraste com as
discretas lesdes observadas em camundongos selvagens alimentados com dietas aterogénicas
(Breslow, 1996). H4 concordancia de que camundongos knockout para ApoE (apolipoproteina E)
ou para o receptor de LDL podem desenvolver lesdes que compartilham aspectos semelhantes as

lesdes humanas avancadas (Calara et al., 2001; Johnson e Jackson, 2001; Song et al., 2001).
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Os camundongos LDLr-/-, quando submetidos a dietas lipidicas, apresentam niveis
elevados de IDL (lipoproteina de densidade intermedidria) e LDL e um aumento pronunciado das
lipoproteinas. Camundongos machos e fémeas LDLr-/- sdo férteis, possuem os niveis de
colesterol total no plasma 35 vezes maior que nos animais selvagens (WT), apresentam um
aumento de 7 a 8 vezes na quantidade de IDL, sem apresentar mudangas significativas no HDL, e
os niveis de triacilgliceréis sdo normais (Ishibashi et al., 1993).

Estudos recentes mostraram que camundongos LDLr-/- alimentados com dieta
hiperlipidica por 15 dias apresentaram aterosclerose, aumento de 4,7 e 1,2 vezes na concentracao
plasmaética de colesterol e triglicérides, respectivamente, em relagdo aos camundongos LDLr-/-
com dieta padrao (Krieger et al., 2006). Além disso, é possivel detectar a hipertensdo arterial e

hipertrofia ventricular esquerda quando alimentados com dieta hiperlipidica (Garcia et al., 2008).

1.2 Hiperlipidemias

As gorduras, também denominadas lipideos, sdo substancias ricas em energia.
Servem como fonte principal de combustivel para os processos metabdlicos do corpo, sendo
obtidas dos alimentos ou formadas no corpo (sobretudo no figado), armazenadas nos adipdcitos
para uso futuro. S3o elementos essenciais das membranas celulares, das bainhas de mielina que
envolvem as células nervosas e biliares. O colesterol e os triglicerideos se ligam a determinadas
proteinas para se deslocar no sangue. Essa combinacdo denomina-se lipoproteinas (Beers e
Berkow, 2001).

As lipoproteinas sdo particulas esféricas constituidas por um nicleo de lipideos
neutros, nao polares (ésteres de colesterol e triglicérides), envolvidos por substincias
relativamente polares (fosfolipides, colesterol livre e proteinas). O componente proteico das

lipoproteinas é denominado de apolipoproteina (apo) e sdo classificadas como: apo A (apoA-I,
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apoA-II e apoA-1V), apo B (apoB-100 e apoB-48), apo C (apoC-I, apoC-II, apoC-III) e apo E,
variando no tamanho e na composi¢ao quimica. As apolipoproteinas participam, com os lipidios,
fosfolipidios, colesterol, triglicérides e éster de colesterol, na formacdo de cinco classes de
lipoproteinas: quilomicron, HDL, LDL, IDL e VLDL (lipoproteina de muito baixa densidade)
(Novak e Bydlowski, 1996).

A elevacao das concentracdes de lipoproteinas no sangue caracteriza uma
hiperlipidemia ou dislipidemia, sendo esta decorrente de fatores genéticos e/ou ambientais
(Kassim et al., 2010; Yamada, 2011). Evidéncias clinicas, experimentais, metabdlicas e
epidemioldgicas, acumuladas ao longo de vérias décadas, demonstraram que niveis elevados de
colesterol total, colesterol LDL e triglicerideos estdo correlacionados com maior incidéncia de
hipertensao, hiperlipidemia e doenca aterosclerética (Jeppesen et al., 1998; Lwin-Mm-Khin et al.,
2011).

As hiperlipidemias estdo associadas a altos indices de mortalidade por doengas
coronarianas, pois constituem um dos principais fatores envolvidos na aterogénese (Arslanian-
Engoren, 2011; Koba e Hirano, 2011). A hiperlipidemia ocorre por causa do aumento das
triglicérides (TG) - (hipertrigliceridemia isolada), aumento do colesterol (hipercolesterolemia
isolada) ou por uma combinacdo das duas (dislipidemia mista). Pode, ainda, ser causada pela
redu¢cdo do HDL ou pelo aumento dos TG ou LDL (Ors6 et al., 2009; Hall e Lorenc, 2010).

Segundo a 1V Diretriz Brasileira Sobre Dislipidemias e Prevengdo da Aterosclerose
(2007), as hiperlipidemias podem ser classificadas laboratorialmente da seguinte forma:

1) Hipercolesterolemia isolada (aumento do CT e ou LDL);
2) Hipertrigliceridemia isolada (aumento dos TG);
3) Hiperlipidemia Mista (aumento do CT e dos TG);

4) Diminuig¢do isolada do HDL ou associada ao aumento dos TG ou LDL.
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As hiperlipidemias primdrias t€ém origem genética, associadas ao histdrico familiar de
hipercolesterolemia familiar (HF) ou combinada (HFC), hipercolesterolemia poligénica,
hipertrigliceridemia familiar ou sindrome da quilomicronemia, doencas decorrentes de mutacdes
génicas. J4 as hiperlipidemias secunddrias sdo causadas por outras doencas obesidade,
alcoolismo, hipotireoidismo, diabetes mellitus, sindrome nefrética, ictericia obstrutiva,
insuficiéncia renal cronica ou uso de medicamentos (anabolizantes, corticosterdides,
betabloqueadores e doses altas de diuréticos). O tratamento dessas hiperlipidemias consiste em
controlar a doenga de base (Santos et al., 2004; Arslanian-Engoren, 2011).

O tratamento das hiperlipidemias baseia-se em mudangas de hadbitos de vida (controle
de peso, mudangas alimentares, combate ao tabagismo e estimulo ao exercicio fisico) e, quando
ndo atingidos os objetivos propostos, deve ser considerado o tratamento medicamentoso (SBC,
2007). Para o tratamento medicamentoso da hiperlipidemias, as estatinas sdo drogas amplamente
utilizadas, pois inibem a hidroximetelglutaril-coenzima-A (HMG-CoA) redutase, caracterizando
o grupo de farmacos mais potentes e eficazes para reduzir o LDL (Rang e Dale, 2006; Kassim et
al., 2011; Bruckert e Rosenbaum, 2011). Desde que foram aprovados para uso no tratamento da
hiperlipidemias em 1987, diversos estudos clinicos vém demonstrando que esses medicamentos
sao capazes de reduzir eventos cardiovasculares, quer na prevencao primaria quer na prevengao

secunddria da doenga arterial coronariana (Shepherd, Cobre e Ford, 1995).

1.3 Hiperlipidemias e tecido 6sseo
A relacdo hiperlipidemias e alteracOes no tecido 6sseo vem sendo discutida em
diferentes estudos (Funaba et al., 1997; Krieger et al., 2007). Os altos niveis de colesterol causam

reducdo da massa 6ssea, diminui¢do da remodelagem dssea, intensa proliferacdo de osteoclastos e
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inibicdo da atividade dos osteoblastos (Luegmayr et al., 2004; Krieger et al., 2007; Luisetto e
Camozzi, 2009).

A hiperlipidemia ¢ atribuida como uma das possiveis causa de osteonecroses (Glueck
et al., 2001; Powell et al, 2010), morte celular de dois componentes do osso: a medula
hematopoiética e os ostedcitos (Borjaille et al., 2006). Os lipidios oxidados podem inibir a
atividade osteobldstica, influenciando na formacao mineral do osso (Luegmayr et al., 2004).

Funaba et al. (1997) evidenciaram que ratos Wistar hiperlipidémicos apresentavam
maior reabsor¢do 0ssea decorrente da intensa acao osteoclastica quando comparados com os ratos
normolipidicos. Krieger et al. (2007) estudaram o efeito da hiperlipidemia na remodelagem 6ssea
da mandibula de ratos Wistar hiperlipidémicos e normolipidicos. Apds andlise
histomorfométrica, os autores concluiram que os ratos hiperlipidémicos apresentavam erosao
Ossea nas corticais bucal e lingual da mandibula, com diminuicdo acentuada do nimero de
osteoblastos, aumento da reabsor¢do ssea e diminui¢do da osteogénese.

O processo fisiologico da coagulagdo é fundamental para a reparagdo tecidual,
inclusive a reparagdo 6ssea (Moraes et al., 2005). As hiperlipidemias exercem acdes aterogénicas
diretas e indiretas, alterando o processo de coagulacao e dificultando a reparacdo tecidual (Hunt,

1990; Broze, 1991).

Premaor e Furlanetto (2006) e Banugaria et al (2010) referem-se que a
hiperlipidemia estd associada a hipovitaminose D, o que pode acarretar inimeras alteragdes no
metabolismo 6sseo, uma vez que a vitamina D auxilia na manutencdo da massa 6ssea (Fraser,
1995), mobiliza célcio do osso para a circulacdo (Norman, 2001; Lips (2001), participa da
maturacdo de coldgeno (Van Leeuwen et al., 2001; Levine, 2003) e estimula a formagdo de

osteocalcina, osteopantina e fosfatase alcalina (Bouillon, Okamura e Norman, 1995).
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Evidéncias clinicas mostram uma associacdo entre aterosclerose e calcificagao
vascular, com surgimento de osteoporose (Graham et al., 2010). No entanto, nenhum mecanismo
ainda explica exatamente esse paralelo. Uma hipdtese seria que os lipidios oxidados,
caracteristicos da hiperlipidemia, atenuariam a osteogénese € ocasionariam uma resisténcia o

paratormonio (PTH), regulando os processos de reabsor¢ao éssea (Sage et al., 2010).

Massa dssea

Reabsor¢do 6ssea Remodelagem dssea

Numero de osteoclastos ivei
Niveis de Proliferagdo dos
; Colesterol 3
Atividade dos osteoclastos osteobldstos
l Formacdo mineral dssea
Resisténcia ao PTH -
Hipocalcemia » Consequéncias: Vitamina D
Fratura,

Calcificagdo vascular

Osteoporose e Neovascularizagao

Aterogénse; Osteonecrose.

Osteogénese

Formagdo de coagulos.

Figura 01. Esquema referente aos efeitos da hiperlipidemia sobre o tecido 6sseo.

1.4 Estatinas e reparo 6sseo

A regeneracdo Ossea é regulada por hormonios, citosinas e fatores de crescimento
0sseo, como a proteina dssea morfogenética (BMP) (King et al., 1997; Bostrom, 1998). Na busca
de acelerar a osteogénese, surgiram estudos de medicamentos que estimulam a formagdo de um
novo tecido 6sseo, entre estes as estatinas ( Mundy et al., 1999; Lacroix et al., 2000; Kodach et

al., 2007).
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O tratamento com estatinas € indicado com intuito de auxiliar no reparo 6sseo
(Rejnmark et al., 2010), embora tenham sido relatados resultados divergentes em estudos clinicos
sobre os efeitos das estatinas sobre a densidade mineral 6ssea (DMO) e remodelacdo Gssea
(Rejnmark et al., 2004; Pauly et al., 2009).

As estatinas sdo capazes de reduzir a morbidade e mortalidade cardiovascular,
principalmente através de seu efeito hipocolesterolémico (Braga Junior et al., 2002; Lupattelli et
al., 2004). Além de diminuir os niveis de LDL, as estatinas também apresentam efeitos benéficos
no tratamento da osteoporose (Chan et al., 2000; Yaturu, 2003; Chen et al., 2010), minimizam os
riscos de fraturas 6sseas (Schlienger e Meier, 2003; Sugiyama et al., 2000), aumentam a
densidade mineral 6ssea (Sugazaki et al., 2010) e aumentam a atividade osteoblastica (Bauer,
2007).

O efeito bloqueador da formagao de placas aterosclerdticas permite que usudrios de
estatinas desenvolvam vascularizagdo adequada ao local de fraturas dsseas, sendo o suprimento
sanguineo fundamental para a neoformacdo Ossea (Horiuchi e Maeda, 2006). No entanto, o
mecanismo de acdo exata da estatina no tecido 6sseo ainda nao é conhecido.

Em 1999, a American Society for Bone and Mineral Research (ASBMR) divulgou os
primeiros estudos relacionando as estatinas com a diminui¢do de fraturas Osseas. Estudos
conduzidos por Bauer et al. (1999) concluiram que mulheres idosas usudrias de estatinas
apresentavam menores taxas de fraturas de quadril e aumento da massa dssea. Meier et al. (2000)
e Whang et al. (2000), através de levantamentos epidemioldgicos e acompanhamentos clinicos de
pacientes, observaram que o uso de estatinas reduzia em 50% as chances de fraturas dsseas.

Com base nos diversos estudos analisados pela ASBMR, na 22* reunido anual em
Toronto, as estatinas foram consideradas estimuladoras da osteogénese em humanos e em

modelos animais (Wilkie et al., 2000). Elas podem agir sob o metabolismo dsseo através de
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varios mecanismos. Segundo Mundy et al. (1999), a estatina exerce acdo anabdlica 6ssea devido
a um aumento da sintese osteobldstica da proteina morfogenética 6ssea 2 (BMP-2), um fator de
crescimento que provoca a proliferacdo osteobldstica (Staal et al., 2003). Para Farwell et al.
(2008), o tratamento com estatinas tem sido associado ao aumento dos niveis de vitamina D, o
que seria uma explicagdo plausivel para a diminuicao do risco de fratura.

A sinvastatina é uma estatina que se destaca. E amplamente utilizada na clinica
cardioldgica, pois apresenta baixo custo e € fornecida com prescricio médica pelas Unidades
Baésicas de Saude pelo Sistema Unico de Sadde (SUS). A sinvastatina, através do seu metabélito
ativo, o beta-hidroxidcido, inibe especifica e competitivamente a HMG-CoA redutase, enzima
que catalisa a conversao da HMG-CoA em mevalonato, que é uma passagem precoce e limitante
na biossintese do colesterol. Dessa forma, a sinvastatina aumenta moderadamente o HDL e reduz
o LDL o VLDL, o colesterol plasmatico total, e os triglicerideos plasmaticos (Schulz et al., 2006;
Alario, 2007; Silva et al., 2008).

Embora seja empregada no combate da hiperlipidemia, a sinvastatina mostra-se eficaz
como estimuladora da neoformacdo 6ssea. Lupattelli et al. (2004) observaram que mulheres
hipocolesterolémicas submetidas a doses didrias de 40mg de sinvastatina, via oral, apresentavam
densidade mineral 6ssea superior quando comparadas a pacientes que ndo tomavam a droga.
Oxlund e Andreasse (2004) observaram que ratos tratados com sinvastatina apresentavam maior
forca biomecanica em suas vértebras, dificultando fraturas e desgastes. Whang et al. (2000) e
Wilkie et al. (2000), também com modelo animal, constataram aumento significativo da
formacdo 6ssea apds ostomias. Mundy et al. (1999) observaram que, apds receberem sinvastatina
oral, os ratos apresentavam atividade osteobldstica mais intensa € aumento da expressdo da
proteina morfogenética Ossea-2 (BMP-2), com consequente aumento do volume do osso

trabecular dos animais. Wang et al. (2007) detectaram o aumento na consolidacdo Gssea de
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fratura em tibia de ratas ooforectomizadas que receberam aplicac@o sinvastatina (10mg/Kg/dia)

sob o local da lesao Ossea.

Estudos realizados com fémures de coelhos osteotomizados, demonstraram que a

sinvastatina acelera o processo de reparo 6sseo, sendo maior o efeito nos estagios iniciais de

osteogénese (Saraf et al., 2007). Segundo Rizzo et al. (2004) e (2006), estudos observacionais

tém mostrado uma reducao no risco de fraturas osteopordticas com o uso de estatina, mas ainda

nao se sabe se o uso dessas drogas pode ter efeito benéfico sobre a formacao dssea.

Remodelagem ossea

DMO

Proliferacao dos Uso de

osteoblastos i
Estatinas

Massa 0ssea

Riscos de osteoporose

Riscos de osteonecrose

Angiogénse

Osteogénese

Neovascularizacao

Riscos de fraturas

Figura 01. Esquema referente aos efeitos da sinvastatina sobre o tecido dsseo.
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2 Objetivos

2.1 Objetivos gerais

Avaliar o efeito da hiperlipidemia e do uso da sinvastatina sobre as propriedades
biomecanicas, estrutura do osso cortical e trabecular e osteogénese em camundongos knockout

para o gene do receptor de LDL (LDLr-/-) e camundongos C57BL6 (Wild Type).

2.2 Objetivos Especificos

* Avaliar as propriedades biomecanicas estruturais (forca maxima de ruptura,
deslocamento na for¢a maxima e rigidez extrinseca do osso) e materiais (médulo de elasticidade,
tensdo maxima e deformacao na tensdo méxima) em camundongos Wild Type e knockout (LDLr-
/-), alimentados com dieta hiperlipidica e com dieta normal, tratados ou nao com sinvastatina.

* Determinar os valores séricos de célcio (total e i6nico), triglicerideos, colesterol
total e fracio (HDL, LDL e VLDL) em camundongos Wild Type e knockout (LDLr-/-),
alimentados com dieta hiperlipidica e com dieta normal, tratados ou ndo com sinvastatina.

* Analisar morfometricamente a estrutura do osso cortical e trabecular dos fémures
em camundongos Wild Type e knockout (LDLr-/-), alimentados com dieta hiperlipidica e com
dieta normal, tratados ou ndo com sinvastatina.

* Avaliar a capacidade de reparo 6sseo em falha produzida no osso parietal de
camundongos Wild Type e knockout (LDLr-/-), alimentados com dieta hiperlipidica e com dieta

normal, tratados ou ndo com sinvastatina.
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3 Material e Métodos

3.1 Protocolo animal

Os experimentos foram realizados em camundongos selvagens (Wild Type -
Linhagem C57BL6) e em camundongos homozigotos para a auséncia do gene do receptor de
LDL (LDLr-/-) gerados no background C57BL6, machos, com 3 meses de idade, pesando 22+3g.
Os animais foram obtidos da Jackson Laboratories (EUA) e criados no biotério da pds-graduacao
da Universidade José do Rosario Vellano (UNIFENAS), em estantes ventiladas (Alesco®) com
controle de temperatura e controle de 12 horas no ciclo claro/escuro, em caixas para roedores
com forragdo de maravalha. Os camundongos foram divididos em dois grupos experimentais

(n=48 cada grupo) e subdivididos em quatro grupos cada (n=12) assim constituidos:

Experimento I — Hiperlipidemia

* Subgrupo W - Camundongos selvagens que receberam racao comercial (Nuvital®)
+ solucdo fisioldgica (SF) a 0,9% através de gavagem por 60 dias (n=12).

* Subgrupo WH - Camundongos selvagens que receberam racdo hiperlipidica com
20% de gordura total, 1,25% de colesterol e 0,5 % acido cdlico + solugdo fisioldgica (SF) (0,9%)
através de gavagem por 60 dias (n=12).

* Subgrupo L - Camundongos LDLr-/- que receberam racao comercial (Nuvital®) +
SF (0,9%) através de gavagem por 60 dias (n=12).

* Subgrupo LH - Camundongos LDLr-/- que receberam racao hiperlipidica com
20% de gordura total, 1,25% de colesterol e 0,5 % dacido cdlico + SF (0,9%) através de gavagem
por 60 dias (n=12).
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Experimento II — Hiperlipidemia com Sinvastatina

* Subgrupo WS - Camundongos selvagens que receberam ragdo comercial
(Nuvital®) + Sinvastatina via oral (gavagem) na dose de 20mg/kg/dia por 60 dias (n=12).

* Subgrupo WHS - Camundongos selvagens que receberam rag@o hiperlipidica com
20% de gordura total, 1,25% de colesterol e 0,5 % acido cdlico + Sinvastatina via oral (gavagem)
na dose de 20/mg/kg/dia por 60 dias (n=12).

* Subgrupo LS - Camundongos LDLr-/- que receberam ra¢do comercial (Nuvital®)
+ Sinvastatina via oral (gavagem) na dose de 20/mg/kg/dia por 60 dias (n=12).

* Subgrupo LHS - Camundongos LDLr-/- que receberam ragdo hiperlipidica com
20% de gordura total, 1,25% de colesterol e 0,5 % acido cdlico + Sinvastatina via oral (gavagem)

na dose de 20/mg/kg/dia por 60 dias (n=12).

Todos os animais foram alimentados com as respectivas dietas e receberam dgua ad
libitum. Durante o experimento, a ingestao liquida e a ingestdao sdlida foram mensuradas com o
auxilio de uma Balanca Eletronica de Precisao Modelo EK-2000G - AND. Além disso,

semanalmente, os animais eram pesados para a caracteriza¢do do estado nutricional.

3.2 Procedimento cirdrgico

Ap6s aprovacio pelo Comité de Etica em Pesquisa da Universidade José do Rosério
Vellano de Alfenas — UNIFENAS (Protocolo n.° 23A/2010), Alfenas — MG, realizou-se este
estudo respeitando-se a Legislacdo Brasileira de Animais de Experimentacdo regulamentada pela
Lei Federal 6.638 (1979). Todo o experimento obedeceu aos principios éticos em experimentacao

animal, preconizados pelo Colégio Brasileiro de Experimentacdo Animal (COBEA).
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Ao completar 15 dias de experimentacdo, os animais foram submetidos a cirurgia
para producdo de uma falha no osso parietal direito. Para o inicio do procedimento, os animais
foram anestesiados com uma solugdo final de cloridrato de xilazina 2% (Rompun®, Bayer
Animal Health) e cloridrato de ketamina 10% (Dopalen®, Agribrands Brasil Ltda.) diluidos a
2mg/ml e 10mg/ml em solucdo salina (0,9%) (Alcon®, Alcon Labs. do Brasil Ltda.),
respectivamente. Foi administrada, por via intraperitoneal, uma dose unica de 0,1ml para cada
10g de peso corporal. A abdbada craniana de cada animal foi tricotomizada e esterilizada. Em
seguida, realizada uma incisao longitudinal na pele da calota craniana, e o periésteo foi rebatido
para expor a superficie do osso parietal direito. Com um punch dermatolégico, foi produzida uma
falha (defeito) 6ssea, com 3 mm de diametro, que atravessou por completo a espessura da parede
do osso (figura 1A). A falha permaneceu vazia (figura 1B). Entao, o periésteo foi reposicionado e
a pele, suturada. Todos os animais foram tratados com analgésico (dipirona sédica 500 mg/mL)
adicionado a agua (ad libitum) na dose de 875 mg/kg durante os trés primeiros dias do pds-

operatorio. Apds 24 horas do procedimento cirdrgico, os animais voltaram aos seus respectivos

protocolos experimentais.

Figura 1. Falha 6ssea produzida com punch dermatolégico de 3 mm em osso parietal. Na seta
(1), o fragmento 6sseo retirado (A) para a manutengdo da falha aberta (B).
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Passados 60 dias, 45 deles apds o procedimento cirdrgico, os camundongos foram
anestesiados. Em seguida, o sangue foi coletado por via retro-orbital para a anélise laboratorial de
calcio total, colesterol total HDL, LDL, VLDL e triglicérides. Ap6s a eutandsia com dose
excessiva do anestésico, as calotas cranianas e os fémures direitos dos animais foram coletados
para procedimento histologico. Os fémures direitos dos animais foram coletados, limpos,
medidos (medida das dimensdes), acondicionados em gaze embebida em solugdo fisioldgica
(0.9%) e armazenados em freezer (-20°C) até o dia anterior ao ensaio mecanico (Soares et al,

2010; Nakagaki et al., 2011).

3.3 Medidas das dimensoes dos fémures

O tecido mole dos fémures foram removidos e com um paquimetro digital
(Starrett®) foram feitas as medidas do comprimento do fémur, largura das epifises proximal e
distal, e diafise (figura 2). Cada medida corresponde a distancia entre dois pontos de referéncia
do préprio osso (Lammers et al., 1998). As medidas obtidas foram: (A) Comprimento do fémur
(CF): do ponto mais proximal na cabeca do fémur até o ponto mais distal na outra extremidade do
osso; (B) Largura da diafise do fémur (LDiaf): largura através da por¢ao mais estreita na metade
do fémur; (C) Largura do fémur proximal (LP): do ponto mais anterior na cabeca do fémur até a
ponta trocanter maior; (D) Largura do fémur distal (LD): largura através dos condilos (sentido

antero-posterior), perpendicular ao comprimento do fémur.
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Figura 2. Medidas das dimensdes do fémur, Comprimento do fémur (A), Largura da diifise do
fémur (B), Largura do fémur proximal (C) e Largura do fémur distal (D).

3.4 Teste mecanico dos fémures

Para a realizacdo do teste mecanico, apds o sacrificio os fémures direitos dos animais
foram coletados, limpos e acondicionados em gaze embebida em solucdo fisiolégica (0.9%) e
armazenado em freezer (-20°C) até o dia anterior ao ensaio (Soares et al., 2010; Nakagaki et al.,
2011). Os fémures direito de cada animal foram testados mecanicamente, até sua fratura

completa, em teste de flexdo em trés pontos a uma velocidade de 0,05 mm/s (3 mm/min) no
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equipamento mecanico MTS (modelo TESTSTAR II), com célula de carga de 100 Kgf. O ponto
superior e os dois suportes inferiores possuiam 0,5 mm de raio em suas extremidades (Robertson
et al, 2006). A distancia entre os dois suportes inferiores foi de Smm (Akhter et al, 2001). Cada
fémur foi testado no plano antero-posterior (concavidade voltada para cima), com o lado anterior

voltado para cima suportando compressao e com o lado posterior para baixo suportando tensao

(figura 3).

Figura 3. Modulo de flexdo MTS (modelo TESTSTAR 1II) (A); teste de flexdo do fémur em trés
pontos a uma velocidade de 0,05 mm/s (3 mm/min) com célula de carga de 100 Kgf (B).

Os dados de forca (Maximum load) e deslocamento (Displacement) foram obtidos
diretamente do sistema MTS e gravadas com um computador acoplado a mdaquina de
ensaio. Esses dados foram utilizados para a aquisi¢do e cdlculo das propriedades estruturais:
carga maxima, deslocamento com a carga mixima e rigidez extrinseca. A rigidez extrinseca foi

calculada como a inclinagdo da por¢do mais linear da regido eldstica da curva da forca e
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deslocamento (Akhter et al., 2001; Huang et al., 2003). Depois da execu¢do do teste de trés
pontos de cada espécime, as duas extremidades do local da ruptura foram processadas para se
obter os parametros da drea de seccdo transversal da didfise (osso cortical). As extremidades
distais do fémur foram processadas por técnica histologica, realizando-se cortes com Sum de
espessura, que foram corados com Hematoxilina-Eosina. As extremidades proximais teve seus
tecidos moles removidos e foram fotografadas por uma camera digital de alta resolu¢do com uma
régua em milimetros para calibracio do software (Huang et al., 2003). As imagens das duas
extremidades foram analisadas com auxilio do software NIS-Elements: Advanced Research
(USA). A partir das medidas obtidas de cada extremidade, foi determinada a média de cada um
dos parametros. Os parametros da darea de seccdo transversal foram utilizados para calcular o
momento de inércia de drea da diafise. Para esse cdlculo, foi assumido que a didfise tinha um

formato eliptico (Turner et al., 1992; Huang et al., 2003). Para isso, foi utilizada a equagao:

T 3_ (g — _ 943
r=— [ab® ~ (a—20)(b ~2)°]

Onde I é o momento de inércia de drea; a € a largura da drea de sec¢do transversal na
direcdo médio-lateral; b € a largura da 4rea de seccao transversal na dire¢do anteroposterior; e t €
a média da espessura do osso cortical. A média da espessura cortical foi calculada das medidas

feitas em cada um dos quadrantes da drea cortical da diafise (figura 4) (Turner et al, 1992).
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Distal Proximal

ST ST

Figura 4. Cortes de seccdes transversais (ST) do fémur utilizado no teste mecanico. A
extremidade distal foi analisada por microscopia de luz, enquanto a proximal teve sua imagem
capturada por maquina fotogréfica digital de alta resolu¢do. As seccdes que apresentavam alguma
ruptura (falha) ao longo da diéfise foram descartadas.

As propriedades materiais foram calculadas a partir desses parametros (Turner e Burr,
1993; Akhter et al., 2001; Huang et al., 2003). As propriedades materiais determinadas foram:
tensdo maxima (maximum stress), moédulo eléstico (elastic modulus) e deformacao (strain). Elas

serdo obtidas pelas equagdes:

agrca- L -c 12-¢c-d rigidez - L
E
g=—— =— -
47 L= 4371

o
|

Onde: o € a tensdo; L ¢ a distancia entre os dois suportes inferiores; ¢ € igual a metade
de b (descrito anteriormente); ¢ € a deformacao; d € o deslocamento; E é médulo eldstico. A forgca
poderd ser a méaxima ou a correspondente ao limite eldstico. Os testes foram realizados no
equipamento do Laboratério de Propriedades Mecanicas da Faculdade de Engenharia Mecanica

(FEM) - UNICAMP.
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3.5 Analise histomorfométrica

3.5.1. Falha éssea do osso parietal

As calotas cranianas foram fixadas em solucdo de formalina a 10% em solugdo de
tampao fosfato 0,1 M pH 7, por um periodo de 72 horas a temperatura ambiente, e, em seguida,
foram imersas em solu¢do de 4cido etilenodiamino tetra-acético (EDTA) para a descalcificacao.
As amostras foram desidratadas em gradiente de dlcool, diafanizados em xilol e embebidas em
parafina liquida a 60° para confeccao dos blocos de parafina. Foram obtidos cortes transversais (5

um de espessura) corados com Hematoxilina-Eosina (Junqueira e Junqueira, 1983).

A quantificacdo do volume (%) de osso neoformado no interior da falha 6ssea foi
baseada no estudo de Gosain et al (2000). As imagens das seccdes histoldgicas foram analisadas
no software NIS-Elements: Advanced Research.

O osso neoformado dentro do defeito foi determinado por dois métodos. No primeiro
método, a porcentagem do novo osso dentro do defeito (falha) foi calculada com base no
comprimento linear do osso neoformado com relagdo ao comprimento inicial do defeito. O
comprimento linear do novo osso foi determinado como a soma dos comprimentos de cada
seccao Ossea formada, medida através do eixo central do defeito (Figura 5a e 6). No segundo
método, a porcentagem do novo osso foi calculada com base na drea de seccdo transversal do
novo osso relativa a drea do defeito inicial. A drea do osso neoformado serd calculada como a

soma das dreas de sec¢do Ossea existente (Figura 5b e 6).
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Ldefec

Comprimento linear do osso neoformado (L.novo) = Comprimento (al + a2 + a3 + a4)
Comprimento do defeito inicial: Ldefec
Porcentagem do osso neoformado= (Lnovo/Ldefec) x 100

Figura Sa. Esquema do método utilizado para o cédlculo do osso neoformado, baseado no
comprimento linear.

Area do osso neoformado = area (al + a2 + a3 + a4)

Area do defeito inicial: 1 x d

Porcentagem do osso neoformado= Area do osso neoformado x 100
Area do defeito inicial

Figura 5b. Esquema do método utilizado para o cdlculo do osso neoformado, baseado na drea de
sec¢do transversal.

--->

-
|

Figura 6. Método de Gosain et al. (2000) demonstrado no osso parietal de camundongo. Linha
verde representa o comprimento do defeito (falha) éssea inicial (correspondéncia a figura 5a);
linha preta delimita a drea do defeito inicial no momento da operagdo (correspondéncia a figura
5b); asterisco azul indica a localizagdo do osso neoformado, onde foi calculada a drea de osso
neoformado. Corte histolégico corado com Hematoxilina e Eosina (HE).
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3.5.2 Area trabecular e do osso cortical do fémur

Para esta andlise, foram utilizados seis fémures de cada grupo (seis animais por
grupo), sendo que, para cada fémur, foram utilizados seis cortes histolégicos e, de cada corte,
foram capturados dois campos. Assim, foi utilizado um total de 72 campos, que foram escolhidos
aleatoriamente. O nimero minimo e confidvel de campos para as medidas morfométricas foram
obtido de acordo com o estudo de Mandarim-de-Lacerda (1995). Para essa andlise, foi utilizada a
epifise distal e a didfise do fémur esquerdo. As amostras foram fixadas em formol tamponado a
10% por 72 horas a temperatura ambiente e descalcificadas em solu¢do de 4cido férmico, formol
e citrato de s6dio durante 35 dias. Em seguida, as amostras foram processadas através de técnicas
histolégicas de rotina e incluidas em parafina. Foram obtidos cortes transversais com Sum de
espessura, que foram corados com Hematoxilina-Eosina. Na sequéncia, foi realizada a medida da
area e da espessura das trabéculas 6sseas na epifise distal dos fémures e a mensuracdo da area e
espessura cortical da didfise dos fémures, com auxilio do software NIS-Elements: Advanced
Research (USA) com objetiva de 20X acoplado a um fotomicroscépio da marca Nikon modelo

Eclipse E400 com camera Nikon modelo DXM 1200C.

3.6 Determinacoes plasmaticas

As determinagdes séricas de cdlcio total, triglicerideos, colesterol total e fracdes
(HDL, LDL e VLDL) foram obtidas por métodos espectrofotométricos. Foram empregados
sistemas colorimétricos e enzimdticos, cujos procedimentos técnicos utilizados seguiram os
protocolos descritos nos kits comercialmente disponiveis. Estas andlises foram realizadas no

laboratério de andlises clinicas do Hospital Universitario Alzira Vellano - UNIFENAS.
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3.6.1 Determinacao de triglicerolemia

A triglicerolemia foi determinada pelo método enzimdtico colorimétrico, que utiliza
quatro enzimas, conforme o kit triacilglicer6is GPO-ANA da Labtest. O glicerol liberado pela
hidrdlise do triacilglicerol contido no soro, catalisada pela lipase da lipoproteina, € convertido
pela acdo da glicerolquinase em glicerol-3-fosfato, que € oxidado pela dihidroxiacetona e pelo
peréxido de hidrogénio na presenca de glicerolfosfato oxidase. A rea¢do de acoplamento entre o
peréxido de hidrogénio, 4-aminoantipirina € ESPAS € catalisada pela peroxidase, produzindo a
quinoneimina, que tem maximo de absorbancia em 540nm (Trinder, 1969). O kit é composto de:
solucdo tampao SOmmol/L, pH 6,5; acetato de mg Smmol/L, ESPAS 1 mmol/L, 4-
aminoantipirina 0,7 mmol/L, ATP 0,3 mmol/L, glicerolquinase > 800U/L, glicerolfosfato >
2500U/L, lipase da lipoproteina = 100KU/L, peroxidase = 350U/L, azida sédica 1,54 mmol/L. As
amostras foram preparadas de acordo com as instru¢cdes do fabricante, e, apds a leitura da

absorbancia em 540 nm, a concentragado de triglicérides foi calculada em mg/dL.

3.6.2 Determinacao de colesterolemia

A colesterolemia foi determinada pelo método enzimético, conforme kit colesterol
Liquiform da Labtest, utilizando-se associa¢do da reagao de oxidagao, catalisada pelo colesterol
oxidase, ap0s hidrdlise dos ésteres de colesterol, com leitura de absorbancia em 500 nm (Trinder,
1969). O kit de dosagem é composto por: tampao 50 mmol/L, contendo 0,01g/dL, pH 7.0,
colesterol esterase (= 150U/L), colesterol oxidase (= 175U/L), peroxidase (= 1000U/L), 4-
aminoantipirina 0,5 nmol/L, fenol 2,4 mmol/L, solucdo padrao 200 mg/dL, preservativos e
conservantes. As amostras foram preparadas de acordo com as instru¢des do fabricante do kit, e,

apos a leitura da absorbancia em 500 nm, foi calculada a concentracao de colesterol em mg/dL.
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3.6.3 Determinacao de colesterol HDL

Para determinacdo do HDL, foi utilizado o sistema enzimético do kit colesterol HDL
da Labtest para precipitacdo das lipoproteinas de baixa e de alta densidade (LDL e VLDL) e
determinagdo do colesterol HDL no sobrenadante apds centrifugagdo (Warnick et al., 2001). O
kit contém: precipitante com dcido fosfotigstico 1,5 nmol/L e cloreto de magnésio 54 mmol/L,
solucdo padrao 20 mg/dL. de HDL e reagente de cor - colesterol Liquiform Labtest. Apds a
medida da absorbancia das amostras em 500 nm, foi calculada a concentrac¢do de colesterol HDL

em mg/dL.

3.6.4 Determinacao de colesterol VLDL e LDL
Os valores das concentragdes do colesterol VLDL foram obtidos pela divisao dos
valores de triglicérides por cinco; os valores do colesterol LDL, pela subtragao de colesterol HDL

e VLDL do colesterol total (Friedewald, Levy e Fredrickson, 1972).

3.6.5. Dosagem sérica do calcio

O sangue dos animais foi coletado e o soro obtido e centrifugado a 3.000 rpm e para a
determinac¢do o cdlcio, seguindo o método proposto pela Labtest-Diagndstica (Brasil), no qual se
utiliza um reagente aquoso estabilizado. O método colorimétrico foi usado para determinar o
célcio sérico, que foi medido em espectrofotometro (Gehaka G3410, Brasil) a 570 nm da cor
produzida pelo complexo formado entre ortocresoftaleina complexona e o célcio, em pH alcalino

(Tenorio et al., 2005).
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3.7 Andlise estatistica

A andlise estatistica dos referentes a andlise morfométrica e biomecanica dos fémures
dados foi realizada pela Anélise de Variancia (ANOVA) One-Way, e a comparacao das médias
entre os grupos foi realizada aplicando-se do teste Tukey-Kramer. Os resultados foram expressos

em média + erro padrao da média. Todos os testes foram feitos com 5% de nivel de significancia.

A andlise estatistica referente a morfometria da falha dssea foi conduzido em
delineamento inteiramente casualizado (DIC) e analisado por meio de andlise de variancia
seguido de teste de Tukey, a 5% de significancia. O esquema de andlise adotado foi o fatorial
triplo (2x2x2), em que os fatores considerados foram o tipo de camundongo (selvagem ou LDLr-
/-), racdo consumida (comercial ou hiperlipidica) e solucao (fisioldgica ou sinvastatina). Foram
feitas 5 repeticdes de cada tratamento. Todas as andlises foram feitas no software R (R

Development Core Team, 2011), por meio do pacote ExpDes (Cavalcanti, 2010).
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4 Resultados

Os resultados do presente estudo permitiram a elaboragdo de trés artigos cientificos.

I) Artigo - “Effect of hyperlipidemia on femoral biomechanics and morphology in
LDLyr-/- mice” — Aceito para publicagdo pelo Journal of Bone and Mineral Metabolism. Fator de

Impacto = 2.23 / Qualis A1 — Ciéncias Bioldgicas.

) Artigo - “Effects of simvastatin on morphometric and mechanical properties in

the femur of mice” — Submetido ao Journal of Orthopaedic Research.

IIl) Artigo — “Efeito da hiperlipidemia e sinvastatina sobre o reparo de defeitos
osseos na calvdria de camundongos LDLr-/- alimentados ou ndo com dieta hiperlipidica” —

Encontra-se em processo de versdo em inglés.
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ABSTRACT
The objective of this study was to evaluate the effect of hyperlipidemia on the biomechanical and
morphological properties of the femur of LDL receptor gene knockout mice (LDLr-/-) mice. Ten

wild-type mice (C57BL6) and 10 LDLr-/- mice generated on a C57BL6 background were used.
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Male 3-month-old animals were divided into four groups (n = 5): group W (wild type) and group
L (LDLr-/-) receiving low-fat commercial ration, and group WH (wild type) and group LH
(LDLr-/-) receiving a high-fat diet. After 60 days, blood samples were collected for laboratory
analysis of calcium, triglycerides, and cholesterol. The femur was excised for mechanical testing
and morphometric analysis. LDLr-/- mice receiving the high-fat diet presented more marked
alterations in the mechanical and morphological properties of femoral cortical and trabecular
bone. Changes in the plasma levels of calcium, triglycerides, cholesterol, and fractions were also
more pronounced in this group. The present results demonstrate that hyperlipidemia causes
alterations in the structure and mechanical properties of the femur of LDLr-/- mice. These effects

were more pronounced when associated with a high-fat diet.

INTRODUCTION

Cardiovascular diseases are the leading cause of death in the world and most of these
diseases are due to traditional risk factors such as hiperlipidemia [1]. In an attempt to better
understand hyperlipidemia, advances in genetic engineering have permitted the development of
transgenic low-density lipoprotein (LDL) receptor gene knockout (LDLr-/-) mice. These
experimental animals develop advanced cardiac and arterial injuries due to elevated plasma levels
of cholesterol and triglycerides, irrespective of the diet consumed. In contrast, discrete
cardiovascular injuries and moderate lipid levels are observed in wild-type (C57BL6) mice fed
high-fat diets [2].

Apolipoprotein E (ApoE) or LDL receptor knockout mice develop lesions that
resemble the advanced cardiovascular injuries seen in humans [3]. Recent studies have shown
that LDLr-/- mice fed a high-fat diet for 15 days present atherosclerosis, arterial hypertension,

left ventricular hypertrophy, and a 4.7- and 1.2-fold increase in the plasma concentration of
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cholesterol and triglycerides, respectively, when compared to LDLr-/- mice fed a standard diet
[3.4].

In addition to cardiovascular diseases, there is evidence that high levels of cholesterol
and triglycerides cause alterations in bone tissue. Krieger et al. [5S] demonstrated an increase in
the number of osteoclasts, inhibition of osteoblastic activity and decreased bone remodeling in
hyperlipidemic rats. According to Luegmary et al. [6] elevated levels of cholesterol including
both LDL and high-density lipoprotein (HDL) may lead to an imbalance in the bone remodeling
process, reducing bone mass by increasing the activity and differentiation of osteoclasts.

Hyperlipidemia causes a reduction of bone density in vivo due to the inhibition of
osteoblast differentiation by bioactive lipids [7,8]. Atherogenic lipids have been shown to
promote osteoclast differentiation in vitro [9]. Tintut et al. [10] analyzed femurs of mice with
hyperlipidemia and observed that their osteoclasts were larger than those of the control group,
suggesting an increased functional activity of these cells. A reduction of alveolar bone density,
intense osteoclast activity and increased oxidative stress giving origin to periodontal disease have
been observed in hyperlipidemic rats [11]. Clinical evidence indicates an association between
hyperlipidemia and osteoporosis, probably due to the uptake of bone calcium for the deposition in
vascular calcifications [6].

Hyperlipidemia and osteoporosis are highly prevalent diseases and currently represent
the main public health problems in the world. Therefore, it is interesting to develop a good
experimental model for the study of treatments designed to control these diseases. In this respect,
the objective of the present study was to evaluate the effect of hyperlipidemia on the

biomechanical and morphological properties of the femur of LDLr-/- mice.
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MATERIALS AND METHODS

Animal model

Ten wild-type (C57BL6) mice and 10 homozygous LDLr-/- mice generated on a
C57BL6 background were used. Male 3-month-old animals were obtained from Jackson
Laboratories (USA). The animals were maintained in ventilated racks (Alesco®) at a controlled
temperature under a 12-h light/dark cycle. The mice were divided into four groups of 5 animals
each: group W (wild-type mice) and group L (LDLr-/- mice) receiving standard ration (Nuvital®)
for 60 days; group WH (wild-type mice) and group LH (LDLr-/- mice) receiving a high-fat diet
(20% total fat, 1.25% cholesterol, and 0.5% cholic acid) for 60 days. All animals received water
ad libitum. During the experiment, water and food intake was measured daily and weight gain
was recorded weekly.

After 60 days, all animals were anesthetized by intraperitoneal injection of
xylazine/ketamine (Bayer AS and Parke-Davis, respectively) at a concentration of 6-40 mg/kg.
Blood was collected for the analysis of serum total calcium, triglycerides, total cholesterol, and
fractions (HDL, LDL, VLDL). Next, the animals were sacrificed by an overdose of the anesthetic
and the femurs were collected for mechanical testing and histological processing.

Animal experimentation was carried out according to the Ethical Principles for
Animal Research established by the Brazilian College for Animal Experimentation (COBEA) and
was approved by the Ethics Research Institutional Committee of UNIFENAS (University of José

Rosério Vellano) protocol number 23A/2010.
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Plasma levels of calcium, triglycerides, cholesterol and fractions

Plasma lipids were determined as described by Garcia et al. [3] including total
cholesterol (TC), HDL cholesterol, and VLDL and LDL (VLDL) cholesterol. HDL cholesterol
was measured after the addition of heparin and manganese to precipitate apolipoprotein B
containing VLDL, followed by centrifugation at 15000g for 15 minutes. The supernatant solution
was then used for determination of HDL cholesterol. The blood samples were collected from all
animals in each group. Blood samples were collected by means of a cardiac puncture. The serum

concentrations of calcium were determined by chemioluminiscence and expressed in mg/dL [12].

Mechanical test

The animals' right femurs were removed and stored in a freezer (-20°C) until the day
prior to the mechanical test. For the mechanical test, femurs (n = 05 per group) were submitted to
three-point bending testing until complete fracture at a velocity of 3 mm/min. An MTS TestStar
II apparatus with a load cell of 100 Kgf was used. The upper point and the two lower supports
had a tip radius of 0.5 mm [13]. The distance between the two lower supports was 5 mm [14].
Each femur was tested in the anteroposterior plane (concave-up position), with the anterior
surface of the bone facing upwards. The load and displacement data were obtained directly from
the MTS system and recorded with a computer coupled to the testing machine. These data were
used for the acquisition and calculation of the structural properties: maximum load, displacement
at maximum load, and extrinsic stiffness. The extrinsic stiffness was calculated as the slope of the
most linear portion of the elastic region of the load-displacement curve [14, 15]. After testing of
the specimens in three-point bending, the failure sites of all bone specimens were photographed,
together with a measurement standard, by a high-resolution digital camera at a standardized

distance according to Huang et al. [15]. The parameters of cross-sectional cortical bone area of
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the diaphysis were measured on the images using the NIS-Elements 3.0 software (Advanced
Research, USA). The cross-sectional moment of inertia (CSMI) at the point of failure was
calculated by the method of Turner et al. [16]:

I :6”_4 ab’ —(a—2t)b—2) ]

Where I is the CSMI, a is the width of the cross-sectional area in the mediolateral
direction, b is the width of the cross-sectional area in the anteroposterior direction and ¢ is the
average cortical thickness [16]. The material properties were obtained from the structural
properties [14]. The following material properties were evaluated: maximum stress, strain at
maximum stress and elastic modulus. On the basis of the load-displacement data, these

parameters were calculated using the following equations:

G:load-L-c 12-c2-d E:stiﬁfnes'L3
41 L 481

Where o is the stress, L is the distance between the two lower supports, c¢ is the
maximum distance from pixels to the line that crosses the center of the mass, ¢ is the strain, d is
the displacement, and E is the elastic modulus. The tests were carried out at the Laboratory of
Mechanical Properties, Faculty of Mechanical Engineering, UNICAMP.

Femur morphometry

Anatomical dimensions of the femur

After removal of all soft tissue from the femurs, the following four measurements
were obtained with a digital caliper and magnifying glass according to Lammers et al. [17]: 1)
femur length (measured from the most proximal point of the femoral head to the most distant end
of the femur); 2) width of the femoral diaphysis (measured at the narrowest point of the mid-

femur); 3) width of the proximal femur (measured from the anterior point of the femoral head to
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the tip of the greater trochanter); 4) width of the distal femur (corresponding to the width of the

condyle in the anteroposterior direction perpendicular to the length of the femur).

Epiphyseal trabecular bone

The distal epiphysis of the femur (n = 5 per group) was used for this analysis. Six
histological sections were prepared for each femur and two fields of each section were captured.
The specimens were fixed in 10% buffered formalin for 72 h and decalcified in a solution of
formic acid, formalin and sodium citrate for 35 days. Next, the specimens were submitted to
routine histological processing and embedded in paraffin. Longitudinal sections (5 um) were
obtained and stained with hematoxylin-eosin. The histological sections were examined under a
Nikon 80i photomicroscope using a 20x objective. The images were captured with a Nikon DS-
Ril camera for the analysis of trabecular bone area, area fraction and mean thickness using the

NIS-Elements 3.0 Advanced Research software.

Diaphyseal cortical bone

The middle third of the femoral diaphysis (n = 5 per group) was used for this analysis.
Cross-sections (5 um) were obtained and stained with hematoxylin-eosin. Twelve histological
sections (1 section = 1 field) were prepared for each bone. The images were captured using a 4x
objective and the cortical bone area (cross-section area - medullary area) and mean cortical

thickness were calculated.

Statistical Analysis
Final weight (g), daily fluid intake (ml), daily solid intake (g), laboratory analysis,
biomechanical analysis of the femurs, the morphological and morphometric comparison were

statistically compared among the groups by analysis of variance followed by the Tukey’s test,
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with the level of significance set at 1 and 5%, respectively. Means with different letters were

significantly different (5%) from each other.

RESULTS

All mice gained weight throughout the experiment. The animals of the four groups
consumed fluid and solid food sufficient to provide the hydration and energy necessary for the
maintenance of their daily body activities. Solid food intake was higher in groups L and LH
compared to groups W and WH (Table 1).

Analysis of the lipid profile showed no differences in plasma triglycerides levels
between the W and WH groups, whereas a significant increase was observed in group L when
compared to groups W and WH. Animals of the LH group presented severe triglyceridemia when
compared to the other groups (Table 2). Plasma total cholesterol levels did not differ between
groups W and WH. Animals of groups L and LH presented moderate and severe
hypercholesterolemia, respectively, when compared to groups W and WH (Table 2). Plasma
HDL levels differed between the four groups in the following increasing order: LH, W, L, and
WH. No differences in plasma LDL or VLDL levels were observed between groups W and WH.
However, plasma LDL and VLDL levels were higher in group L when compared to groups W
and WH and LH animals presented severe LDL and VLDL elevation compared to group L (Table
2).

There were no significant differences in the plasma levels of total or ionic calcium
between groups W, WH, and L (Table 2). However, LH animals presented lower plasma total and

ionic calcium levels than animals of the other groups (Table 2).
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Analysis of the dimensions of the femur showed a greater femur length in animals of
group W compared to the other groups (Table 3). The widths of the proximal epiphysis, diaphysis
and distal epiphysis were reduced in groups L and LH compared to groups W and WH (Table 3).

Mice of group LH presented a smaller trabecular area, trabecular thickness, cortical
area and cortical thickness than animals of groups W, WH, and L (Table 3 and Figures 1 and 2).
The morphometric parameters of spongy bone of the distal femoral epiphysis were reduced by
approximately 40% in groups L and LH compared to groups W and WH. The cortical thickness
and cortical area in the femoral diaphysis were reduced by 17 to 22% in animals of group LH
compared to group W (Table 3 and Figures 1 and 2).

The results of the mechanical tests of the femur showed that a lower maximum load
was necessary for complete bone failure in animals of group L when compared to the other
groups. No differences in this structural property were observed between groups W, WH, and L
(Table 4). There were no differences in displacement values between the four groups (Table 4).
Analysis of stiffness showed no significant difference between groups W, WH and L, but this
parameter was significantly lower in group LH (Table 4). Maximum stress was lower in groups L
and LH than in groups W and WH (Table 4). The elastic modulus of the femur was significantly
greater in animals of group W when compared to the other groups, which presented similar
values. Femoral strain values were the same in groups W and WH but were higher than those
observed in groups L and LH. The lowest strain values were obtained for the femurs of LH mice
(Table 4). All material properties analyzed were reduced in mice of group L when compared to
groups W and WH, whereas the structural properties of femurs were the similar in groups W,

WH, and L (Table 4).
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DISCUSSION

The relationship between hyperlipidemias and bone tissue alterations has been discussed
in different studies [5,18], but reports correlating hyperlipidemia with the biomechanical
properties of bone are scarce.

Studies on LDLr(-/-) mice demonstrated that these animals develop moderate
hypercholesterolemia when fed a standard diet and atherosclerotic lesions when receiving a high-
fat supplement. [3,4]. In the present study, mice fed a high-fat diet gained more weight than
animals receiving a standard rodent diet. Dietary hyperlipidemia did not compromise the
mechanical or morphometric properties of the femurs of WH animals, probably because of the
protective action of HDL which was increased in this group. However, the genetic dyslipidemia
seen in mice of group L, even in the presence of high plasma HDL levels, caused alterations in
the material properties and morphometric parameters of the femur. Bone impairment (trabecular
area and thickness, and cortical area and thickness) was more marked in the femurs of LH
animals due to a drastic reduction in plasma HDL levels associated with a substantial increase of
total cholesterol and LDL when compared to group L.

Studies investigating the use of drugs and specific diets need to pay special attention to
the nutritional status of the experimental animals since variations in solid and liquid diet
consumption may cause alterations in the biological responses of the animals [19]. According to
Chorilli et al. [20] mice should consume mean daily amounts of ration and water higher than 4 g
and 6 mL, respectively, to maintain an adequate nutritional status and to prevent malnutrition and
dehydration. All animals studied here gained weight throughout the experiment. Solid and fluid
ingestion was within the range recommended for mice [20]. Therefore, the biomechanical and
morphometric parameters of the femurs were reduced due to the presence of genetic

hyperlipidemia and consumption of a high-fat diet.
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Plasma levels of triglycerides and total cholesterol and its fraction were elevated in LDLr-
/- mice of the L and LH groups when compared to wild-type mice (groups W and WH). These
findings effectively demonstrated the presence of hyperlipidemia in LDLr-/- mice and also
showed that the high-fat diet drastically altered plasma lipid levels. Thus, LDLr-/- mice
traditionally employed in studies on cardiovascular diseases can also be used as a model to
investigate the effects of hyperlipidemia on bone tissue and possible therapies since, unlike other
animal models, plasma lipid levels remain elevated in these animals.

At present, different therapeutic strategies are used to increase HDL levels or to improve
its function in an attempt to control hyperlipidemia and to reduce cardiovascular risks [21]. Mice
of group WH presented elevated plasma HDL levels when compared to the other groups. HDL
acts as a protective factor against cardiovascular diseases by promoting the reverse transport of
LDL-cholesterol and exerts anti-inflammatory, antioxidant and antithrombotic effects [22]. The
increase of HDL observed in WH animals was probably determinant for the development of
moderate hyperlipidemia in this group, whereas the L and LH groups presented low HDL levels
and high levels of triglycerides, total cholesterol and fractions, characterizing severe
hyperlipidemia. In addition to its cardiovascular action, HDL inhibits osteoblast apoptosis
induced by LDL, with beneficial effects on bone metabolism [23].

The geometric characteristics of cortical and trabecular bone such as thickness and area
are factors directly related to bone strength and resistance to fractures [24]. In the present study,
morphometric analysis of the femurs of L and LH mice revealed smaller trabeculae and thinner
spongy bone in the distal epiphysis, lower cortical thickness of the diaphysis, and smaller
anatomic dimensions when compared to groups W and WH. Therefore, bone architecture and
volume were compromised in L and LH mice which presented severe hyperlipidemia, with a

consequent loss of bone quality resulting in weaker femurs that are more prone to fractures.
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According to Nuzzo et al. [25] hyperlipidemia is a risk factor for skeletal diseases and is
associated with the mechanism of osteoporosis by interfering with the signaling in bone
remodeling. Hyperlipidemia increases osteoclast activity and inhibits osteoblastic action,
disturbing the balance between bone formation and resorption [6]. This imbalance has been
attributed to a reduction in nitric oxide content, since osteoblast differentiation is mediated by an
increase in the synthesis of this compound [26,27]. The association between hyperlipidemia and
arterial hypertension has been reported to play a role in the inhibition of nitric oxide synthesis
[26]. In view of these considerations, we suggest that in the present study nitric oxide synthesis
was reduced in the femurs of animals with severe hyperlipidemia.

Hyperlipidemia is associated with hypovitaminosis, which can cause various bone
metabolism disorders [28]. The vitamin D is involved in the maintenance of bone mass,
mobilizes calcium from bone to the circulation [29], participates in the maturation of collagen,
and stimulates the synthesis of osteocalcin, osteopontin and alkaline phosphatase [30]. In addition
to vitamin D, the vitamin K is essential for skeletal growth. It acts as a regulator of available
calcium in the bone matrix. Thereby, hypovitaminosis K may be related to bone fragility
[31,32,33]. These findings agree with the present study in which lower calcium levels and more
pronounced alteration were observed in the femurs of the LDLr-/- mice that received a high-fat
diet.

Mechanical tests provide knowledge regarding the material and structural properties of
bones. Material properties are related to tissue composition (cells and organic and inorganic
portion) and structural properties refer to the organ as a whole (mass, architecture, size, and
distribution) [34]. Thus, the present study clearly demonstrated the relationship between
hyperlipidemia and bone tissue alterations. To our knowledge, this is the first study investigating

the effects of hyperlipidemia on the mechanical properties of the femur of LDLr-/- mice.
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In the present study, mechanical analysis of the femurs showed that structural (maximum
load, displacement, and stiffness) and material parameters (maximum stress, strain, and elastic
modulus) were increased in group W and reduced in group LH. This demonstrates impaired
organization and a reduction of the collagen and mineral content in femurs of LH animals,
rendering bone less resistant and more susceptible to fractures. Taken together, these results show
that hyperlipidemia associated or not with a diet rich in cholesterol increases bone fragility.

The results of the present study showed more pronounced alterations in the mechanical
properties and cortical and trabecular bone morphometric parameters of the femur in LDLr-/-
mice receiving a high-fat diet. Changes in the plasma levels of calcium, triglycerides and
cholesterol and its fractions were also more marked in this group. In contrast, wild-type mice
receiving a high-fat diet presented high plasma HDL levels, which probably protected against
alterations in the mechanical and morphological properties of the femur. In conclusion, LDLr-/-
mice represent a good model for the study of bone diseases related to genetic hyperlipidemia or
hyperlipidemia induced by a high-fat diet, which alters the mechanical properties of the femur,

rendering bones more prone to fractures.
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Table 1. Weekly weight gain (A g) and fluid and solid food intake of mice of groups W, WH, L,
and LH.

Variable w WH L LH

A (g) 43040.11°  5.30+0.17° 4.70+0.10°  5.80+0.04°
Fluid intake (mL) 6.00+0.14*  6.10£0.12*  6.13+0.08"  6.23+0.08"
Solid intake (g) 521+0.40° 5.40+0.40° 5.80+0.40°  6.00+0.30"

Results are reported as the mean + standard deviation. Two means followed by the same
superscript letter did not differ from one another (p > 0.05, Tukey test). Group W (wild-type
mice) and group L (LDLr-/- mice) receiving standard ration; group WH (wild-type mice) and
group LH (LDLr-/- mice) receiving a high-fat diet.

Table 2. Plasma levels of triglycerides, cholesterol and its fractions, and total and ionic calcium

in mice of groups W, WH, L, and LH.

Variable A% WH L LH

Triglycerides (mg/dL) 87.80+£1.20°  93.00+1.50°  148.3+6.80°  196.0+4.50°
Total cholesterol (mg/dL) 126.542.50°  152.0+13.5*  303.5+8.00°  892.5+24.0°
HDL (mg/dL) 49.20+1.40°  67.70+1.70°  59.70+4.40°  34.30+3.20°
LDL (mg/dL) 64.50£2.00°  78.00+4.60*  184.5+4.00°  716.0+40.3°
VLDL (mg/dL) 16.00£2.00*  18.20+1.10°  37.00+4.10°  45.5042.10°
Total calcium (mEq/L) 10.20£0.23*  10.00£0.23*  10.00+0.50*  07.50%0.25"
Tonic calcium (mmol/I) 05.00£0.20°  04.90 £0.14*  04.70 +0.20°  03.10%0.13"

Results are reported as the mean * standard deviation. Two means followed by the same
superscript letter did not differ from one another (p > 0.05, Tukey test). Group W (wild-type
mice) and group L (LDLr-/- mice) receiving standard ration; group WH (wild-type mice) and
group LH (LDLr-/- mice) receiving a high-fat diet.
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Table 3. Morphometric parameters obtained for animals of groups W, WH, L, and LH.

Parameter w WH L LH

FL (mm) 13.0+0.4 12.0+0.6° 11.6+0.5" 12.0+0.4°
PW (mm) 3.0+0.10° 3.0+0.10° 2.6+0.07° 2.5+0.08"
WDia (mm) 2.15+0.17* 2.16+0.07 1.8+0.08" 1.7+0.08"
DW (mm) 3.40+0.14* 3.35+0.12° 3.240.07° 3.16+0.08"
TA (um?) 2.50+0.14* 2.45+0.08" 1.89+0.04° 1.500.13°
TT (um) 0.18+0.02° 0.15+0.03 0.07+0.01° 0.06+0.01¢
CA (um?) 4.62+0.1° 4.61+0.08 4.2740.12° 3.60+0.03°
CT (um) 0.90+0.02° 0.89+0.02° 0.85+0.05" 0.74+0.02°

Group W (wild-type mice) and group L (LDLr-/- mice) receiving standard ration; group WH
(wild-type mice) and group LH (LDLr-/- mice) receiving a high-fat diet. FL: femur length; PW:
proximal femur width: WDia: femur width at the diaphysis; DW: distal femur width; TA:
trabecular area; TT: trabecular thickness; CA: cortical area; CT: cortical thickness. Results are
reported as the mean + standard deviation. Two means followed by the same superscript letter did
not differ from one another (p > 0.05, Tukey test).

Table 4. Structural and material properties of the femurs of mice of groups W, WH, L, and LH.

Mechanical properties W WH L LH
Structural properties
Maximum load (N) 17.35+1.17*  16.0+2.1° 16.343.0° 13.19+0.9
Displacement (mm) 0.22+0.02*  0.42+0.12*  0.22+0.01° 0.37+0.1*

Stiffness (N/mm) 112.0£17.7*  74.3%202°  92.0+57.56"  35.1948.3"

Material properties
Maximum stress (MPa) 15.06£7.0°  9.0+2.60* 6.1+0.5" 6.2+2.0
Strain (mm/mm) 0.13+0.01*  0.22+0.10*  0.25+0.06"  0.10+0.0°
Elastic modulus (MPa) 80.3+40°  35.15+6.15° 17.50+17.60°  29.0+8.70

Results are reported as the mean + standard deviation. Two means followed by the same
superscript letter did not differ from one another (p > 0.05, Tukey test). Group W (wild-type
mice) and group L (LDLr-/- mice) receiving standard ration; group WH (wild-type mice) and
group LH (LDLr-/- mice) receiving a high-fat diet.
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(c)

Fig. 1 Photomicrographs of cross-sections of the femur showing spongy bone in the distal
femoral epiphysis of mice of groups W (1a), WH (1b), L (Ic), and LH (1d) (hematoxylin—eosin
staining). The reduced trabecular thickness and smaller trabecular area in the femur of animals of
group LH are clearly visible (20x objective).
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Fig. 2 Photomicrographs of cross-sections of the femoral diaphysis of mice of groups W (la),
WH (1b), L (1c), and LH (1d) (hematoxylin—eosin staining). The reduced cortical thickness in the
femur of animals of group LH is clearly visible (4x objective).
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ABSTRACT

Simvastatin is a drug capable of enhancing HDL and decreasing LDL, triglycerides and total
cholesterol serum levels. Besides these benefic effects in treating hyperlipidemia, simvastatin has
been also put in evidence due to its action on bone tissue since it diminishes osteoblast’s

apoptosis and inhibits osteoclast’s action. Although effective on bone tissues, there are few
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reports of simvastatin’s action on bone biomechanics. In this way, the present study aimed to
evaluate simvastatin effects on femoral biomechanics and cortical/trabecular bone structure of
wild type mice nourished with hyperlipidic diet. Methods: three-month-old male wild type mice
(C57BL6 strain) were divided into four experimental groups (n = 5): 1) Group W, nourished with
a standard diet; 2) Group WH, fed with a hyperlipidic diet; 3) Group WS, nourished with a
standard diet plus oral simvastatin (20mg/kg/day); and 4) Group WHS, fed with a hyperlipidic
diet plus oral simvastatin (20mg/kg/day). All animals received only their specific diet and water
at will (ad libitum) for sixty days. At the end of the experiment, blood samples were collected for
laboratorial analysis of calcium, triglycerides, and total cholesterol and fractions serum levels.
Femurs were isolated for mechanical tests and morphometric analysis. Results: Group WH mice
presented greater bone compromising for all variables: mechanical properties (structural and
material), trabecular thickness, and triglycerides, and total cholesterol and fractions serum levels.
Conclusion: a hyperlipidic diet intake was a risk factor for bone integrity but the use of

simvastatin minimized bone structural and material properties alterations.

1. INTRODUCTION

Cardiovascular diseases are the main world’s death cause in humans and are
associated to traditional risk factors such as hyperlipidemias [1], smoking, arterial hypertension
and misbalanced diet consumption [2, 3]. The treatment of hyperlipidemia is based on two
pillars: change of patient’s life habits and drug intake, the last used when the former had not
improved lipids serum level (what is a strong ally for maintaining cardiovascular health) [3].
Statins are often indicated for drug treatment of hyperlipidemias because they inhibit

hydroxymethylglutaryl-coenzyme-A (HMG-CoA) reductase, among other mechanisms, and are
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the most powerful and efficient drug group in increasing HDL (High Density Lipid) and
decreasing LDL (Low Density Lipid), total cholesterol, VLDL (Very Low Density Lipid) and
triglycerides serum level [4]. Besides reducing cardiovascular morbidity/mortality, mainly
through its hypocholesterolemic effect [5], statins also present benefic effects on bone tissue,
sometimes being indicated for osteoporosis treatment [6, 7]. Studies had demonstrated that statins
not only minimize bone fracture risk but yet increase bone mineral density [8] and osteoblastic

activity [9].

The first studies referring the use of simvastatin and its benefic action on bone tissue
were performed by Mundy et al. [1], Song et al. [11], and Staal et al. [12]. Through an in vitro
bone cells study, Mundy et al. [10] observed a rise in BMP-2 (Bone Morphogenetic Protein) after
statins application (lovastatin, simvastatin, mevastatin and fluvastatin). Wong and Rabie [13]
demonstrated the effects of simvastatin on bone metabolism, associating the use of this drug to an
increasing osteogenesis and inhibiting bone reabsorption, resembling an alendronate sodium-like

mechanism.

Considering the great number of hyperlipidemic individuals undergoing simvastatin
treatment and concerning its probable effects on bone tissue, the present study had the objective
to evaluate the effects of simvastatin on femoral biomechanics and cortical/trabecular bone

structure of wild type mice nourished with hyperlipidic diet.

2. MATERIALS AND METHODS

Animal model

Animal experimentation was carried out according to the Ethical Principles for

Animal Research established by the Brazilian College for Animal Experimentation (COBEA) and
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was approved by the Ethics Research Institutional Committee of UNIFENAS (University José do

Rosério Vellano) under protocol number 23A/2010.

Twenty wild-type (C57BL6) mice were used. Three-month-old male animals were
obtained from Jackson Laboratories (USA). The animals were maintained in ventilated racks
(Alesco®) at a controlled temperature and at a 12-hour light/dark cycle. The mice were divided
into four groups of five animals each: 1) Group W, nourished with a commercial diet (Nuvital®)
+ 0.9% saline solution, given by gavage for 60 days; 2) Group WH, fed with a hyperlipidic diet
(20% total fat, 1.5% cholesterol and 0.5% cholic acid) + 0.9% saline solution, given by gavage
for 60 days; 3) Group WS, nourished with a commercial diet (Nuvital®) + oral simvastatin
(20mg/kg/day), given by gavage for 60 days; and 4) Group WHS, fed with a hyperlipidic diet
(20% total fat, 1.5% cholesterol and 0.5% cholic acid) + oral simvastatin (20mg/kg/day), given

by gavage for 60 days.

During the experiment, water and food intake were measured daily and weight gain

was recorded weekly.

After 60 days, all animals were anesthetized by intra-peritoneal injection of xylazine
(Bayer AS®)/ketamine (Parke-Davis) at a concentration of 6-40 mg/kg. Blood was collected for
analysis of total calcium, triglycerides, total cholesterol and fractions (HDL, LDL, and VLDL)
serum levels. Next, the animals were sacrificed by an overdose of the anesthetic and their femurs

were collected for mechanical testing and histological processing.

Calcium, triglycerides, total cholesterol and fractions serum levels

Lipids serum levels were determined as described by Garcia et al. [3] including total

cholesterol (TC) and fractions (HDL, VLDL and LDL). HDL was measured after the addition of
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heparin and manganese to precipitate apolipoprotein B containing VLDL, followed by
centrifugation at 15000r for 15 minutes. The supernatant solution was then used for determining
the HDL fraction. The blood samples were collected by means of heart puncture in all animals of
each group. Calcium serum concentrations were determined by chemiluminescence and

expressed in mg/dL [12].
Mechanical test

The right femur of all animals was removed and stored in a freezer (-20°C) until the
day prior to the mechanical test. For this, the femurs (n = 5 per group) were submitted to three-
point bending testing until complete fracture at a velocity of 3 mm/min. An MTS TestStar II
apparatus with a load cell of 100 kgf was used. The upper point and the two lower supports had a
tip radius of 0.5 mm [13]. The distance between the two lower supports was 5 mm [14]. Each
femur was tested in the anterior-posterior plane (concave-up position), with the anterior surface
of the bone facing upwards. The load and displacement data were obtained directly from the
MTS system and recorded with a computer coupled to the testing set. These data were used for
acquisition and calculation of the structural properties: maximum load, displacement at maximum
load, and extrinsic stiffness. The extrinsic stiffness was calculated as the slope of the most linear
portion of the elastic region of the load-displacement curve [14, 15]. After testing the specimens
in three-point bending, the failure sites of all bone were photographed, coupled to a measurement
pattern, by a high-resolution digital camera at a standardized distance according to Huang et al.
[15]. The parameters of cross-sectional cortical bone area of the diaphysis were measured on the
images using the NIS-Elements 3.0 software (Advanced Research, USA). The cross-sectional
moment of inertia (CSMI) at the point of failure was calculated by the formula of Turner et al.

[16]:
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Where [ is the CSMI; a is the width of the cross-sectional area in the medium- lateral
direction; b is the width of the cross-sectional area in the anterior-posterior direction; and ¢ is the
average cortical thickness [16]. The material properties were obtained from the structural
properties [14] and the following material properties were evaluated: maximum stress, strain at
maximum stress and elastic modulus. On the basis of the load-displacement data, these
parameters were calculated using the following equations:

O_:load'L-c 8212-c2-d E:stiﬁ‘hes-L3
41 L 481

Where o is the stress; L is the distance between the two lower supports; c¢ is the
maximum distance from pixels to the line that crosses the center of the mass; € is the strain; d is
the displacement; and E is the elastic modulus. The tests were carried out at the Laboratory of

Mechanical Properties, Faculty of Mechanical Engineering, UNICAMP.

Femur morphometry

Anatomical dimensions of the femur

After removal of all soft tissue from the femurs, the following four measurements
were obtained with a digital caliper and magnifying glass according to Lammers et al. [17]: 1)
femur length (measured from the most proximal point of the femoral head to the most distant end
of the femur); 2) femur diaphysis width (measured at the narrowest point of the mid-femur); 3)
proximal femur width (measured from the anterior point of the femoral head to the tip of the
greater trochanter); 4) distal femur width (corresponding to the width of the condyles in the

anterior-posterior direction perpendicular to the length of the femur).
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Epiphyseal trabecular bone

The femur distal epiphysis (n = 5 per group) was used for this analysis. Six
histological sections were prepared for each femur and two fields of each section were captured.
The specimens were fixed in 10% buffered formalin for 72h and decalcified in a solution of
formic acid, formalin and sodium citrate for 35 days. Next, the specimens were submitted to
routine histological processing and embedded in paraffin. Longitudinal sections (5 um) were
obtained and stained with hematoxylin-eosin. The histological sections were examined under a
Nikon 80i photomicroscope using a 20x objective. The images were captured with a Nikon DS-
Ril camera for the analysis of trabecular bone area, area fraction and mean thickness using the

NIS-Elements 3.0 Advanced Research software.

Diaphyseal cortical bone

The middle third of the femur diaphysis (n = 5 per group) was used for this analysis.
Cross-sections (5 um) were obtained and stained with hematoxylin-eosin. Twelve histological
sections (1 section = 1 field) were prepared for each bone. The images were captured using a 4x
objective and the cortical bone area (cross-section of medullary area) and mean cortical thickness

were calculated.

Statistical Analysis

Final weight (g), daily fluid intake (ml), daily solid food intake (g), laboratory
analyses, femoral biomechanical analysis, and morphological and morphometric aspects were
statistically compared among the groups by analysis of variance followed by Tukey’s test at 1
and 5% levels of significance, respectively. Means with different letters were significantly

different (5%) from each other.
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3. RESULTS

During the experiment, all mice went on weight gain and satisfactory fluid and solid
food intake. Solid food and fluid consumption were similar in all experimental groups (Table 1).
Groups WH and WHS mice presented a greater weight gain in comparison to groups W and WS

animals (Table 1).

We do not observe triglycerides serum level differences in the lipid profile analysis of
groups WH and WHS mice. Nevertheless, in these animals triglycerides serum levels were higher
than those in groups W and WS ones (Table 2). Total cholesterol serum levels showed no
differences among groups W, WS, and WHS, but group WH mice presented themselves with
hypercholesterolemia and simvastatin prevented it in group WHS mice (Table 2). In relation to
cholesterol fractions serum levels we noted that groups W and WS mice do not showed HDL
fraction serum level differences, but in groups WH and WHS animals there was a rise in HDL
serum level. Concerning LDL fraction, group WHS animals presented lesser values than the other
groups but group WH mice showed high values of this cholesterol fraction (Table 2). VLDL
fraction serum levels were equal for all experimental groups (Table 2). Total and ionized calcium

serum levels were statistically the same in all groups (Table 2).

Analyses on femur size revealed that groups W, WH, WS and WHS mice did not
show difference in relation to femur length, proximal femur width, width of the diaphysis of the
femur and distal femur width (Table 3). As well as the former, values for trabecular area, cortical
thickness and cortical area were the same for animals of all groups (Table 1; figures 1 and 2). The
trabecular thickness in group WH mice was lesser in comparison to the other groups (Table 3;

figures 1 and 2). The morphometric parameters for trabecular bone thickness of the femur distal
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epiphysis for group WH animals were about 16.6% lesser than those for group W mice (Table 3;

figures 1 and 2).

The results from femur mechanical tests for analysis of structural properties showed
that the maximum load enough for complete femur failure as well as the bone displacement in
animals of all four groups did not present statistic differences (Table 4). Analysis of femur
extrinsic stiffness for groups W and WH mice were equal but lesser to the values obtained

through analysis of this structural property for groups WH and WHS animals (Table 4).

Referring to material properties analysis, we verified that femur maximum stress for
groups W, WH and WS mice did not present significant differences. However, hyperlipidic diet
intake even associated to simvastatin use did not prevent maximum stress alterations for group
WHS animals (Table 4). Elastic modulus analysis for groups W and WS demonstrated higher
values than those found for groups WH and WHS. Strain values obtained through groups W,

WH, WS and WHS femur analyses were not different (table 4).

4. DISCUSSION

The present study showed that hyperlipidic diet induced an environmental factor-induced
mixed hyperlipidemia in C57BL6 strain mice, characterized by triglyceride and total cholesterol
rise for group WH animals. The use of simvastatin prevented hypercholesterolemia and reduced
total cholesterol and LDL serum levels, but did not prevent hypertriglyceridemia in group WHS
mice as well as did not reduced HDL serum levels. In relation to femur biomechanical and
morphometric analyses, group WH mice presented a combined (mixed) hyperlipidemia
associated to reduction of trabecular bone thickness and femur structural and material properties
alterations. Simvastatin prevented morphological alterations and minimized femur biomechanical
changes for group WHS mice.
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The use of especial diets and drug intake need to be more cautiously analyzed, mainly
referring to nutritional status, because fluid and solid food consumption variations may induce
changes in biological responses in experimental animals [25]. Our results showed that all animals
went on weight gain. Besides that, we noted that fluid and solid food intake remained within
expected standard patterns [26, 27]. Differences found in biomechanics and trabecular area
among the experimental groups were due to hyperlipidic diet and simvastatin administration

effects and not to malnutrition and/or dehydration.

Obesity, sedentarism and fat-rich diet intake are determinants for developing of
metabolic diseases and their complications [28, 29, 30]. Animals nourished with hyperlipidic diet

presented greater weight gain and higher lipid serum levels during the experiment.

Simvastatin induced triglycerides decrease and HDL rise serum level [31].
Nevertheless, simvastatin was not capable of reducing triglycerides serum level in animals
nourished with hyperlipidic diet and they developed hypertriglyceridemia. According to Campos,
Carvalho et al. [31], total cholesterol serum level tend to decrease with the use of simvastatin. In
our study, group WH mice presented high total cholesterol serum level while group WHS ones
showed the least levels, demonstrating that simvastatin was efficient in reducing total cholesterol

serum level.\

Fat-poor diet consumption and weight loss lead to HDL rise in 5 to 20% [32]. Mice
nourished with hyperlipidic diet associated to simvastatin use presented total cholesterol and
LDL low levels, while animals fed with the same diet but not in use of simvastatin showed total
cholesterol and LDL high levels. LDL serum level rise is considered a risk factor for
cardiovascular diseases and bone tissue alterations [33, 34, 35]. HDL serum level of animals fed

with hyperlipidic diet treated or not with simvastatin were the same.
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According to Sposito et al. [36], some statins cause intracellular calcium
concentration reduction, in the same way that familial hypercholesterolemia has been related to
calcium homeostasis alterations (occurrence of calcium sequestration for arterial deposition) [37].
Our results demonstrated that independently from hyperlipidemia and simvastatin use all mice

maintained balanced total and ionized calcium serum levels.

The relationship between hyperlipidemia and bone tissue alterations has been
discussed in different studies [38, 39]. However, few papers clarify the effects of hyperlipidemia

and simvastatin use over bone morphology and mechanical properties.

Bone physical characteristics, cortical area, cortical thickness, and trabecular area
offer important data concerning resistance to bone fracture [20]. Femur dimensions, cortical area
and cortical thickness analyses showed that there were no differences among experimental
groups. Nevertheless, femur trabecular area thickness of mice nourished with hyperlipidic diet
was about 16% less than that from the other groups. It is probably because high cholesterol serum
level causes bone mass reduction, decreased bone remodeling, intensive proliferation of
osteoclasts and inhibition of osteoclasts activity, consequently jeopardizing trabecular

architecture and possibly causing osteoporosis [34, 35, 38].

Clinical and experimental studies demonstrate that the use of simvastatin prevents
trabecular mass reduction for its enhancing action on osteoblastic activity, bone repair speeding,
and increasing in Bone Morphogenetic Protein (BMP-2) expression and bone mineral density [35,
10, 40]. In the present study, animals fed with hyperlipidic diet and using simvastatin did not
present trabecular thickness alterations. We believe that simvastatin acts in cholesterol synthesis
step, blocking the conversion of HMG-CoA into mevalonic acid In this way, the generation of

geranyl pyrophosphate and farnesyl pyrophosphate, both late metabolites in this cascade, would
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be deficient, thus inhibiting protein prenylation, a fundamental process in regulation of
osteoclasts’ metabolism, since its inhibition leads to a higher apoptosis of these cells [41]. It has
been hypothesized from the action of bisphosphonates on cholesterol metabolism, because
simvastatin directly inhibit the synthesis of farnesyl pyrophosphate thus preventing proteins
prenylation. Consequently, it reduces bone reabsorption [42], increases bone mineral density and
lows fracture incidence [43].

Mechanical tests allow structural and material properties knowledge. Material
properties are related to tissue composition (cells and organic and inorganic parts). Structural
properties refer to the organ as a whole (mass, architecture, size and distribution) [44]. So, femur
mechanical analysis showed that structural (displacement and stiffness) and material (maximum
tension, deformity and elastic modulus) properties are more compromised in mice nourished with
hyperlipidic diet (group WH animals). The use of simvastatin in group WHS mice minimized
structural and material properties alterations. Diminished bone stiffness, which is associated to an
eventual low bone mineralization rate [45] and elastic modulus changes are due to bone
decalcification, reduced mineral matrix and bone fragility factors [46]. This demonstrates the
deficient organization and a low collagen and mineral contents in femurs of mice fed with
hyperlipidic diet (hyperlipidemic animals), what makes bones less resistant and more suitable to

fractures. In front of fat-rich diet consumption, simvastatin does not prevent bone compromising.
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Fig. 1 Photomicrographs of cross-sections of the femur showing trabecular bone in distal femoral
epiphysis of groups W (a), WH (b), WS (c), and WHS (d) mice. Hematoxylin—eosin staining.
(20x objective).
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Fig. 2 Photomicrographs of cross-sections of femoral diaphysis of groups W (1a), WH (1b), WS
(1c), and WHS (1d) mice. Hematoxylin—eosin staining. (4x objective).
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Table 1. Weekly weight gain (A g), fluid and solid food intake of groups W, WH, WS, and WHS

mice.
Variable \W% WH WS WHS
A (g) 4.3+0.11° 5.3+0.17° 4.7+0.51 5.30+0.08"
Fluid intake (mL) 6.0+0.14 6.1+0.12° 6.1£0.2° 6.0+0.12°
Solid intake (g) 5.2+0.40" 5.3+0.17* 4.7+0.51* 5.3+0.10°

Results are reported as the mean + standard deviation. Two means followed by the same
superscript letter did not differ from one another (p > 0.05, Tukey test).

Table 2. Triglycerides, cholesterol and its fractions, and total and ionized calcium serum levels in

groups W, WH, WS, and WHS mice.

Variaveis w WH WS WHS

Triglycerides (mg/dL) 87.8+1.20°  93+1.50°  88.8+3.9°  92.8+0.44°
Total cholesterol (mg/dL) 126.5+2.50°  152+13.5°  122+11.2*  112+12.0°

HDL (mg/dL) 4924140  67.7+1.70"  49+1.3° 69+1.2°

LDL (mg/dL) 64.5+2.0° 78+4.6° 64+1.6" 2942 .5°
VLDL (mg/dL) 16+2.0° 18.2+1.1°  16.2+1.7*  18.3+0.87

Total calcium (mEg/L) 10.2+0.23" 10+0.23* 10+0.4* 9.5+0.5"

Tonic calcium (mmol/l) 5.0+0.2° 4.9+0.14" 4.7+0.2% 4.6+0.3%

Results are reported as the mean + standard deviation. Two means followed by the same
superscript letter did not differ from one another (p > 0.05, Tukey test).
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Table 3. Morphometric parameters obtained for groups W, WH, WS, and WHS animals.

Medida W WH WS WHS
FL (mm) 13.0+£0.4* 12+0.6" 12.7£0.5 12.6+0.3"
PW (mm) 3.0+0.10° 3.0+0.10° 3.02+0.1° 3.0+0.14°
WDia (mm) 2.15+0.17"  2.16+0.07° 2.13+0.11° 2.16+0.15*
DW (mm) 3.4+0.14° 3.35+0.12° 3.2+0.14° 3.40+0.11°
TA (mm?) 2.50+0.14" 2.5+0.08" 2.40+0.1° 2.5+0.1*
TT (mm) 0.18+0.08" 0.1520.1° 0.18+0.03" 0.17+0.04"
CA (mm°) 4.62+0.10"  4.62+0.08" 4.63+0.10" 4.61+0.08"
CT (mm) 0.90+0.02*  0.89+0.02° 0.91+0.02° 0.90+0.04"

FL: fémur length; PW: proximal femur width: WDia: femur width at the diaphysis; DW: distal
femur width; TA: trabecular area; TT: trabecular thickness; CA: cortical area; CT: cortical
thickness. Results are reported as the mean + standard deviation. Two means followed by the
same superscript letter did not differ from one another (p > 0.05, Tukey test).

Table 4. Structural and material properties of the femurs of mice of groups W, WH, WS e WHS.

Mechanical properties w WH WS WHS
Structural properties

Maximum load (N) 17.35+1.17"  16.0£2.1* 16.31+3.0° 14.5+1.50%
Displacement (mm) 0.2240.02°  0.42+0.12°  0.28+0.11° 0.4+0.2*

Stiffness (N/mm) 112.0£17.6"  74.3+20.2° 145.2431.84" 157327

Material properties

Maximum stress (MPa) 15.06+7.0% 9.0+2.6" 16.5+0.41% 13.6+0.74°
Elastic modulus (MPa) 80.3+40" 35.15+6.15°  78.37+0.42° 32.67+0.43"
Strain (mm/mm) 0.13+£0.01* 0.22+0.1° 0.14+0.01° 0.13+0.02*

Results are reported as the mean + standard deviation. Two means followed by the same

superscript letter did not differ from one another (p > 0.05, Tukey test).
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4.3 Efeito da hiperlipidemia e sinvastatina sobre o reparo de defeitos 6sseos na calvaria de

camundongos LDLr-/- alimentados ou nao com dieta hiperlipidica

Soares, E.A.;1 Nakagaki, W.R.;2 Camilli, JAY

! Departamento de Anatomia da Universidade José do Roséario Vellano (UNIFENAS),
Alfenas, MG, Brasil;
> Departamento de Anatomia, Instituto de Biologia, Universidade de Campinas

(UNICAMP), Campinas, SP, Brasil.

INTRODUCAO

A hiperlipidemia ou dislipidemia € caracterizada por uma elevacdo das concentracdes
de lipoproteinas no sangue, sendo esta decorrente de fatores genéticos e/ou ambientais (Kassim et
al., 2010; Yamada, 2011). Evidéncias clinicas, experimentais, metabdlicas e epidemioldgicas,
acumuladas ao longo de varias décadas, demonstraram que niveis elevados de colesterol total,
colesterol LDL e triglicerideos estdao relacionados com maior incidéncia doencas
cardiovasculares e do sistema esquelético (Lwin-Mm-Khin et al., 2011; Arslanian-Engoren,
2011; Farwell et al. , 2008).

A associacdo entre a hiperlipidemia e seus efeitos sobre o tecido 6sseo ainda nao
foram esclarecidos, no entanto, estudos clinicos e experimentais demonstraram que a
hiperlipidemia estd associada a reducdo da massa Ossea e alteracdo na remodelagem O&ssea,

(Luisetto e Camozzi, 2009; Krieger et al., 2007; Luegmayr et al., 2004), osteonecroses (Glueck et

al., 2001; Powell et al, 2010) e osteoporoses (Graham et al., 2010).
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O tratamento das hiperlipidemias baseia-se em mudangas de hdabitos de vida
associado ou ndo ao uso de estatinas, que sdo drogas amplamente utilizadas, pois inibem a
hidroximetilglutaril-coenzima-A (HMG-CoA) redutase, caracterizando o grupo de farmacos mais
potentes e eficazes para reduzir o LDL (Rang et al., 2006; Kassim et al., 2010; Bruckert e
Rosenbaum, 2011). As estatinas, além de diminuem os niveis lipidicos também apresentam
efeitos benéficos sobre o tecido 6sseo, uma vez que elas exercem agdo anabdlica dssea devido a
um aumento da sintese osteobldstica da proteina morfogenética 6ssea 2 (BMP-2), um fator de
crescimento que provoca a proliferacdo osteoblastica (Staal et al., 2003). Desta forma as estatinas
sao indicadas por alguns clinicos no tratamento da osteoporose (Chen et al., 2010).

Considerando os efeitos da hiperlipidemia e estatina sobre o tecido 6sseo, o presente
estudo teve como objetivo avaliar o reparo de defeitos dsseos produzidos cirurgicamente no
cranio de camundongos LDLr(-/-) e camundongos selvagens, alimentados com dieta hiperlipidica

e tratados com sinvastatina.

MATERIAL E METODOS

Protocolo animal

Os experimentos foram realizados em camundongos selvagens (Wild Type -
Linhagem C57BL6) e em camundongos homozigotos para a auséncia do gene do receptor de
LDL (LDLr-/-) gerados no background C57BL6, machos, com 3 meses de idade, pesando 22+3g.
Os animais foram obtidos da Jackson Laboratories (EUA) e criados no biotério da pds-graduacao
da Universidade José do Rosério Vellano (UNIFENAS), em estantes ventiladas (Alesco®) com

controle de temperatura e controle de 12 horas no ciclo claro/escuro, em caixas para roedores
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com forracdo de maravalha. Os camundongos foram distribuidos aleatoriamente em oito grupos
(n=6), assim constituidos:

Grupo W - Camundongos selvagens que receberam racdo comercial (Nuvital®) +
solucdo fisiolégica (SF) a 0,9% através de gavagem por 60 dias (n=06).

Grupo WH - Camundongos selvagens que receberam ragao hiperlipidica com 20%
de gordura total, 1,25% de colesterol e 0,5 % &cido cdlico + solugdo fisiolégica (SF) (0,9%)
através de gavagem por 60 dias (n=06).

Grupo WS - Camundongos selvagens que receberam racdo comercial (Nuvital®) +
Sinvastatina via oral (gavagem) na dose de 20mg/kg/dia por 60 dias (n=06).

Grupo WHS - Camundongos selvagens que receberam ragao hiperlipidica com 20%
de gordura total, 1,25% de colesterol e 0,5 % acido célico + Sinvastatina via oral (gavagem) na
dose de 20/mg/kg/dia por 60 dias (n=06).

Grupo L - Camundongos LDLr-/- que receberam racdo comercial (Nuvital®) + SF
(0,9%) através de gavagem por 60 (n=06).

Grupo LH - Camundongos LDLr-/- que receberam rac¢ao hiperlipidica com 20% de
gordura total, 1,25% de colesterol e 0,5 % acido cdlico + SF (0,9%) através de gavagem por 60
dias (n=06).

Grupo LS - Camundongos LDLr-/- que receberam ragdo comercial (Nuvital®) +
Sinvastatina via oral (gavagem) na dose de 20/mg/kg/dia por 60 dias (n=06).

Grupo LHS - Camundongos LDLr-/- que receberam ragao hiperlipidica com 20% de
gordura total, 1,25% de colesterol e 0,5 % 4cido c6lico + Sinvastatina via oral (gavagem) na dose

de 20/mg/kg/dia por 60 dias (n=06).
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Todos os animais foram alimentados com as respectivas dietas e receberam agua ad
libitum. Durante o experimento, a ingestdo liquida e a ingestao solida foram mensuradas. Além
disso, semanalmente, os animais eram pesados para a caracteriza¢io do estado nutricional.
Principios éticos

O presente estudo foi aprovacio pelo Comité de Etica em Pesquisa da Universidade
José do Rosario Vellano de Alfenas — UNIFENAS (Protocolo n.° 23A/2010), Alfenas — MG,
obedeceu aos principios éticos em experimentacao animal, preconizados pelo Colégio Brasileiro
de Experimentacdo Animal (COBEA) e a Legislacdo Brasileira de Animais de Experimentacao
regulamentada pela Lei Federal 6.638 (1979).

Procedimento cirirgico

Ao completar 15 dias de experimentacdo, os animais foram submetidos a cirurgia
para producdo de uma falha no osso parietal direito. Para o inicio do procedimento, os animais
foram anestesiados com uma solucdo final de cloridrato de xilazina 2% (Rompun®, Bayer
Animal Health) e cloridrato de ketamina 10% (Dopalen®, Agribrands Brasil Ltda.) diluidos a
2mg/ml e 10mg/ml em solucdo salina (0,9%) (Alcon®, Alcon Labs. do Brasil Ltda.),
respectivamente. Foi administrada, por via intraperitoneal, uma dose tnica de 0,1ml da solugao
anestésica para cada 10g de peso corporal. A abdbada craniana foi tricotomizada e esterilizada.
Em seguida, realizada uma incisdo longitudinal na pele da calota craniana, e o peridsteo foi
rebatido para expor a superficie do osso parietal direito. Com um punch dermatoldgico, foi
produzida uma falha 6ssea, com 3mm de didmetro, que atravessou por completo a espessura da
parede do osso (figura 1A). A falha permaneceu vazia (figura 1B). Entdo, o peridsteo foi
reposicionado e a pele suturada. Todos os animais foram tratados com analgésico (dipirona

sédica 500 mg/mL) adicionado a agua (ad libitum) na dose de 875 mg/kg durante os trés
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primeiros dias do pés-operatério. Apds 24 horas do procedimento cirdrgico, os animais voltaram
aos seus respectivos protocolos experimentais.

Depois de 45 dias da realizagdo do procedimento cirdrgico os camundongos foram
eutanasiados com dose excessiva do anestésico, os 0ssos parietais direitos dos animais foram
coletados para procedimento histolégico.

Analise Histomorfométrica

As calotas cranianas foram fixadas em solucdo de formalina a 10% em solugdo de
tampao fosfato 0,1 M pH 7, por um periodo de 72 horas a temperatura ambiente, e, em seguida,
foram imersas em solu¢do de 4cido etilenodiamino tetra-acético (EDTA) para a descalcificacao.
As amostras foram desidratadas em gradiente de dlcool, diafanizados em xilol e embebidas em
parafina liquida a 60° para confec¢do dos blocos de parafina. Foram obtidos cortes transversais

(5um de espessura) corados com Hematoxilina-Eosina (Junqueira e Junqueira, 1983).

A quantificacdo do volume (%) de osso neoformado no interior da falha 6ssea foi
baseada no estudo de Gosain et al (2000). As imagens das seccdes histoldgicas foram analisadas
no software NIS-Elements: Advanced Research.

O osso neoformado dentro do defeito foi determinado por dois métodos. No primeiro
método, a porcentagem do novo osso dentro da falha foi calculada com base no comprimento
linear do osso neoformado com relagdo ao comprimento inicial do defeito. O comprimento linear
do novo osso foi determinado como a soma dos comprimentos de cada sec¢do dssea formada,
medida através do eixo central da falha. No segundo método, a porcentagem do novo osso foi
calculada com base na drea de seccdo transversal do novo osso relativa a drea do defeito inicial.

A area do osso
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Analise estatistica

A analise estatistica foi conduzida em delineamento inteiramente casualizado (DIC) e
analisado por meio de andlise de variancia seguido de teste de Tukey, a 5% de significancia. O
esquema de andlise adotado foi o fatorial triplo (2x2x2), em que os fatores considerados foram o
tipo de camundongo (selvagem ou LDLr-/-), racdo consumida (comercial ou hiperlipidica) e
solucdo (fisioldgica ou sinvastatina). Foram feitas 5 repeticdes de cada tratamento. Todas as
andlises foram feitas no software R (R Development Core Team, 2011), por meio do pacote

ExpDes (Cavalcanti, 2010).

RESULTADOS

A morfometria demonstrou que ocorreu neoformacdo dssea apenas nas bordas das
falhas e que em nenhum animal foi observado formacdo de osso na regido central da falha dssea
(figura O1).

A anélise referente a taxa de osso neoformado demonstrou que quando foi ministrada
a racdo comercial, a taxa de osso neoformado foi maior em ratos selvagens (grupo W) do que nos
camundongos LDLr-/- (grupo L). Perante o consumo de dieta hiperlipidica foi observado maior
taxa de osso neoformado nos animais do grupo WH quando comparado aos animais do grupo
LH. Os camundongos selvagens alimentados com a racdo comercial, contendo pequena
quantidade de lipidios, apresentaram maior quantidade de osso neoformado na falha Ossea
(Tabela 01).

Os camundongos LDLr(-/-) alimentados com dieta comercial (grupo L) apresentaram
maior taxa de osso neoformado que os camundongos LDLr(-/-) alimentados com dieta

hiperlipidica (grupo LH) (Tabela O1).
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Os grupos W e WS, alimentados com dieta comercial, apresentaram taxa de 0sso
neoformado estatisticamente igual e superior a formacdo 6ssea nas falhas dos animais dos grupos
WH e WHS, alimentados com dieta hiperlipidica. Os camundongos do grupo WHS apresentaram
volume de osso neoformado superior a dos camundongos do grupo WH. Os camundongos do
grupo L e LS apresentaram menor volume de osso quando comparado aos camundongos dos
grupos W e WS. A neoformacio dssea do grupo LH foi menor que os todos os demais grupos.
Quando comparada a média de osso neoformado dos animais do grupo LHS e LH, os animais
tratados com sinvastatina apresentaram maior volume de osso. Quando os camundongos foram
alimentados com rag¢ao hiperlipidica, a taxa de osso neoformado foi maior nos camundongos que
consumiram sinvastatina (Tabela 01).

Os grupos formados por camundongos selvagens (W, WH, WS, WHS) apresentaram
a taxa de comprimento linear (%) maior do que os grupos dos camundongos LDLr-/- (L, LH, LS,
LHS). A taxa do comprimento linear do osso neoformado dos animais dos grupos W e L,
alimentados com racao comercial, foi superior a dos animais do grupo WH e LH, alimentados
com dieta hiperlipidica. Os camundongos dos grupos WHS, LS e LHS apresentaram a mesma
taxa de comprimento linear. A taxa de formacao dssea foi estatisticamente igual nos animais W e
WS. Quando alimentados com dieta hiperlipidica os camundongos do grupo WH e WHS
apresentam taxas de comprimentos lineares iguais (Tabela 01).

A anilise referente a drea de osso regenerado demonstrou que independente da ragao
consumida, do uso ou nao uso da sinvastatina, os camundongos selvagens apresentaram a maior
area de osso regenerado. Os camundongos selvagens alimentados com ragdo comercial que nao
receberam sinvastatina (grupo W) apresentaram drea de regeneracdo Ossea maior do que os

camundongos selvagens alimentados com ragdo comercial que receberam sinvastatina (grupo
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WS). Os camundongos dos grupos WH e WHS apresentaram mesma drea de osso regenerado
(Tabela 01).
Os camundongos dos grupos L, LH, LS e LHS apresentaram &reas de osso

regenerado estatisticamente iguais (Tabela O1).

DISCUSSAO

A engenharia genética na década de 90 desenvolveu modelos de camundongos
transgénicos capazes de desenvolver hiperlipidemia e lesdes cardiovasculares avancadas em
contraste com as discretas lesdes observadas em camundongos selvagens alimentados com dietas
aterogénicas (Breslow, 1996). Os camundongos knockout para o receptor de LDL podem
desenvolver lesdes que compartilham aspectos semelhantes as lesdes humanas avancadas (Calara
et al., 2001; Johnson e Jackson, 2001; Song et al., 2001), principalmente quando alimentados
com dieta hiperlipidica. Quando alimentados por esta dieta os camundongos LDLr-/- apresentam
niveis elevados de colesterol total, de lipoproteina de baixa densidade (LDL) e triglicérides. Os
niveis plasmaticos do colesterol total nestes camundongos sao 35 vezes maiores que nos animais
selvagens (Ishibashi et al., 1993). Estudos recentes mostraram que camundongos LDLr-/-
alimentados com dieta hiperlipidica por 15 dias apresentaram aterosclerose, aumento de 4,7 e 1,2
vezes na concentracdo plasmadtica de colesterol e triglicérides, respectivamente, em relacdo aos
camundongos LDLr-/- com dieta padrio (Krieger et al., 2006). Desta forma os camundongos
LDLr-/- utilizado no presente trabalho é um bom modelo para estudos de doengas Osseas
relacionadas com a hiperlipidemia genética ou induzida por fatores ambientais, tais como a dieta
hiperlipidica.

Os dados da analise morfométrica da falha 6ssea demostraram que o grupo formado

pelos camundongos selvagens alimentados com dieta padrdao para roedores (ragdo comercial
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contendo pequena quantidade de lipidios) apresentou a maior taxa de formacdo 6ssea na falha
enquanto os camundongos LDLr-/- alimentados com dieta hiperlipidica, que apresentaram a
menor.

Estudo de Krieger et al. (2007) demonstrou que ratos hiperlipidémicos apresentaram
numero elevado de osteocldstos, inibicdo da atividade osteobldsticas e redu¢do do processo de
remodelagem dssea. Deste modo o equilibrio entre a reabsor¢ao dssea realizada por osteoclastos
e deposicdo de osso novo pelos osteoblastos pode ser interferida perante niveis elevados
colesterol total e LDL (Luegmary et al. (2004). Os camundongos LDLr-/- mesmo alimentados
com dieta comercial apresentaram neoformagdo Ossea menor que os camundongos selvagens
alimentados com a mesma dieta. O volume de osso neoformado é ainda menor quando os
camundongos LDLr (-/-) sdo alimentados com dieta hiperlipidica. Estes dados indicam que a
hiperlipidemia genética apresentada pelos camundongos LDLr-/- é um fator limitante da
osteogénese.

As estatinas sdo capazes de reduzir a morbidade e mortalidade cardiovascular,
principalmente através de seu efeito hipocolesterolémico, reduzindo os niveis de colesterol total e
LDL (Lupattelli et al., 2004; Braga Junior et al., 2002). Além de agir sobre o tecido 6sseo de
forma benéfica, sendo indicada no tratamento da osteoporose (Chen et al., 2010, Yaturu, 2003),
pois minimizam os riscos de fraturas dsseas (Sugiyama et al., 2000; Schlienger e Meier, 2003),
aumentam a densidade mineral 6ssea (Sugazaki et al., 2010) e aumentam a atividade
osteoblastica (Bauer, 2007). Com relacdo aos efeitos da sinvastatina, nossos resultados
corroboraram com as conclusdes desses ultimos autores, uma vez que os camundongos selvagens
alimentados com a dieta comercial e tratados com sinvastatina apresentaram maior osteogénese

que os animais alimentados com a dieta hiperlipidica.
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As estatinas sdo consideradas estimuladoras da osteogénese em humanos e em
modelos animais (Wilkie et al., 2000). Seu efeito bloqueador da formagdo de placas
aterosclerdticas permite vascularizacdo adequada ao local de fraturas dsseas € o suprimento
sanguineo € fundamental para a neoformacgao 6ssea (Horiuchi e Maeda, 2006). Além deste efeito
as estatinas estdo associadas ao aumento dos niveis de vitamina D, minimizando riscos de
fraturas e acelerando a formacgao 6ssea pds-lesdo. Os camundongos utilizados no presente estudo
usudrios de sinvastatina, independente do modelo animais (selvagem ou LDLr-/-), mesmo
alimentados com dieta hiperlipidica apresentaram maior formagao éssea que os camundongos
ndo usudrios da sinvastatina.

Lupattelli et al. (2004) observaram que mulheres hipocolesterolémicas submetidas a
doses didrias de 40mg de sinvastatina via oral, apresentaram densidade mineral éssea superior
quando comparadas a pacientes que nao consumiam a droga. Whang et al. (2000) e Wilkie et al.
(2000), com modelo animal, também constataram aumento significativo da formagao 6ssea apds
osteotomias. Mundy et al. (1999) observaram que, apds receberem sinvastatina oral, os ratos
apresentavam atividade osteobldstica mais intensa e aumento da expressdo da proteina
morfogenética dssea-2 (BMP-2), com consequente aumento do volume do osso trabecular. Wang
et al. (2007) detectaram o aumento na consolidacdo 6ssea de fratura em tibia de ratas
ooforectomizadas que receberam aplicagdo sinvastatina (10mg/Kg/dia) sob o local da lesao 6ssea.

O processo de reparo 6sseo requer a interacao de fatores de crescimento, proteinas da
matriz extracelular, osteoblastos e células osteoprogenitoras (Aalami et al., 2004). Desta forma a
hiperlipidemia pode interferir nesta interacdo, restringindo a neoformacgdo dssea. Com relagdo ao
reparo de falhas Gsseas na calvdria, fatores como o peridsteo, a dura-mater, o tempo pOs-
operatdrio e a idade contribuem para a cicatrizacdo em defeitos produzidos em camundongos

(Aalami et al., 2004). Embora ndo tenha ocorrido preenchimento total da falha dssea em nenhum
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dos camundongos do presente estudo, o 0osso neoformado nas bordas da lesdo foi suficiente para
concluirmos que a hiperlipidemia interferiu negativamente no reparo da falha éssea produzida no
parietal do camundongo LDLr-/-, enquanto o tratamento com sinvastatina contribuiu para a

formacdo de maior volume de osso neoformado para o interior do defeito.
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Tabela 01. Taxa de osso neoformado (TON - %),Taxa do comprimento linear (TCL - %) e Area
de osso regenerado (AOR-um”) na falha 6ssea produzida no osso parietal direito dos

camundongos do grupo W, WH, WS, WHS, L, LH, LS e LHS.

GRUPOS TON (%) TCL (%) AOR (um?)
W 19+0,6 19,5+1,01° 6570+227,7
WH 16,6+0,61° 17,2+1,05¢ 5648+181,7°
A 18,6+0,62° 18,7+0,85" 6025+104,5"
WHS 17+0,58° 18,1+0,7° 5570+287,6°
L 17,1+0,48" 18+0,63" 5096,2+94,5%
LH 15,6+0,46° 16,7+0,95¢ 4958+161,14
LS 16,9+0,51" 17,240,80¢ 5083,1+131,7
LHS 16,7+0,43" 17+0,47¢ 4885+152,74

Os resultados sdo apresentados como médiatdesvio padrao. Dois valores seguidos da mesma

letra sdo iguais estatisticamente (p>0,05, teste de Tukey).



Figura 01. Fotomicrografia da falha éssea produzida no osso parietal direito dos animais do
grupo W, WS, WH e WHS. A seta indica o espago entre o osso neoformado nas bordas da falha
6ssea; quanto maior a seta menor a formacgao 6ssea. (Hematoxilina e Eosina — 40X)
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Figura 02. Fotomicrografia da falha éssea produzida no osso parietal direito dos animais do
grupo L, LS, LH e LHS. A seta indica o espaco entre o osso neoformado nas bordas da falha
6ssea; quanto maior a seta menor a formacgao 6ssea. (Hematoxilina e Eosina — 40X)
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5 CONSIDERACOES FINAIS

O camundongo LDLr-/- pode ser um bom modelo para estudos sobre alteragdes dsseas
relacionadas com hiperlipidemia genética ou induzida por dieta hiperlipidica. Algumas alterac¢des
nas propriedades mecanicas e estruturais do fémur do animal foram demonstradas no presente
trabalho. Além disso, foi evidenciado redu¢do na atividade osteogénica nos defeitos produzidos
cirurgicamente no cranio. Esses resultados sugerem que em conseqiiéncia da hiperlipidemia, os
0SS0S se tornaram mais propensos a fraturas e a apresentaram maior dificuldade para o reparo.

Os achados do presente estudo também demonstraram que a hiperlipidemia causada
por alteracdo genética comprometeu a estrutura do fémur do camundongo LDLr-/-, e esses efeitos
se tornaram mais acentuados quando associada a dieta rica em gorduras. Deste modo o consumo
de dieta hiperlipidica foi um fator de risco para a integridade éssea e o uso da sinvastatina foi
eficaz para manter as propriedades biomecanicas do fémur e a osteogénese nos animais tratados
com dieta comercial e hiperlipidica, porém ndo demonstrou beneficios Gsseos nos animais

modificados geneticamente.
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6 Apéndices
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