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RESUMO

A presente tese esta dividida em duas partes: na parte I, comparou-se a regeneracao
ossea em camundongos fémeas e machos, com diabetes do tipo 1 (T1D). Na parte II, foi
avaliada a regeneragao 6ssea no modelo de menopausa experimental induzido por ovariectomia
(OVX), com ou sem T1D. Na parte I, os animais (machos e fémeas) foram divididos em dois
grandes grupos: controle e T1D (induzido por estreptozotocina; STZ). Na parte 11, os animais
foram divididos em quatro grandes grupos: fémeas falso-operadas e OVX, com ou sem T1D.
Apo6s a indugao do T1D, foi criado um defeito 6sseo monocortical no fémur. Nas duas partes
do trabalho, foram avaliados os efeitos da suplementacdo com vitamina D3 e/ou insulina. Na
segunda parte, também se avaliou o efeito da reposi¢ao hormonal com estradiol. Decorridos 21
dias do procedimento da criacao do defeito, os animais foram eutanasiados; o fémur e o sangue
foram coletados para analises posteriores. Tanto as fémeas, quanto os machos TID,
apresentaram uma reducao do ganho de peso corporal, associado a hiperglicemia. Nao houve
alteragdes nos niveis séricos das citocinas pro-inflamatorias interleucina-1f3 (IL-1p), fator de
necrose tumoral (TNF) ou interferon-y (IFNy). Os animais T1D, de ambos os sexos,
apresentaram um comprometimento na regeneracao o0ssea, como demonstrado pelas analises
histoldgicas e de micro-CT. A suplementacdo com vitamina D3 reestabeleceu a regeneragao
ossea em fémeas € machos T1D, apresentando valores proximos aos encontrados nos animais
do grupo controle. A terapia com insulina melhorou a remodelagao dssea nas fémeas e machos
TI1D; porém, os efeitos foram mais pronunciados nos machos. A avaliacdo da atividade
osteoclastica ndo revelou diferengas significativas entre os grupos experimentais, apds a
indugdo de T1D, em machos ou fémeas. Os resultados do PCR em tempo real para runx2 e
osterix (dois fatores de transcri¢ao relacionados aos osteoblastos), no tecido 6sseo, nao
demonstraram nenhuma diferenga significativa, exceto por um aumento nos niveis de RNAm

dos dois fatores nos camundongos machos T1D, que receberam suplementacdo com vitamina
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D3. Por outro lado, fémeas T1D que receberam vitamina D3 apresentaram um aumento na
expressao dos niveis de RNAm para o fator de crescimento semelhante a insulina do tipo 1
(IGF-1), quando comparado com os machos que tiveram o mesmo tratamento, sugerindo assim,
diferencas relacionadas ao sexo. Além das analises ja mencionadas anteriormente, na parte II
da tese, parametros comportamentais e niveis séricos de calcio e fosfatase alcalina também
foram analisados. Os resultados da segunda parte do trabalho demonstraram que os animais
submetidos a OVX tiveram um aumento do peso corporal, com atrofia uterina. Em
contrapartida, quando foi induzido T1D, houve uma diminui¢do do peso corporal mais
acentuada no grupo OVX que no grupo falso-operado. Os animais falso-operados e OVX T1D
apresentaram hiperglicemia, confirmando o desenvolvimento do diabetes. Os niveis séricos de
fosfatase alcalina foram divergentes entre os grupos ndo-diabéticos OVX e OVX T1D. Nao
houve variagdes dos niveis de calcio. Os animais falso-operados T1D, ndo diabéticos OVX e
OVX TI1D apresentaram prejuizos similares na regeneracao éOssea, como observado pelas
analises histologicas e imagens de micro-CT. A reposi¢do com estradiol melhorou a
cicatrizagdo 6ssea nos animais nao-diabéticos OVX e OVX TI1D. Houve uma tendéncia ao
aumento nos niveis de RNAm de IGF-1 no grupo OVX, o que nado foi observado quando da
associacao de T1D e menopausa. Nao foram observadas diferengas na atividade locomotora
dos animais com T1D e/ou OVX, a ndo ser por uma diminui¢do no numero de rearings no
grupo falso-operado T1D, independente do tratamento com vitamina D3, insulina e estradiol,

de forma isolada ou em associagao.

Palavras chaves: regeneracio 6ssea, diabetes tipo 1, camundongos machos e fémeas, insulina,

vitamina D3, estrogénio, ovariectomia, menopausa
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ABSTRACT

This thesis encompasses two parts: firstly, we compared the bone healing in female and
male mice, after induction of type 1 diabetes (T1D); secondly, the bone regeneration was
evaluated in a menopause model induced by bilateral ovariectomy (OVX), with or without T1D
induction. For the part I, the animals (female and male) were initially assigned into two groups,
namely control or T1D (elicited by streptozotocin; STZ). In the part 11, the females were divided
into four experimental groups: sham-operated or OVX, with or without STZ T1D induction.
After T1D induction, a monocortical femoral defect was created. In either parts of the present
study, we evaluated the effects of supplementation with vitamin D3 and/or insulin. In the
second part, the effects of estrogen replacement were also analyzed. Following 21 days of bone
defect creation, the animals were euthanized; the femurs and blood were collected for posterior
analysis. Both T1D females and males presented a reduction in body weight gain, associated
with hyperglycemia. There were no changes in the serum levels of the pro-inflammatory
cytokines [interleukin-1f (IL-1p), tumor necrosis factor (TNF) and interferon-y (IFN-y)] in all
the evaluated groups. T1D mice of both sexes presented a delayed bone regeneration, according
to the histological and micro-CT assessment. The supplementation with vitamin D3 restored
the bone healing in female and male T1D mice, reaching values close to controls. The insulin
therapy improved the bone remodeling in T1D mice of both sexes, but the effects of this
hormone were superior in males. The evaluation of osteoclast activity did not reveal significant
differences among the experimental groups. Real time PCR revealed slight differences in the
mRNA expression of two transcription factors related to osteoblast differentiation, namely
runx2 and osterix, as measured in the area into the bone defect. A higher upregulation of both
factors was seen in T1D males treated with vitamin D3. Conversely, vitamin D3-treated T1D
females displayed an upregulation of insulin-like growth factor 1 (IGF-1), further indication

sex-related differences for the treatments. Besides the experimental protocols described for the
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part I of this thesis, in the part II, we also evaluated some behavioral locomotor parameters and
serum levels of calcium and alkaline phosphatase. OVX animals presented increased body
weight gain, accompanied by uterus atrophy. Otherwise, T1D induction elicited a reduction of
body weight gain, which was more pronounced in OVX-T1D animals. Serum levels of alkaline
phosphatase were divergent in the non-diabetic and TID OVX animals. Calcium or cytokine
levels were similar in all the experimental groups. The sham-operated T1D, the non-diabetic
OVX and the OVX-T1D groups presented a delayed bone regeneration, as indicated by
histological and micro-CT analysis. Estrogen replacement improved the bone healing in all
OVX groups. There was a trend toward an upregulation of IGF-1 mRNA in non-diabetic OVX
animals, which was not mirrored in OVX-T1D mice. Locomotor parameters remained

unaltered, except by a general reduction of rearing numbers in T1D animals.

Keywords: bone regeneration, type 1 diabetes, males, females, insulin, vitamin D3,

ovariectomy, menopause.
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1. INTRODUCAO
Consideracgoes gerais

O aumento da expectativa de vida, bem como, a maior procura por tratamentos
odontoldgicos na area da implantodontia, faz com que um grande niumero de pessoas com
algum comprometimento sist€émico seja atendido, por vezes, sem os cuidados e restrigoes
adequados. A prevaléncia de doencas metabdlico-inflamatérias na populacdao (diabetes
mellitus, obesidade, osteoporose, entre outras) vem aumentando ao longo dos anos. Para nao
restringir o tratamento cirurgico-odontoldgico dessa populagdo, ¢ necessario que sejam
realizados novos estudos, a fim de identificar as alteragdes Osseas dos pacientes, permitindo a
identificacdo de alternativas viaveis para o manejo dos individuos acometidos por doencas
metabolicas. Existem evidéncias da literatura que sugerem diferencas em relagdo a regulacao
metabolica, quando se compara homens e mulheres, o que ainda precisa de investigagdes
adicionais, especialmente no que se refere aos processos de regeneragao 0ssea. Ademais, deve-
se levar em consideracdao que pacientes do sexo feminino que se encontram no periodo de pré-
menopausa, menopausa € pos-menopausa podem também apresentar doencas metabolicas
como o diabetes tipo 1 (T1D). A prescri¢cao de suplementagdo vitaminica, de forma geral, vem
chamando atencao dos profissionais de diversas areas da saude. Um exemplo ¢ a administracao
sist€émica de vitamina D3, que tem sido amplamente empregada no periodo da menopausa,
assim como, precocemente, em casos de baixos niveis ou insuficiéncia da vitamina. Uma vez
que a suplementagdo com vitamina D3 influencia o metabolismo 6sseo, faz-se necessario
entender de que forma essa vitamina poderia modular os mecanismos de neoformagdo e
reabsor¢do 6ssea em diferentes condi¢des, como diabetes e menopausa. Outrossim, pacientes
com T1D fazem uso de insulina para a manutencao dos niveis glicémicos, contribuindo para
prevenir as maiores complicagdes associadas ao T1D, como retinopatia, nefropatia e

neuropatia. Entretanto, os beneficios potenciais da reposi¢do de insulina sobre a regeneragao
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ossea no T1D, ainda ndo estdo totalmente claros, indicando a necessidade de novos estudos

nessa area.

Tecido osseo

O osso ¢ um tecido conjuntivo especializado, formado por 60% a 70% de material
inorganico (cristais de hidroxiapatita) e, 30% a 35% de material organico, dos quais 90% sdo
representados por colageno (principalmente colageno do tipo I) (Bord et al., 1996; Viguet-
Carrin et al., 2006). O componente 6sseo mineral esta associado com a rigidez, caracteristica
desse tecido, enquanto que o colageno estd ligado diretamente com os movimentos de flexao
ou torcao (Ruppel et al., 2008; Zeynep et al., 2016). Apos o crescimento, 5 a 10% do tecido
0sseo do adulto ¢ renovado todo ano por remodelacdo 6ssea. O 0sso tem como principais
funcdes a resisténcia e o suporte, além de proteger os 6rgaos vitais. O esqueleto, além das
funcdes estruturais, esta envolvido diretamente na homeostase de calcio em todo organismo.
Os ossos, de uma forma geral, sdo revestidos por uma parte externa, mais resistente,
denominada cortical, enquanto que, internamente, observa-se a por¢ao mais esponjosa €
vascularizada do osso, também denominada de osso medular. Podemos citar dois tipos de
formacao Ossea: ossificagdo endocondral e ossificagdo intramembranosa. Enquanto que na
ossificacao endocondral, a formagdo 6ssea ¢ precedida pela cartilagem, que por sua vez ¢
substituida por osso (maioria dos 0sso0s), a intramembranosa, envolve a diferenciagdo direta das
cé¢lulas mesenquimais em osteoblastos (cranio, osso maxilar e mandibular) (Ishikawa e
Yamada, 2017).

As células mesenquimais provenientes da medula Ossea e dos vasos sanguineos no
tecido conjuntivo diferenciam-se em células osteogénicas, pelo estimulo dos fatores de
crescimento e das proteinas 6sseas morfogenéticas (BMPs) (Fujisawa et al., 1995; Odgren et

al., 2001). Tipos celulares distintos fazem parte do metabolismo e da fisiologia dssea: pré-
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osteoblastos, osteoblastos, ostedcitos e osteoclastos. Outras células participam do metabolismo
0sseo como, monocitos, linfocitos e células endoteliais, que sdo responsaveis pela secrecdo de
citocinas e outros mediadores necessarios para o remodelamento 6sseo (Valenti et al., 2016).

Um dos fatores de transcrigdo mais relevantes para o desenvolvimento 6sseo € o runx2
(do inglés, runt-related transcription fator 2). A expressdo desse gene estd relacionada
diretamente com a diferenciagcdo das células mesenquimais em pré-osteoblastos, promovendo
a formagao de osteoblastos imaturos e inibindo a diferenciagdo das células mesenquimais em
adipdcitos e condrdcitos (Komori, 2006; Kalaitzoglou et al., 2016). O runx2 regula a expressao
de varias proteinas como, colageno do tipo I, osteopontina e osteocalcina, principalmente nos
estagios iniciais da formacao Ossea. Durante a fase de diferenciacdo celular, um grupo de
células progenitoras de osteoblastos, expressando runx2, inicia a fase de proliferacao. Essas
células com atividade de fosfatase alcalina sdo denominadas, pré-osteoblastos (Capulli et al.,
2014). Os pré-osteoblastos sao derivados de células mesenquimais indiferenciadas, presentes
no peridsteo e no endosteo. Quando estdo em proliferacao, sofrem alteragdes morfoldgicas
tornando-se células maiores e cuboides, que representam os osteoblastos maduros (Capulli et
al., 2014; Florencio-Silva et al., 2015).

Os osteoblastos estao associados com o processo de osteogénese. Sao responsaveis pela
formacao do tecido 6sseo; sendo assim, sintetizam os componentes de matriz organica
(colageno) e controlam a mineralizacdo dessa matriz e do osteoide. Estdo localizados na
superficie 0ssea, promovendo a deposi¢do da matriz ativa e, podem, por fim, se diferenciar em
dois tipos celulares: células dsseas de recobrimento e osteocitos (Turner, 1991; Robinson et al.,
1997, Florencio-Silva et al., 2015).

O “Zinc finger-containing transcription factor”, conhecido como osterix, ¢ o fator de
transcri¢do relacionado ao tecido 6sseo em desenvolvimento (em estdgios mais precoces,

atuando principalmente em pré-osteoblastos). Segundo Nakashima et al. (2002), € possivel que
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o runx2 e outros fatores de transcri¢ao funcionem em conjunto com o osterix, para ativar genes
marcadores de osteoblastos in vivo, levando a producdo de matriz 6ssea. Um estudo conduzido
por Baek et al. (2009), com camundongos “knockout”, demonstrou que o osterix ¢ necessario
para regulacdo da diferenciacdo dos osteoblastos in vivo, assim como para a formacao e
manutengdo 6ssea. Esse fator de transcricdo ¢ essencial para a diferenciagdo de osteoblastos
durante o desenvolvimento embrionario, visto que camundongos nocaute para osterix
apresentam uma auséncia completa de ossificagao intramembranosa e endocondral (Nakashima
et al., 2002).

A osteocalcina, produzida pelos osteoblastos maduros, € a principal proteina nao colagena
envolvida com a matriz 6ssea inorganica. A osteocalcina € um marcador de formagao dssea, na
diferenciagdo dos osteoblastos em estagio mais tardio (Lee et al., 2007; Ferron et al., 2008;
Maggio et al., 2010; Kalaitzoglou et al., 2016). Pode ser utilizada como um indicador sérico
sensivel e especifico para avaliacdo da atividade osteoblastica (Vieira, 1999; Kumar, 2005).

Outro fator envolvido diretamente com os osteoblastos € com o processo de formagao
ossea ¢ o fator de crescimento semelhante a insulina do tipo 1 (IGF-1). O IGF-1 ¢ produzido,
principalmente pelo figado, sendo altamente expresso no tecido dsseo, onde exerce papel
essencial no crescimento e maturagao dos osteoblastos. Foi demonstrado que o IGF-1 modula
células mesenquimais indiferenciadas que estimulam esse crescimento, tanto in vitro quanto in
vivo (Kawai et al., 2012; Xian et al., 2012; Crane et al., 2013).

A fosfatase alcalina ¢ uma enzima, codificada pelo gene A1P, localizado no cromossomo
1. A isoenzima 6ssea ¢ um peptideo de 507 aminodacidos, cuja sequéncia ¢ exatamente igual a
da isoenzima hepatica; a diferenca entre elas se da na glicosilacdo. Em condi¢des normais, as
duas formas de fosfatase alcalina predominantes na circulacao (> 90% do total) sdo a 0ssea e a
hepética, em quantidades equivalentes (Vieira et al., 1999; Kumar et al., 2005).

A sintese da matriz 6ssea, mediada pelos osteoblastos, pode ser dividida em duas fases
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distintas: deposi¢ao da matriz organica e, consequente mineralizacao (Florencio-Silva et al.,
2015). Quando os osteoblastos estdo em intensa atividade de sintese, suas formas modificam-
se, lembrando um cubo, tornando-se achatados, com redugao da basofilia citoplasmatica. Uma
vez aprisionados pela matriz 6ssea recém-sintetizada, os osteoblastos recebem o nome de
osteocitos. Os osteocitos sao células com forma estrelada, que estdo inseridas na matriz 6ssea
mineralizada, mas permanecem em contato com as outras células 6sseas por um processo
altamente controlado (Turner et al., 1991; Robinson et al., 1997; Florencio-Silva, 2015).
Portanto, essas células derivadas dos osteoblastos sdo residentes em lacunas da matriz ossea.
Apesar dos osteocitos nao apresentarem a fungdo de secretar a matriz 6ssea, eles permanecem
produzindo as substancias necessarias a manutencao do osso. Além disso, tém um papel na
mecanocepg¢ao, ajustando a forma esquelética, densidade e tamanho, respondendo assim as
mudancgas biomecanicas (Kalaitzoglou et al., 2016).

Os osteocitos produzem esclerostina, que por sua vez, impede a formacao Ossea e
promove a apoptose osteobléstica. Essa proteina funciona como um regulador negativo de
deposicao de massa 6ssea (Robling et al., 2006). A produgao elevada de paratormonio (PTH) e
as altas concentracdes de estrogénio diminuem os niveis de esclerostina (Ardawi et al., 2012;
Amrein et al., 2012), enquanto que o avanco na idade e os glicocorticoides aumentam os niveis
dessa proteina (Mabilleau et al., 2011). Os ostedcitos atuam também como reguladores
paracrinos de osteoblastos e osteoclastos, através de moléculas de sinalizacdo como:
prostaglandina E> (PGE»), osteoprotegerina (OPG), ligante do receptor ativador nuclear kB
(RANKL), além da esclerostina (Parajuli et al., 2015).

Segundo Cappariello et al. (2014), os osteoclastos sdo as células com a morfologia mais
incomum entre todas do tecido 6sseo, com caracteristicas morfoldgicas tnicas, sendo células
multinucleadas, com uma distribuicdo especifica de organelas. Nos ultimos anos, a

compreensao acerca do papel desse tipo celular passou da fungao exclusiva de reabsor¢ao ossea,
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para uma funcao extremamente complexa, com participagdo na regulagdo de diferentes
processos, como hematopoiese, formagao dssea, angiogénese intradssea e regulacao da fungao
da osteocalcina (Cappariello et al., 2014).

Os osteoclastos se originam de monoécitos hematopoiéticos e macrofagos (Perkins,
1995; Long et al.,, 1995). Os fatores reguladores da fung¢do dos osteoclastos sdo: fator
estimulador de colonia de monocitos (CFS-1), fator de diferenciagdo dos osteoclastos (ODF),
interleucinas (IL), vitamina D3, fator de necrose tumoral (TNF) e, particulas Osseas
mineralizadas contendo osteocalcina (Marks et al., 1983; Perkins, 1995).

O RANKL, produzido por células de linhagem osteoblastica e por linfécitos T ativados,
¢ o fator essencial para a formagao, fusao, ativagao e sobrevivéncia dos osteoclastos, levando a
reabsor¢ao oOssea, pela ligagdo ao receptor RANK (Kalaitzoglou et al., 2016). Os efeitos do
RANKL s3o contrabalanceados através da OPG, que atua como um receptor soluvel
neutralizador (Young et al., 1993; Loureiro et al., 2014). RANKL e OPG sao regulados por
varios hormdnios (glicocorticoides, vitamina D3, estrogénio), citocinas (TNF, IL-1f3, IL-4, IL-
6, IL-11 e IL-17) e, pelo fator de transcri¢do cbfa-1 (do inglés, core-binding factor alpha 1I).
Alteragdes do sistema RANKL/RANK/OPG implicam na patogénese da osteoporose pos-
menopausa, artrite reumatoide, doenga de Paget, doenca periodontal, tumores 6sseos benignos
e malignos, metastases Osseas e hipercalcemia. Ademais, o sistema RANKL/RANK/OPG
pode-se apresentar alterado em pacientes com T1D (Loureiro et al., 2014). De forma
interessante, a administracdo da OPG ¢ capaz de prevenir ou atenuar esses transtornos em
modelos animais (Young et al., 1993; Loureiro et al., 2014).

A matriz organica ¢ formada de coldgeno, principalmente do tipo I, proteoglicanas e
glicoproteinas adesivas. Por outro lado, a matriz inorganica ¢ composta por ions fosfato, calcio
e, em menor quantidade, bicarbonato, magnésio, potassio, sodio e citrato. A unido do fosfato e

do calcio forma cristais de hidroxiapatita, que quando associados as fibras colagenas, fornecem
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a resisténcia e a dureza caracteristicas do tecido 6sseo (Junqueira e Carneiro, 2004; Kikuta et
al.,, 2010). O colageno do tipo I, além de ser o maior componente da matriz O0ssea, estd
intimamente associado a cicatrizacdo e a regeneracdo do osso. Como mencionado
anteriormente, 0 0sso € a reserva primaria de célcio; tem capacidade de renovagao a fim de
responder as necessidades metabodlicas do organismo, sendo indispensavel para a manutencao
de niveis de adequados de calcio (Dolin et al., 1974; Roberts et al., 1987; Krishnan et al., 2006).

Varios fatores locais e sist€émicos controlam a formacao, a proliferacao, a diferenciacao
e a atividade das células dsseas (Florencio-Silva et al., 2015). Dentre os fatores sistémicos,
destacam-se o hormodnio de crescimento, os hormodnios tireoidianos, os glicocorticoides, o PTH,
o0 estrogénio, a calcitonina e a vitamina D3. Entre os fatores locais, podem-se citar PGE», IL-
1B, interferon-gama (INFYy), fator de crescimento de transformagao beta (TGFp), IGF-1, fator
de crescimento epidérmico (EGF), fator de crescimento derivado das plaquetas (PDGF), fator
de crescimento fibroblastico (FGF) e fator de crescimento derivado do esqueleto (SGF) (Marks,
1983). Outros fatores como, medicamentos, dieta e envelhecimento influenciam a homeostase
Ossea. As anormalidades na remodelacdo dssea ocorrem em algumas das doengas mais comuns,
tais como osteoporose, doenga periodontal, artrite reumatoide, insuficiéncia renal cronica e
osteolise induzida por tumores (Perkins, 1995; Bord et al., 1996). O aumento nos niveis de
PTH, produzido pela paratireoide (hiperparatireoidismo), leva a um aumento do numero de
osteoclastos, com consequente estimulo a reabsorcao d6ssea (Bord, 1996). J4, a calcitonina,
produzida pela tireoide, inibe a atividade osteocldstica, com diminuicdo da reabsor¢do Ossea
(Odgren, 2001). A integridade estrutural do osso pode estar comprometida pela necessidade do
metabolismo normal do calcio e por estados patoldgicos, alterando assim, estrutura e massa
osseas. Compreender os mecanismos basicos que modulam o turnover 6sseo torna-se essencial
para estabelecer a relacdo do tecido com as alteragdes encontradas nas doengas a serem

abordadas no presente estudo.
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Diabetes Mellitus

O diabetes mellitus (DM) ¢ uma doenca metabolica resultante de defeitos na secrecdo
de insulina e/ou em sua acao. De acordo com a Federagao Internacional de Diabetes, no ano de
2017, mais de 400 milhdes de adultos foram diagnosticados com diabetes, sendo que em 2045,
esse numero pode aumentar para mais de 620 milhdes, um incremento de 50% em relagdo a
2017 (International Diabetes Federation, 2017). O DM nao tem predilegdo por homens ou
mulheres, afetando ambos os sexos de forma quase semelhante. E uma doenga que merece
atencao devido a gravidade e evolugdo; uma pessoa morre de diabetes a cada seis segundos no
mundo. O Brasil ocupa o quarto lugar mundial em nimero de pessoas com diabetes. Com o
aumento na prevaléncia do DM, houve um crescimento nos custos gerados por essa doenga,
sendo assim um problema de satde publica extremamente relevante. Uma das unicas
explicagdes para esse aumento de DM sdo as mudangas no meio ambiente ou, ainda, as
mudangas no estilo de vida (Rewers e Ludvigsson, 2016).

Os sintomas como poliuria, polidipsia, perda de peso, polifagia e visdo turva sao
resultantes das variagdes dos niveis glicémicos, independentemente do tipo de diabetes. A
hiperglicemia cronica esta associada ao dano, disfuncdo e faléncia de varios orgaos,
especialmente olhos, rins, nervos, coracao e vasos sanguineos (UK Prospective Diabetes Study
(UKPDS) Group, 1998). Visto que a expectativa de vida teve um aumento ao longo dos anos,
as comorbidades relacionadas ao diabetes acompanharam essa tendéncia (Kerckhofs, 2016).

O DM pode ser classificado como tipo 1 ou tipo 2. No T1D, ocorre destruicdo das
células B-pancreaticas, através de uma infiltracdo de linfocitos T auto-reativos, decorrente de
um processo autoimune (forma autoimune; tipo 1A) ou, menos comumente, por causas
desconhecidas (forma idiopatica; tipo 1B) (Atkinson et al., 1994; Imagawa et al., 2000; Smith
etal., 2017). Na forma autoimune, ha um processo de insulinite e estao presentes autoanticorpos

circulantes (anticorpos anti-descarboxilase do acido glutamico, anti-ilhotas e anti-insulina).
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Como nao ha insulina na circulacdo em concentracdes ideais, a absor¢cdo de glicose fica
prejudicada, sendo necessario fazer a reposicao de insulina (Ward et al., 2001). O T1D acomete,
usualmente, pessoas mais jovens (Polonsky, 2012). Vérios estudos, incluindo relatos de casos
e trabalhos epidemiologicos, demostram que o desenvolvimento do DM pode ter uma relagao
potencial com infecg¢des virais. Ademais, ha associacdo com fatores da dieta especificos, sendo
que o aleitamento materno ¢ considerado um fator protetor para o inicio do DM. Embora a
vitamina D3 seja um alvo potencial de pesquisas recentes, ainda existem poucas evidéncias que
demonstram um papel protetor para o desenvolvimento de DM. Tem havido, ainda,
especulacdes sobre o possivel beneficio de vacinas na prevenc¢ao do aparecimento de DM;
entretanto, ainda nao houve sucesso com esta estratégia (Rewers e Ludvigsson, 2016).

No diabetes do tipo 2 (T2D), a associacao entre fatores hereditarios e obesidade
apresenta maior importancia do que no TID. Apesar dos pacientes produzirem insulina
normalmente, suas células sdo incapazes de usar toda a insulina secretada pelo pancreas,
fazendo com que os niveis sanguineos desse hormonio permanecam elevados, o que ¢
conhecido como resisténcia a insulina (Figueiredo et al., 2009; Polonsky, 2012). O principal
motivo que faz os niveis de glicose permanecerem altos ¢ a incapacidade das células musculares
e adiposas em utilizar a insulina secretada pelo pancreas. Os sintomas do T2D sao
pronunciados, sendo que o tratamento deve ser cauteloso, em virtude dos riscos de
complicacdes cardiovasculares em longo prazo (Polonsky, 2012). Além disso, o T2D pode
evoluir para insulinodependente se ndo controlado. O diagndstico pode ser feito através de
exames laboratoriais, como glicemia de jejum (valores maiores ou iguais a 126mg/dl sugerem
DM), teste de tolerancia a glicose (valores maiores ou iguais a 200mg/dl sugerem DM) ou,
ainda, através da determinacdo da hemoglobina glicosilada (valores maiores que 6,5%). O
tratamento para o T2D deve ser feito visando reestabelecer os niveis de glicose, através do

controle da dieta, exercicios e/ou medicacdo (agentes hipoglicemiantes orais) (Polonsly, 2012).
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O pancreas ¢ o oOrgdo responsavel pela producdo de insulina, possuindo fungdes
exdcrinas e endocrinas (ElSayed e Bhimji, 2017). Esse hormonio € produzido, em grande parte,
pelas ilhotas de Langerhans, sendo que o metabolismo ocorre no figado, rins e musculatura
esquelética. A insulina faz a regulacdo dos niveis de glicose no sangue (glicemia) (Peled et al.,
2003). Para manter a glicemia constante, o pancreas também produz outro hormdnio antagoénico
a insulina, o glucagon. Quando os niveis glicémicos ficam baixos, mais glucagon ¢ secretado,
para restabelecer os niveis de glicose na circulacao (Herrero et al., 2017). A somatostatina,
outro hormdnio produzido pelo pancreas, ¢ um inibidor de células secretoras. Nas ilhotas de
Langerhans, esse hormodnio inibe a producao de insulina e glucagon. A amilina € co-secretada
juntamente com a insulina e, tem como fungao, a indu¢ao da degradagao de glicogénio a lactato
na musculatura esquelética, além de retardar o esvaziamento gastrico e inibir a secrecao de
glucagon (ElSayed e Bhimji; 2017). Infelizmente, apesar dos avangos terapéuticos e das
campanhas de prevencao do DM, ainda ndo ha cura para essa doenga e os nimeros de pacientes
portadores das principais formas de DM se mantém alarmantes (Polonsky, 2012). No T1D, a
terapia com insulina ¢ essencial e deve ser administrada para manter a glicemia controlada.
Quando realizado o diagndstico de T1D, o individuo necessita realizar a reposicdo desse
hormonio por tempo indeterminado, visto que as consequéncias das oscilagdes dos niveis
glicémicos podem ser muito graves, e até mesmo fatais.

Independentemente do tipo, os pacientes diabéticos tém um baixo potencial de
cicatrizacdo dos tecidos moles e 6sseos, devido a redugdo do metabolismo de proteinas e dos
prejuizos da funcdo neutrofilica (Peled et al., 2003). A perda 6ssea ndo estd necessariamente
vinculada a um aumento da atividade osteoclastica. A hiperglicemia inibe a diferenciagdo
osteoblastica e altera a producdo de PTH, que regula o metabolismo do fosforo e do calcio
(Santana et al., 2003). Isso produz efeitos deletérios sobre a matriz dssea, afetando a aderéncia,

o crescimento e o acumulo da matriz extracelular (Weiss et al., 1981; Kerckhofs et al., 2016).
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Mesmo com todos os relatos de que a hiperglicemia seria um indicador de fraturas
Osseas, a associagdo de altos niveis de glicose ou resisténcia a insulina e, a relagdo com a
densidade 6ssea mineral, ainda nao estd bem definida (Nebot et al., 2016). A terapia com
insulina poderia melhorar a condigdo Ossea por aumentar sua densidade e forca, agindo
diretamente ou indiretamente no processo de formagdao Ossea (Bortolin et al., 2017).
Atualmente, tem sido sugerido que a perda da qualidade 6ssea e o aumento na chance de fraturas
durante o T1D podem estar associados com prejuizos na fungdo dos osteoblastos (deficiéncia
na formagao 6ssea) ou dos osteoclastos (excesso de reabsorc¢ao 6ssea) (Jiao 2015; Xu, 2016;
Reni, 2016). Os mecanismos de modulacao 6ssea relacionados a terapia com insulina ainda nao
foram esclarecidos. Bortolin et al. (2017) sugeriram que o tratamento com insulina tem um
efeito protetor e osteoanabodlico, o que pode ter relacdo com o aumento da expressdao de OPG e
osteocalcina nos osteoblastos, levando a manutengdo da estrutura mineral e integridade do
colageno, tendo como consequéncia a manutencdo da arquitetura e da flexibilidade Ossea.
Sabe-se que a redu¢do na densidade mineral 6ssea desde o diagndstico de T1D, na infancia,
pode evoluir para osteoporose na fase adulta ou, até mesmo, aumentar o risco de fraturas nesses
pacientes, afetando tanto a parte dssea cortical, quanto a medular. Os autores desse trabalho
também afirmam que a influéncia do sexo na perda Ossea associada ao T1D ainda ¢
desconhecida (Raisingani et al., 2017).

Na area da Odontologia, Oates et al. (2013) realizaram uma revisao de literatura sobre
DM e implantes dentarios e concluiram que ndo hé relagdo entre o nimero de falhas de
implantes dentéarios e o controle glicémico deficitario, indicado a reabilitagdo com implantes
para pacientes diabéticos, com ou sem controle da glicemia. Em contrapartida, outro trabalho
de revisao sistemdtica, conduzido por Annibali et al. (2016) demonstrou que pacientes com DM
tém uma tendéncia crescente na falha de implantes, durante o periodo de osseointegragdo, assim

como no primeiro ano apos a instalagdo desses implantes. Além disso, um estudo experimental
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demonstrou prejuizos na regeneracao dssea peri-implantar em um modelo de T1D em porcos
(von Wilmowsky et al., 2016). Esses dados controversos refor¢am a necessidade de estudos
adicionais sobre os efeitos do DM sobre a regeneragao ossea aplicada a implantodontia. Oates
et al. (2014) realizaram um estudo prospectivo de coorte para avaliar se a auséncia do controle
glicémico para o T2D contraindicaria a instalagao de implantes. Os autores demonstraram que
os niveis elevados de HbA1 nao foram associados ao sucesso dos implantes ao longo de um
ano; entretanto, os prejuizos na cicatrizagao e na estabilidade 6ssea precoce foram associados
a hiperglicemia. Um trabalho conduzido por Hashiguchi et al (2014), em ratos com T2D,
sugeriram que o controle da glicemia ndo foi suficiente para reestabelecer os efeitos negativos
do DM no tecido 6sseo em torno dos implantes.

Para induzir DM experimental podem ser utilizados animais geneticamente modificados
denominados NOD (nonobese diabetic mouse), que desenvolvem T1D espontaneamente
(Grant et al., 2012). Ainda, ¢ possivel induzir T1D através da inoculagdo de substancias
quimicas especificas. A aloxana e a estreptozotocina (STZ) sdo capazes de produzir radicais
livres que destroem as células B-pancreaticas, induzindo TI1D (Murata et al., 1999). O
antibiodtico STZ causa degranulacdo das células produtoras de insulina, promovendo o
aparecimento do diabetes. O nucleo glicérico, presente na estrutura das células B-pancreaticas,
permite a entrada da STZ e do grupo nitrosureia, promovendo o acimulo de substancias toxicas,
resultando em morte celular (Wong e Tzeng, 1993; Murata et al., 1999; Lenzen, 2008).

A indugdo de diabetes por STZ pode ser constatada em 24 h apds a administragdo
intraperitoneal deste agente. As alteragdes fisioldgicas apresentadas incluem hiperglicemia,
glicosuria, polidipsia, polifagia e politiria. A hiperglicemia plasmatica aumenta a absorcao de
glicose pelos néfrons, levando a maior excrecao de glicose na urina (glicosuria), com aumento
da pressdao osmotica e maior retengdo de agua (poliaria). Consequentemente, a ingestao de agua

¢ aumentada (polidipsia). O aumento do consumo de racao (polifagia) pode ser associado ao
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comprometimento do transporte de glicose para as células, em decorréncia da falta de insulina,
sendo que o animal aumenta a ingestdao de ra¢ao para suprir a falta de energia celular; mesmo
assim, ocorre perda progressiva de peso corporal (Wong e Tzengs, 1993).

No inicio da doenga, a reducdo da formacgao dssea em diabéticos estd mais relacionada
com um menor numero de osteoblastos, os quais apresentam fun¢do normal. Em animais
diabéticos, uma relagdo normal e diretamente proporcional ¢ observada entre os eventos de
formacao da matriz 6ssea e de mineralizagdo 6ssea. Porém, com a progressao da doenca, ha
menor producdo de matriz dssea, decorrente da reducao do numero de osteoblastos presentes
no osso, gerando distarbios na atividade dos osteoblastos, resultando em alteragdes das taxas
da sintese da matriz do colageno e/ou mineralizagao 6ssea (Goodmam e Hori, 1984). Um estudo
prévio do nosso grupo de pesquisa (Cignachi et al., 2015) demonstrou que o prejuizo da
regeneragao, associado ao T1D em camundongos, estava relacionado com o comprometimento
da formagao 6ssea (apoptose de osteoblastos), nao havendo diferenca significativa no processo
de reabsorcao mediado pelos osteoclastos.

Mesmo com a manutencao de niveis glicémicos aceitaveis, através da reposi¢cao com
insulina, muitas vezes, nao ¢ possivel impedir os efeitos negativos sistémicos do DM, como o
desequilibrio do metabolismo 6sseo. Picke et al. (2016) demonstraram que o tratamento com
insulina, em ratos espontaneamente diabéticos, nao foi capaz de reestabelecer os efeitos do
diabetes sobre a homeostase O0ssea sistémica e a resisténcia 6ssea, mas restaurou a regeneragao
6ssea no local do defeito.

A vitamina D ¢ formada na pele pela acao da luz ultravioleta (vitamina D3) ou, pode ser
obtida de fontes nutricionais, como ovos, 6leo de peixe e leite fortificado (vitamina D3). A
obtencado de vitamina ¢ diretamente afetada pela estacdo do ano, latitude e exposicao a luz solar
(Colotta et al., 2017). O papel classico da vitamina D no sistema endocrino ¢ estimular a

absor¢cdo de calcio no intestino, fazer a sua manutencdo e, indiretamente, regular a
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mineralizagdo dssea (Llips, 2006). A vitamina D (tanto D>, quanto D3) € transportada para o
figado, onde ¢ hidroxilada por uma enzima (CYP2R 1, também conhecida como P450 2R1) para
produzir 25(OH)D. A 25(OH)D ¢ transportada para os rins, sendo hidroxilada por outra enzima,
a CYP27BI1, formando a 1,25(0OH)2D (Colotta et al., 2017). A 1,25 (OH).Ds (calcitriol), forma
biologicamente ativa da vitamina D, € reconhecida como um regulador do processo de
neoformacao e reabsor¢ao o0ssea, mediado pelos osteoblastos e osteoclastos, respectivamente.
Interessantemente, nao ha um consenso na literatura quanto a dose ideal de suplementagao com
vitamina D3, lembrando que a ingestao excessiva pode causar hipercalcemia, calculos renais e
insuficiéncia renal. Atualmente, ha um grande ntimero de publicagdes demonstrando que a
deficiéncia de vitamina D3 esta associada a doencgas auto-imunes e inflamatorias, infeccoes e
cancer, entre outras (Colotta et al., 2017).

Uma concentracdo adequada de vitamina D3 ¢ um fator importante para manutencao
ossea, visando evitar a osteoporose. A 1,25 (OH)2D mantém a homeostase do calcio entre as
células sanguineas e o 0sso, estimulando a absor¢ao de célcio no intestino (Mangin et al., 2014).
O efeito da vitamina D3 sobre a absorcdo de calcio parece ser o principal mecanismo
relacionado com a manuten¢do da homeostase Ossea, através da sinalizacdo, via PTH e
1,25(0OH)2D (Park e Weaver, 2012). O sistema RANKL/RANK/OPG pode ser modulado pela
administracao da vitamina D3.

Estudos clinicos indicam que individuos diabéticos t€ém baixas concentragdes de 1,25
(OH)2D3 na circulagdo, em comparagdo com pessoas saudaveis (Misof et al., 2003; Rapuri et
al., 2007; Vaidya e Williams, 2012). A vitamina D3 também apresenta efeitos anti-
inflamatoérios, reduzindo a produc¢do de citocinas, sendo alvo de pesquisas no DM, pelo papel
na regulacdo do sistema imunoldgico (Rewers e Ludvigsson, 2016). Outro fato importante ¢
que a vitamina D3 participa na regulacdo da secrecdo de insulina, atenuando a inflamacao

cronica gerada no DM (Mitri e Pittas, 2014).
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A deficiéncia de vitamina D3 materna tem sido associada a varios desfechos materno-
fetais adversos, incluindo pré-eclampsia, DM gestacional, aumento da taxa de cesariana
primaria, parto prematuro, retardo do crescimento fetal e neonatal e hipocalcemia (Barrett e
McElduff, 2010). A periodicidade no nascimento de criangas com T1D pode ser explicada pela
variacdo sazonal da produgdo de vitamina D3, a partir da exposi¢do ao sol. Na Bélgica, as
médias mensais nas horas diarias de sol foram inversamente relacionadas ao nimero de novos
pacientes com T1D por més, demonstrando uma interessante relacao entre vitamina D3 e T1D
(Weets et al., 2004). Entretanto, uma metanalise sobre a suplementacao de vitamina D3 durante
a gravidez ndo mostrou efeitos sobre a incidéncia de T1D (Dong et al., 2013). Dois outros
estudos de metanalise mostraram que o risco de T1D foi menor em lactentes que foram
suplementados com vitamina D3 (colicalciferol), em comparagdo com aqueles que nao
receberam suplementacao (Zipitis ¢ Akobeng, 2008; Miettinen et al., 2012). Dois ensaios
clinicos relataram nao haver efeitos da suplementagao com vitamina D3 sobre a producao de
insulina, apds o aparecimento de T1D (Bizzarri et al., 2010; Walter et al., 2010). Um trabalho
conduzido por Mohammadian et al. (2015) avaliou as mudangas nos niveis glicémicos, apos a
suplementagdo com vitamina D3 em criangas com T1D e deficiéncia de vitamina D3. Os
autores concluiram que a suplementacdo vitaminica reduz a HbA1C em pacientes com
deficiéncia dessa vitamina e com T1D. Ademais, os autores propdem que os niveis de vitamina
D3 sejam precocemente avaliados em criangas com diagnostico de T1D.

Nao ha consenso na literatura a respeito da suplementagdo com vitamina D3 e seus
efeitos no DM. Os trabalhos mencionados acima dizem respeito a relagdo da vitamina D3 com
o T1D de forma generalizada, na prevencao do aparecimento e no desfecho da progressao. Por
outro lado, questiona-se qual seria o papel da vitamina D3 sobre o tecido 6sseo, no DM. Um

trabalho de Wu et al. (2013) demonstrou que o tratamento combinado de insulina com vitamina
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D3 teve efeitos adicionais, em relacdo a recuperagdo dos prejuizos de osseointegragao

associados ao T1D em ratos.

Menopausa e Osteoporose

As mulheres tipicamente alcangam o periodo da menopausa entre a quarta e quinta
décadas de vida, onde se observa uma diminui¢ao marcante dos niveis de estrogénio, o que leva
a diversas alteracdes imunologicas, bem como, comportamentais, com alteracdes de sono e
humor (Studd e Zamblera, 1994). A fase de transicdo da menopausa ¢ precedida por
aproximadamente 35 anos de ciclos menstruais regulares (Santoro € Randolph, 2011). Dentre
as implicagdes clinicas inerentes a menopausa, destaca-se o desenvolvimento de osteoporose,
que causa grandes prejuizos a qualidade de vida. Anormalidades do sistema
RANKL/RANK/OPG implicam na patogénese da osteoporose pds-menopausa (Perkins e
Kling, 1995; ESHRE Capri Workshop Group, 2010). A osteoporose ¢ caracterizada pela
fragilidade 6ssea, diminui¢ao da massa 6ssea, mudangas na arquitetura e estrutura, podendo ter
como resultado final, fraturas 6sseas (Sambrook e Cooper, 2006). Pode ser classificada de duas
formas: (I) primaria ou (II) secundaria. A primaria esta relacionada a diminui¢ao dos niveis de
estrogénio em mulheres na menopausa. Por outro lado, a forma secundéria ¢ resultante de
doengas metabodlicas (como T1D), disfuncdo de orgdos, deficiéncias nutricionais, uso de
glicocorticoides, idade, entre outros fatores (Rachtz et al., 2017).

A osteoporose apresenta grande impacto social na vida dos individuos, pelo fato de
limitar a mobilidade, levando assim, a um sentimento de isolamento ou depressdo. Segundo a
Fundacao Nacional de Osteoporose (https://www.nof.org/patients/what-is-osteoporosis/), 20%
dos idosos que fraturam o quadril, morrem dentro de um ano, devido a complicagdes

relacionadas com a cicatrizagdo ou com a cirurgia. Sugere-se que uma em cada duas mulheres
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e, um em cada quatro homens, com idade igual ou superior a 50 anos poderao apresentar fraturas
osseas.

O estrogénio € um hormonio que ajuda na manuten¢do da integridade 6ssea, através da
modulagdo da fun¢do de osteoblastos e osteoclastos. Na auséncia desse hormonio, o processo
de reabsor¢ao dssea se torna mais acelerado do que a formagdao (ESHRE Capri Workshop
Group, 2010). Como o osso perde massa, as comunicacoes entre o trabeculado 6sseo também
sao perdidas (Emerton et al., 2010). Além desse desequilibrio, com o avango da idade, as
mulheres apresentam uma tendéncia de acumulo de adipocitos na medula 6ssea, devido ao
aumento na capacidade de diferenciagdo dessas células, maior do que a diferenciacdo em
osteoblastos. O estrogénio atua na modulagdo de alguns fatores de transcri¢ao, como M-CSF,
RANKL e OPG, envolvidos com a diferenciagao de osteoclastos, além de regular a atividade e
a meia-vida dessas células. Os receptores de estrogénio (ERa e ER[}) sdo expressos de forma
pleiotropica, principalmente nos ossos e cartilagem. O ERa estd mais presente na cortical,
sendo envolvido na diferenciacdo Ossea; por outro lado, o papel do ER[} ainda precisa ser
melhor esclarecido (Venken et al., 2008). Ademais, a deficiéncia na produgdo de estrogénio,
durante a menopausa, aumenta a producao de citocinas e mediadores inflamatorios, resultando
em menor remodelacdo 6ssea. Uma revisdo sistematica da literatura demonstrou que mulheres
na menopausa, com osteoporose ou osteopenia, apresentam maior perda 6ssea periodontal, em
relacdo aquelas com densidade 6ssea mineral normal (Penoni et al., 2017).

A produgdo do hormonio foliculo estimulante (FSH) nas mulheres no periodo de pré-
menopausa apresenta um feedback negativo, ndo somente pelo estradiol, mas também pelos
peptideos inibina A (InhA) e inibina B (InhB), membros da superfamilia do TGFp (Bilezikjian,
2004). Um trabalho conduzido por Nicks et al. (2010) sugere que as mudancas no turnover
osseo tém relagdo com o aumento dos niveis do hormoénio foliculo estimulante. As inibinas

ligam-se as células durante a osteoblastogénese ¢ a osteoclastogénese, bloqueando as BMPs,
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que estimulam a diferenciacdo dos osteoblastos e osteoclastos. A exposi¢do a inibina A, de
forma continua, in vivo, demonstrou um efeito protetor sobre a perda dssea induzida pela
ovariectomia, em camundongos, indicando que as inibinas contribuem para a regulacao
enddcrina do metabolismo dsseo.

A terapia de reposi¢ao hormonal, foi, por muitos anos, a primeira linha na prevencao da
osteoporose pds-menopausa (Papadakis et al., 2016). O estudo randomizado conduzido pelo
grupo Women’s Health Initiative foi o primeiro a demonstrar que a terapia de reposicao
hormonal reduz a incidéncia de fraturas relacionadas a osteoporose, em mulheres na
menopausa. Entretanto, apesar dos beneficios claros ao nivel 6sseo, ha um aumento na
incidéncia de cancer de mama, doencas cardiacas corondrias ¢ acidente vascular cerebral,
diminuindo a indicagdo da reposicao hormonal (Rossouw et al., 2002). Papadakis et al. (2016)
demonstraram que a reposicao hormonal, com estrogénio e/ou progestina, foi associada com
uma melhora na arquitetura 6ssea, segundo a avalia¢ao das variagdes dos niveis de cinza (TBS,
do inglés, trabecular bone score) em imagens de DXA (do inglés, X-ray absorptiometry). De
forma interessante, parece que os efeitos favordveis sobre o tecido 0sseo persistem apds a
interrupcao da reposi¢ao, por pelo menos dois anos.

Os tratamentos para a osteoporose estao direcionados a diminui¢do da reabsor¢ao Ossea
e, podem ser denominados de agentes farmacologicos antirreabsortivos. O estrogénio, como
citado anteriormente, além de bisfosfonatos, moduladores seletivos do receptor de estrogénio
(SERM), denosumabe (anticorpo monoclonal para RANK-L) e, ranelato de estroncio (SR), sdo
alguns exemplos de terapias empregadas na atualidade para o manejo da osteoporose (S6zen et
al., 2017). Em adicdo, para prevenir a osteoporose, a Fundagdo Nacional de Osteoporose
recomenda a suplementacdo com vitamina D e/ou célcio para individuos que apresentam alto
risco de desenvolvimento dessa doenga, incluindo mulheres no periodo da menopausa, com

mais de 50 anos de idade (Cosman et al., 2014). Um estudo de Park e Weaver (2012)
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demonstrou que a combinacdo de vitamina D com os fitoestrogenos de soja durante a
menopausa, apresenta efeitos sinergisticos sobre a ativagdo dos osteoblastos, prevenindo a
diferenciagdo de osteoclastos, por mecanismos que envolvem o aumento de metabolitos da
vitamina D, bem como, a modula¢ao de VDR e ER.

A ovariectomia ¢ um modelo animal utilizado para o estudo da menopausa e do
desenvolvimento de osteoporose em roedores, através da retirada cirurgica bilateral dos
foliculos ovarianos (Bekku e Yoshimura, 2005). Nos camundongos, a perda 6ssea ocorre logo
apos o procedimento cirurgico de ovariectomia, e, a reposicao de estrogénio, pela administragao
de 17pB-estradiol, pode evitar a perda 6ssea (Komori, 2015). Como abordado anteriormente,
pacientes do sexo feminino que se encontram no periodo de pré-menopausa, menopausa e pos-
menopausa podem também apresentar doencas metabodlicas como T1D. Alguns trabalhos
sugerem que a combinagdo da deficiéncia de estrogénio com hiperglicemia pode levar a uma
perda 6ssea adicional (Fukuharu et al., 2000; Khalil et al., 2011; Raehtz et al., 2017). Por outro
lado, um estudo realizado em mulheres iranianas, com T2D e menopausa, ndo demonstrou
diferenga nos valores de massa 6ssea ou no turnover 6sseo (Razi et al., 2016). De forma
interessante, foi demonstrado que a suplementacao com vitamina D3 pode trazer beneficios no
tratamento da osteoporose e de fraturas Osseas, em camundongos diabéticos. Estes autores
mostraram que a deficiéncia de vitamina D3 diminui a densidade mineral dssea no modelo de
T1D induzido por STZ em camundongos fémeas (Mao et al., 2014).

Klein et al. (2015) sugerem que a diferenca entre os sexos ¢ uma variadvel fundamental
no processo de entendimento dos resultados na pesquisa. Sendo assim, cada vez mais
importante estudar o desfecho de diferentes mecanismos, em estudos pré-clinicos, entre machos
e fémeas. Grande parte dos trabalhos presentes na literatura relatam o desfecho do DM e/ou da
osteoporose no tecido 6sseo, analisando o turnover 6sseo. Entretanto, ainda ha poucos estudos

que avaliam a regeneragdo Ossea na menopausa experimental, sendo assim necessario a
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realizagdo de novas pesquisas que relacionem ainda as diferencas no desfecho do T1D entre

machos e fémeas.
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2. OBJETIVOS

2.1 Objetivo geral

O presente estudo teve por objetivo avaliar o processo de regeneragao dOssea em

camundongos, machos e fémeas, no modelo de T1D, bem como, no modelo de menopausa

experimental induzida por ovariectomia em fémeas, além de analisar as repercussdes da

combinacdo de ambos os modelos de doenga. Ademais, este estudo avaliou o metabolismo

osseo frente a diferentes tratamentos, incluindo administragcdo de insulina, a suplementagao de

vitamina D3 e a reposi¢ao de estrogénio.

2.2 Objetivos especificos

a.

Comparar a regeneragao Ossea de camundongos machos e fémeas com T1D, em um
modelo de defeito 6sseo monocortical;

Avaliar se a regeneracao Ossea ¢ modificada quando os animais T1D, tanto fémeas
quanto machos, sao tratados com vitamina D3 e/ou insulina;

Determinar se a suplementagdo com vitamina D3 e insulina melhora a regeneracao
ossea na auséncia de T1D;

Avaliar a regeneragdo Ossea no modelo de menopausa experimental induzido pela
ovariectomia, bem como, analisar os efeitos da reposi¢do com estrogénio, da
suplementagdo com vitamina D3 ou, da combinacdo de ambos nesse parametro.
Elucidar os impactos do T1D na menopausa, frente as alteracdes no metabolismo 6sseo
e, se o quadro pode ser revertido pelo tratamento com insulina, vitamina D3 e/ou
estrogénio.

Avaliar a expressao sérica das citocinas pro-inflamatorias: IL-1f3, IFN-y e TNF, além

de marcadores relacionados com o turnover dsseo nos diferentes grupos.
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Avaliar a expressao de alguns fatores de transcrigdo e crescimento como runx2, osterix
e IGF-1, relacionados com o turnover 6sseo nos diferentes grupos.

Avaliar as diferengas no processo de neoformacgdo 6ssea em camundongos machos e
fémeas na presenga ou auséncia de doenca utilizando microtomografia
computadorizada (micro-CT).

Analisar parametros comportamentais no modelo de menopausa e/ou T1D.
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3. CAPITULO I
O artigo a seguir intitula-se “Bone regeneration in type 1 diabetes: influence of sex,
vitamin D3 and insulin” e sera submetido ao Journal of Dental Research (Fator de impacto:

4.7; Qualis A1l Internacional, Area de Odontologia, CAPES).
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Abstract

Type 1 diabetes (T1D) leads to several complications, including bone diabetic disease.
Insulin therapy is required to prevent hyperglycemia, minimizing T1D-related osteopenia.
Additionally, it has been suggested that vitamin D3 restores the bone turnover in T1D. There
are no obvious sex differences in TID prevalence, but the impacts of T1D on osseous
regeneration might be sex-dependent. This study set forth a question: are there any differences
in bone responses to insulin and/or vitamin D3 treatment in female and male T1D mice? To
address this hypothesis, we produced a non-critical sized femur defect in streptozotocin (STZ)-
T1D mice. Control non-diabetic and T1D female and male mice were subdivided into four
treatment groups: (i) saline; (i1) vitamin D3; (iii) insulin; and (iv) vitamin D3 plus insulin. The
body weight was recorded thoroughly. After 21 days of treatment, the femurs and blood were
collected for further analysis. There were no marked sex differences in TID development,
except by slightly higher glucose levels in males, whereas the females were leaner. Female and
male T1D mice showed impaired bone healing, as indicated by histological and micro-
computed tomography (micro-CT) analysis. Vitamin D3 or insulin improved the bone
regeneration in TI1D mice of both sexes, although males generally displayed greater bone
healing rates. Vitamin D3 combined with insulin did not exhibit any additional effects. RT-
gPCR analysis revealed an upregulation of the osteoblast-related genes osterix and runx2 in
bone samples of vitamin D3-treated male T1D mice. Conversely, female T1D mice treated with
vitamin D3, isolated or plus insulin, presented an increased expression of insulin growth factor-
1 (IGF-1). The serum levels of interleukin-1p (IL-1p), interferon-y (IFN-y) or tumor necrosis
factor (TNF) did not variate among the groups. T1D similarly delayed the osseous healing in
females and males, despite slight sex differences in bone responses to vitamin D3 or insulin
therapy.

Keywords: diabetes, bone healing, vitamin D, insulin, sex, mice.
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Introduction

Diabetes mellitus (DM) is a metabolic disease affecting a great number of individuals
of both sexes globally. According to the International Diabetes Federation (IDF), 400 million
people were estimated to have DM in 2017, while 620 million cases are predicted for 2045 (IDF
Diabetes Atlas, 2017). DM is classified as type 1 (insulin-dependent) or type 2 (obesity-related).
Type 1 diabetes (T1D) is characterized by an autoimmune destruction of the pancreatic 3-cells,
resulting in hyperglycemia. The patients with T1D can develop many complications, such as
retinopathy, neuropathy, nephropathy and cardiovascular diseases (Polonsky et al., 2012).
Noteworthy, there is an increased risk of bone fractures, in association with low bone turnover
(Sundararaghavan et al., 2017). The changes in bone metabolism related to DM might include
alterations in the activity and viability of osteoblasts, osteoclasts or even osteocytes, although
this remains a matter of great debate (Kalaitzoglou et al., 2016).

The major goal of T1D treatment is to control the glycemic levels by insulin replacement
therapy. An adequate insulin treatment postpones the main T1D-related complications, also
contributing to the stabilization of bone metabolism, likely via bone formation (Seref-Ferlengez
et al., 2016; Bortolin et al., 2017). The mechanisms underlying bone-related problems in T1D
are not currently clear, and the management of this condition remains a clinical challenge.
Nevertheless, T1D represents a great concern in Dentistry, especially when considering the
impaired bone metabolism and its impacts in oral surgery, periodontology and implantology.
Some few investigations have evaluated alternative therapeutic strategies for improving
osseointegration in DM. Of note, an experimental study by Wu et al. (2013) showed that the
combined treatment of insulin plus vitamin D3 had additional effects in improving
osseointegration in T1D rats. The classic role of vitamin D in the endocrine system is to

stimulate the absorption of calcium in the intestine, secondarily regulating the bone
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mineralization (Llips, 2006). Furthermore, vitamin D can also affect the bone turnover, via a
direct modulation of inflammatory pathways (Gorter et al., 2014).

The present study evaluated the bone regeneration in a femoral defect model, comparing
the outcomes in male and female T1D mice. Attempts have also been made to assess whether
the insulin replacement, alone or combined with vitamin D3 supplementation, might influence

the bone healing in this context.

Materials and Methods
Experimental animals and ethical statement

Male and female C57/BL/6J mice (two months old, 18-25 g, Total N= 186) were
obtained from the Center of Experimental Biological Models (CeMBE/PUCRS). The animals
were housed under standard conditions of temperature (22+ 2 °C), in a 12:12 h light-dark cycle
(lights on 07:00 AM), and humidity (50 - 70 %), in ventilated cages, with autoclaved wood chip
bedding. Standard rodent chow and tap water were provided ad libitum. The experimental
procedures were carried out in accordance with the Guidelines for the Use and Care with
Laboratorial Animals from the National Institutes of Health. The in vivo experiments are
reported following the ARRIVE Guidelines (Kilkenny et al., 2012). The local animal ethics

committee (15/00433) approved the experimental protocols.

Induction of type [ diabetes

The animals (male and female) were randomly divided into two major: type 1 diabetes
(T1D) and non-diabetic (control). T1D was induced by 5-daily injections of streptozotocin (50
mg/kg; Sigma—Aldrich, St. Louis, MO), given intraperitoneally (i.p.), dissolved in citrate buffer
(50 mM; pH 4.5) (Motyl et al., 2009). Control animals received citrate buffer vehicle alone

(i.p.), at the same schedule of administration. The body weight gain (in g) was registered
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throughout the entire experiment. The glucose levels were measured at the end of experiments,

and expressed in mg/dl (OneTouch; Johnson & Johnson Medical Brazil; Sao Paulo, Brazil).

Femur defect

Seven days after the last STZ injection, which corresponds to the 12" day of the
experimental protocol, a monocortical bone defect was created in the left femur, by a single
operator, as described before (Cignachi et al., 2015). The surgical procedures were performed
under aseptic conditions. The animals were anesthetized with an i.p. injection of xylazine
(10mg/kg) and ketamine (100mg/kg). An access to the left mouse femur was made thought a
skin incision (6—8 mm in length), followed by a muscle retraction and detachment of the
periosteum. The osteotomy was carried out under irrigation, by using a surgical contra-angle
hand-piece (800 rpm) to create a mono-cortical bone defect (4-mm in length and 2-mm in
diameter). Following the bone defect creation, the soft tissues were sutured in separated layers,

and the animals received antibiotic and analgesic post-operative medication.

Treatments

Control or T1D male and female mice were randomly distributed into four subgroups,
according to the treatment: (i) vehicle; (ii) vitamin D3; (iii) insulin; (iv) vitamin D3 plus insulin.
Vitamin D3 (4 pg/kg; orally; Aché Laboratories, Sao Paulo, Brazil) (Wang et al., 2016) and/or
insulin (3 Ul/kg; by subcutaneous route; Humulin R, Eli Lilly and Co., Indianapolis) (Baba et

al., 2017) were dosed daily, for 21 days.

Sample collection
On day 22 post-surgery (33 days after the onset of T1D induction), the animals were

euthanized by sevoflurane inhalation, after overnight fasting. The blood was collected for
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analysis of glycemia and cytokines. The femurs were cleaned of connective tissues, and fixed
in 4%-buffered formaldehyde solution, for subsequent histological procedures or micro-CT
analysis. Separately, samples corresponding to the defect area were stored in TRIzol® Reagent

(Life Technologies) for quantitative PCR analysis.

Serum cytokine levels

The blood was collected and the samples were centrifuged at 2000 X g, at 4 °C, for 10
min. The serum was frozen and stored at -80 °C for analysis of the pro-inflammatory cytokines
interleukin-1f (IL-1B), interferon-y (IFN-y) and tumor necrosis factor (TNF) by specific
enzyme-linked immunosorbent assay dual-set (ELISA) kits, according to the recommendations

of the supplier (R&D Systems).

Micro-computed tomography (micro-CT) analysis

The bone regeneration was further evaluated by micro-CT scanning using Skyscan 1172
(Bruker Micro-CT, Belgium) before decalcification, at 89 Kv and 112 pA, with 6-pum thickness,
in a resolution of 1336 x 2000 pixels. For each femur, a specific volume-of-interest (VOI) was
selected to include the center of the bone defect. The Software CTAn V1.16 (Bruker) was used
for 3D-morphometric analysis. The following parameters were evaluated: bone volume fraction

(BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp).

General histological procedures

After fixation, the samples were decalcified in a 17% ethylenediaminetetraacetic acid
(EDTA) solution, for 10 days (with daily changes of fresh solution), and embedded in paraffin.
Consecutive four um-thick longitudinal sections were obtained from each femur for different

sets of analysis. The slides were stained with hematoxylin—eosin (H&E), Masson’s trichrome
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(Accustain Mallory’s stain kit, Sigma—Aldrich, St. Louis, MO), tartrate-resistant acid phosphate
(Leukocyte TRAP kit, Sigma—Aldrich, USA) or alkaline phosphatase (Alkaline Phosphatase
kit, Sigma—Aldrich, USA). The histological images were taken with a microscope (Axio Imager
Al, Jena, Germany) coupled to an image capture system (Axio Vision Rel. 4.4 Software
Multimedia, Jena, Germany), from Carl Zeiss (Hallbergmoos, Germany). The NIH Image J
1.36b software program was used to semi-quantitatively determine the percentage areas of bone
formation in relation to the total area in H&E-stained slides. The same software was used for
analyzing the blue-colored collagen fibers in Mallory-stained slides (200-x magnification, for
both staining techniques). The number of TRAP-positive cells presenting osteoclast
morphology was analyzed under 400-x magnification. Qualitative analyses was carried out for

alkaline phosphatase staining (200-x magnification).

RNA isolation and Real-time RT-qPCR

The gene expression of runx2, osterix and IGF-1 were determined by RT-qPCR. Bone
samples were crushed in liquid nitrogen, and total RNA was isolated from bone with TRIzol®
Reagent (Life Technologies) in accordance with the manufacturer’s instructions. RNA purity
(Abs 260/280nm ~2.0) and concentration were determined by L-Quant (Loccus Biotecnologia).
Deoxyribonuclease I (Sigma-Aldrich) was used to eliminate genomic DNA contamination in
accordance with the manufacturer’s instructions. The cDNA was synthesized with ImProm-
II™ Reverse Transcription System (Promega) from 1 pg of the total RNA, following the
manufacturer’s instructions. Quantitative PCR was performed using SYBR® Green I
(Invitrogen) to detect double-strand cDNA synthesis on the 7500 Real-time PCR System
(Applied Biosystems). The PCR cycling conditions were: an initial polymerase activation step
for 5 min at 95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s at 60 °C for annealing and

15 s at 72 °C for elongation. At the end of cycling protocol, a melting-curve analysis was
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included and the fluorescence was measured from 60 to 99 °C to confirm the specificity of
primers and the absence of primer-dimers; in all cases, one single peak was obtained. All real-
time assays were carried out in quadruplicate, and in all experiments, a reverse transcriptase
negative control was included. Hprtl was used as the reference gene for normalization. The
sequences of reverse and forward primers are provided in Table 1. The efficiency per sample
was calculated using LinRegPCR 2016.1 Software (http://LinRegPCR.nl). GeNorm 3.5
Software (http://medgen.ugent.be/genorm/) was used to assess the stability of the reference
gene, and the optimal number of reference genes according to the pairwise variation (V).
Relative mRNA expression levels were determined using the 222“4 method (Bustin et al.,

2013).

Statistical analysis

Data are expressed as the mean + the standard error mean. Statistical analysis was
performed by one-way analysis of variance (ANOVA) followed by Bonferroni multiple
comparison test. P values less than 0.05 were considered as significant. The experimental N
for each protocol is indicated in each legend to figure. GraphPad Prism® software version 5.01

(San Diego, USA) was used for statistical analysis and for creation of graphs.
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Results
Body weight variation and glycemic levels in female and male T1D mice

After the last STZ injection (on day 5), female and male T1D mice presented an
impaired body weight gain, when compared to control animals. T1D females were leaner when
compared to male T1D mice, as indicated by the evaluation of body weight on day 32. The
insulin replacement significantly prevented the body weight loss in female T1D animals
(Supplementary Figure 1A and C). As previously shown (Elmarakby et al., 2011; Mao et al.,
2014), T1D induction by STZ injection led to hyperglycemia (>250 mg/dl), confirming the
development of diabetes in female and male mice. The last treatment with vitamin D3 and/or
insulin was performed one day before the euthanasia, justifying the hyperglycemia, even in

insulin-treated mice (Supplementary Figure 1B and D).

Bone regeneration based on histological analysis

We carried out a non-critical sized bone defect in STZ-T1D animals to assess the effects
of different treatments on bone regeneration, comparing the outcomes in male and female mice.
Based on the evaluation of H&E staining, female and male T1D mice showed an impairment
of bone healing, with the presence of a disorganized loose connective tissue within the defects
(Figure 1, A-D). The percentages of newly formed bone areas were reduced in 53.4 + 4% and
47.8 £ 6%, in male and female T1D mice, respectively, in comparison with non-diabetic
animals, according to the semi-quantitative analysis (P<0.01). The supplementation with
vitamin D3 recovered the bone regeneration in T1D animals to the values seen in control non-
diabetic mice, in either males or females (P<0.01 and P<0.05, respectively). Conversely, the
insulin replacement significantly improved the bone regeneration in males (P<0.05), whereas
it failed to significantly increase this parameter in females. No further increase in the areas of

newly formed bone was observed by the combined treatment with vitamin D3 plus insulin, in
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either female or male mice. The assessment of Masson’s trichrome-stained slides showed a
marked diminishment of collagen contents, with reduction percentages of 55.7 + 12% and 56.8
+ 8%, in T1D males and females, respectively, when compared to non-diabetic control mice.
The qualitative evaluation of collagen-rich blue-colored regions corroborated the semi-
quantitative analyses (Figure 2, A-D P<0.05). A partial (but not significant) improvement of
collagen contents was observed for vitamin D3 and insulin treatment, in male and female mice,
when administered alone or in a combination scheme. We also performed an analysis of tartrate-
resistant acid phosphate (TRAP) in the areas of the defect, as an indicative of osteoclast activity.
This staining did not reveal significant differences among the experimental groups, regardless
of the sex or treatments (Figure 4, A-D). Female and male T1D mice presented an overall
increase of bone alkaline phosphatase staining in the defect areas, when compared with non-
diabetic mice of both sexes, with a slight reduction in animals treated with insulin and/or

vitamin D3 (Supplementary Figure 2).

Micro-CT evaluation

Micro-CT is a useful tool to measure the microstructural changes in the process of bone
regeneration (Cano et al., 2007). The quantitative analysis of bone volume density (BV/TV)
revealed that either female or male T1D mice displayed lessened bone formation (BV/TV) in
relation to control animals (Figure 4B and D, respectively), which is supported by qualitative
images (Figure 4A and C). Insulin-treated male T1D mice showed a significant recovery of
BV/TV values (P<0.01), an effect that was mirrored by treatment with vitamin D3, alone or in
combination with insulin, although significant differences were not observed. The
supplementation with vitamin D3 and/or insulin also improved BV/TV values in female T1D

mice, but these effects were not statistically significant. Other parameters were assessed in
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micro-CT analysis, such as trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp). This

set of data did not reveal any differences among the experimental groups (Figure 4E-H).

Runx2, Osterix and IGF-1 expression in bone

Next, we evaluated the bone mRNA expression of two osteoblast-related transcription
factors, namely runx2 and osterix, in addition to /GF-1, which is decreased under T1D
(Nakashima et al., 2002; Crane et al., 2013; Kalaitzoglou et al., 2016). Real-time PCR for runx2
(Figure 5A and B) and osterix (Figure 5C and D) did not reveal marked changes among the
experimental groups, except by an elevation of runx2 and osterix mRNA levels in T1D male
mice treated with vitamin D3 (P<0.01). Conversely, T1D female mice that received vitamin
D3, or vitamin D3 plus insulin, displayed an increased expression of /GF-1 mRNA levels
(P<0.01), when compared to control T1D mice (Figure SE). An elevation of /GF-1 mRNA
expression was observed in vitamin D3-treated non-diabetic males, without significant

alterations in male T1D mice (Figure 5F).

Elisa assay

The serum levels of the pro-inflammatory cytokines IFN-y and TNF were undetectable
(data not shown), whereas IL-1f (Supplementary Figure 3) was identified in all the
experimental groups. Regarding IL-1p, there was no significant difference among the treatment
groups, except by a reduction in female T1D mice, when compared to non-diabetic females

(P<0.01).
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Discussion

A major concern about DM involves the complications caused by chronic
hyperglycemia. The outcomes related to DM progression are very serious and can greatly
compromise the life quality of the individuals, independent of the type. As mentioned before,
TI1D is associated with retinopathy, neuropathy, nephropathy, and cardiovascular diseases,
besides an increased risk of bone fractures, probably associated with low bone turnover
(Polonsky, 2012; Sundararaghavan et al., 2017). T1D-related complications have great impacts
on Dentistry, due to the compromised cicatrization of soft and bone tissues (Desta et al., 2010;
Chrcanovic et al., 2014). With this in mind, the present study evaluated the bone healing in a
femoral defect model in T1D mice, comparing the outcomes in males and females.
Additionally, we investigated whether insulin replacement and/or the vitamin D3
supplementation might influence the bone regeneration in this experimental paradigm.

The repeated administration of STZ resulted in impaired body weight gain in female
and male C57/BL/6J mice, when compared to control animals, followed by hyperglycemia,
confirming T1D induction (Zauli et al., 2010; Carvalho et al., 2017). The serum levels of pro-
inflammatory cytokines were undetectable (TNF and IFNY) or presented low variations among
the experimental groups (IL-1pB). Generally, there were no sex differences in the development
of STZ-induced T1D, except by slightly higher glucose levels in males, whilst females were
leaner. This confirms previous evidence showing lower glycemic levels and body weight gain
in females, in a study conducted with STZ-T1D Balb/c mice of both sexes (Martin and McCabe,
2007). According to the International Diabetes Federation (2017), DM has no predilection for
men or women, similarly affecting both sexes. Despite most autoimmune diseases have a
predilection for women, T1D does not present such profile; in fact, a predominance of T1D in
Caucasian men has been suggested (Gale and Gillespie, 2001; Mauvais-Jarvis, 2017). Of

interest, a meta-analysis study conducted by Chrcanovic et al. (2015) proposed that implant
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failure rates are superior in males, in relation to females. In addition, as recently reviewed by
Mauvais-Jarvis et al. (2017), there is a current tendency to consider sex as a biological variable
in pre-clinical studies. However, most experimental studies on T1D or T2D still use males,
rather than females (Mauvais-Jarvis et al., 2015). Hence, it is reasonable to consider that sex
has an influence on bone metabolism, especially when taking into account the complexity of
bone biology, justifying the use of males and females in the present study.

As demonstrated by Nyman et al. (2017), the continuous insulin treatment rescued the
body weight gain in male T1D mice. In our study, the insulin replacement significantly
prevented the body weight loss in female T1D animals. However, insulin failed to significantly
altering this parameter in males. At this moment, we are not able to explain this discrepancy,
but it might be related to the use of different mouse strains. The glycemic levels of insulin-
treated female and male animals did not return to the control levels, possibly because the last
treatment with insulin was carried out one day before euthanasia.

Herein, we tested the effects of vitamin D3 and/or insulin therapy in female and male
T1D mice, by using a non-critical sized bone defect model (Cignachi et al., 2015), aiming to
gain further insights on bone regeneration patterns under DM. Our data demonstrated marked
histological bone changes in vehicle-treated female and male T1D mice. These animals showed
an impaired bone regeneration, according to the evaluation of H&E-stained sections, with the
presence of a disorganized cancellous bone within the area of the defect, regardless of the sex.
Similarly, the collagen contents were diminished in T1D animals, as revealed by Masson’s
trichrome staining, without sex differences. Some experimental studies showed a significant
negative impact of T1D on bone formation in rodent models of calvarial or femur critical
defects (Mao et al., 2014; de Santana and Trackman, 2015; Carvalho et al., 2017). A recent
study from Shehata et al. (2017), conducted in male rats, without bone defect creation,

demonstrated that T1D animals presented degenerated compact bone, according to the
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histological analyses by H&E staining. Conversely, in our study, female and male non-diabetic
animals displayed extensive areas of newly formed bone in the defect, as it can be expected for
non-critical sized bone defects. The present data confirm and extend previous evidence
indicating that T1D-related osteopenia is not sex dependent (Martin and McCabe, 2007).

There is a clear relationship between vitamin D insufficiency and diabetic bone disease.
However, only a few studies investigated the effects of vitamin D3 supplementation on bone
healing under T1D (Xiong et al., 2017a;b). Indeed, there is no consensus regarding the
beneficial effects of vitamin D3 therapy on major chronic diseases, such as DM (Cianferotti et
al., 2017). We provide novel evidence showing that vitamin D3 treatment was able to recover
the bone regeneration in female and male T1D animals, to the values seen in control non-
diabetic mice, as indicated by the H&E histological analysis. A similar favorable effect for
vitamin D3 on bone healing under T1D was also demonstrated by Masson’s trichrome analysis,
indicating a positive modulation of collagen contents towards bone regeneration, in animals of
both sexes. Supporting the present results, Li et al. (2013) showed that administration of vitamin
D3 ameliorated alveolar bone loss in a periodontitis model in STZ-T1D mice.

Insulin replacement is imperative for T1D management. However, the real benefits of
insulin treatment on bone recovery in DM still require further investigations. We report that
insulin therapy generally improved the bone regeneration in male and female mice, as indicated
by H&E, besides Masson’s trichrome collagen staining. The insulin therapy recovered the bone
regeneration in T2D rats, by using a subcritical size defect model (Picke et al., 2016). Of high
interest, a recent study demonstrated that continuous infusion of insulin favored osseous healing
in T1D mice, an effect that was positively correlated with the insulin doses, but independent on
the retrieval of glucose homeostasis (Nyman et al., 2017). Another study indicated that insulin
therapy in T1D mice led to increased expression of collagen type 1 (Lu et al., 2003), what might

support our data on the recovery of collagen levels by insulin. Herein, the pro-healing actions
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of insulin appear to be slightly superior in male, when compared to female T1D mice. Of note,
men display higher insulin concentrations in relation to women, after the same insulin infusion
rates, what might be an explanation for the slight sex-related differences in insulin responses
(Jensen et al., 2012).

Since insulin therapy is indispensable for the treatment of T1D, we investigated whether
vitamin D3 combination might increase the favorable effects of insulin on bone healing. A
study conducted by Wang et al. (2016) showed that the administration of vitamin D3, prior to
induction with STZ, increased insulin secretion in mice. We found that combined treatment
with vitamin D3 plus insulin failed to present superior bone healing or collagen levels, when
compared to the separate treatments, in female or male T1D animals. On the other hand, Wu et
al. (2013) demonstrated that vitamin D3 and insulin combination synergistically stimulated
titanium implant osseointegration in male T1D rats. Different from our approach, the authors
evaluated the mechanisms of osseointegration, but not the bone healing, what might justify the
unlike results.

Next, we evaluated TRAP and alkaline phosphatase staining, as indicatives of osteoclast
and osteoblast activity, respectively. Previous studies showed that osteoblast and osteoclast
differentiation or activity could be increased, decreased or even unchanged in DM (Goodman
e Hori, 1984; Hie et al., 2007; Xu et al., 2015; Jiao et al., 2015; Bortolin et al., 2017). In the
present study, the counts of active osteoclasts in the area of the defect, as measured by TRAP
staining, did not reveal significant differences among the experimental groups. Oppositely,
male and female T1D mice showed a general increase of alkaline phosphatase staining.
Corroborating our results, a previous clinical study indicated an induction of bone alkaline
phosphatase in young T1D women, whereas the levels of free deoxypyridinolidine (a marker
of bone resorption) remained unaltered (Massé et al., 2010). The authors correlated this

evidence with an impairment of osteoblast differentiation that accounted for delayed matrix
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mineralization, without osteoclastogenesis changes. Furthermore, an in vitro study conducted
with cultured mouse osteoblasts showed an elevation of alkaline phosphatase activity and
expression, after chronic hyperglycemia (Botolin and McCabe, 2006). When analyzed together
with H&E and Masson’s trichrome results, this data set allows suggesting that T1D impairs the
ability of osteoblasts to produce collagen (Bikle et al., 2015), negatively affecting the quality
and the length time of bone healing, without changes of osteoclast activity. The treatment with
insulin and/or vitamin D3 slightly reduced the alkaline phosphatase staining, what might
support an interference with bone formation rates.

Previous studies demonstrated the importance of micro-CT analysis to establish the
bone microarchitecture, especially given the skeletal complications in DM (Coe et al., 2012 ;
Wu et al., 2013; Wang et al., 2015; Picke et al., 2016; Carvalho et al., 2017). The micro-CT
scanning revealed decreased BV/TV values in female and male T1D animals, when compared
to non-diabetic mice. The insulin replacement in male T1D mice increased the BV/TV rates to
the values seen in control non-diabetic animals, extending the histological data. Picke et al.
(2016) observed a similar result in the values of BV/TV, using male T2D ZDF rats. The effects
of insulin on BV/TV values in female T1D mice were slighter, reinforcing the sex differences
for insulin treatment, as also revealed by histological evaluation. The vitamin D3
supplementation alone or in combination with insulin mirrored the effects of insulin therapy, in
either female or male animals. A study conducted by Wu et al. (2013) showed an increase of
BV/TV and Tb.Th ratios in the implant osseointegration, when male T1D rats were treated with
vitamin D3 plus insulin. Additionally, it was verified that vitamin D3 administration increased
the BV/TV levels in male mice, leading to improved implant osseointegration, likely by
inactivation of FoxO1 in osteoblasts (Xiong et al., 2017a). Herein, the values of Tb.Th and
Tb.Sp did not exhibit marked differences when comparing females and males in the different

experimental groups. This contrasts somewhat with previous evidence showing an elevation of
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Tb.Sp in male T1D mice, without beneficial effects for vitamin D3 therapy on this parameter
(Xiong et al., 2017a). Whereas the authors tested the osseointegration of titanium implants, we
evaluated the bone healing in a non-critical sized bone defect.

In our study, the mRNA bone expression of runx2 and osterix was not significantly
altered by T1D induction in females or males. Conversely, it was demonstrated that mRNA
expression of either runx2 or osterix, besides other osteoblast-related factors, such as
osteocalcin, was reduced in the tibial bone of STZ-T1D female rats (Iitsuka et al., 2013). In
addition, the exposure to high glucose levels led to runx2 and osterix downregulation, according
to assessment of osteoblast-like cells obtained from T2D diabetic patients submitted to total hip
replacement (Miranda et al., 2016). This contrasting data might be explained by the time-point
in which the femurs were collected for mRNA analysis in our study, corresponding to 28 days
after T1D induction protocol. An evaluation of runx2 and osterix expression at earlier periods
after the last STZ injection might help to confirm this hypothesis. Strikingly, the vitamin D3
supplementation enhanced the mRNA expression of osterix and runx2 in T1D males, when
compared to vehicle-treated T1D mice. In agreement with our results, Xiong et al. (2017)
demonstrated that vitamin D3 treatment rescued T1D-induced runx2 and osterix mRNA
downregulation in male mice, in a protocol for studying femur implant osseointegration. This
might explain the superior results observed in males for vitamin D3 supplementation, in H&E
staining and micro-CT evaluation.

Experimental data suggested that IGF-1 signaling in immature osteoblasts is crucial for
bone fracture repair (Wang et al., 2015). Furthermore, a clinical study conducted with young
T1D patients correlated low bone density and poor glycemic control with a reduced expression
of /IGF-1 and its receptor (de Souza et al., 2016). Our data revealed an upregulation of /GF-1
mRNA in female T1D mice treated with vitamin D3, alone or plus insulin, in addition to male

non-diabetic mice. A previous study demonstrated that vitamin D3 deficiency aggravated the
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downregulation of /GF-1 mRNA in female STZ-T1D mice submitted to a femur bone defect
(Mao et al., 2014), reinforcing our data on diabetic females. /GF-1 modulation by vitamin D
appears to be relevant for the soft callus formation stage during the fracture healing process,
although the vitamin D/IGF-1 crosstalk remains controversial (Gorter et al., 2014).
Nevertheless, this might help to explain our data in non-diabetic males, in which vitamin D3
administration elicited an increase of /GF-1 expression within the bone defect area. Altogether,
these results suggest sex-related differences for bone /GF-1 expression under vitamin D3
treatment.

In conclusion, the present results bring novel evidence on the mechanisms underlying
T1D bone disease. T1D mice of both sexes presented a similar delay in bone regeneration,
probably by an alteration of osteoblastogenesis. The administration of insulin or vitamin D3
improved the osseous healing in T1D mice, with slight differences between females and males.

Nonetheless, the combination of vitamin D3 with insulin did not provide additional benefits.
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Figure 1: Femur bone regeneration areas in the different experimental groups (A, B, C and D).
T1D (STZ-treated) female (B) or male (D) mice treated with vitamin D3 (VD) and/or insulin,
according to assessment of H&E-stained sections. Compared with the non-diabetic control
groups, T1D female and male mice showed an impairment of bone healing, presenting a
disorganized tissue in the defect area, with a delayed bone regeneration. The supplementation
with vitamin D3 recovered the bone regeneration in T1D animals to the values seen in control
non-diabetic mice, in both females and males (P<0,05 and P<0,01 respectively). Insulin
replacement significantly improved the bone healing in T1D males (P< 0,05). Each column
represents the mean of 5-8 animals per group and the vertical lines indicate the standard error
mean. *p<0.05; **P<0.01 in comparison to non-diabetic control mice. #p<0.05; ##p<0.01 in
comparison to control non-treated T1D group. Panels A and C are illustrating representative

images of bone regeneration in T1D females and males, respectively.
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Figure 2: Femur collagen contents in T1D (STZ-treated) female (B) and male (D) mice treated
with vitamin D3 (VD) and/or insulin, according to assessment of Masson’s trichrome-stained
sections. The collagen staining was clearer in female and male non-diabetic animals, when
compared to T1D mice, based on the qualitative and semi-quantitative analyses. T1D female
and male mice treated with vitamin D3 and/or insulin did not showed statistically differences
in comparison with T1D animals. Each column represents the mean of 5-8 animals per group
and the vertical lines indicate the standard error mean. *p<0.05 in comparison to non-diabetic
control mice. #p<0.05 in comparison to control non-treated T1D group. Panels A and C show
representative images of collagen contents within the bone defect area of females and males,

respectively.
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Figure 3: Representative images of tartrate-resistant acid phosphatase (TRAP) staining in
femur bone defect of T1D (STZ-treated) female (A) and male (C) mice treated with vitamin D3
(VD) and/or insulin and semi-quantitative analysis of osteoclast-marked cells (B and D). The
quantitative analysis of osteoclast-marked cells did not exposed differences concerning the
experimental groups. Each column represents the mean of 5-8 animals per group and the

vertical lines indicate the standard error mean.
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Figure 4: Femur bone regeneration in T1D (STZ-treated) female (B) and male (D) mice treated
with vitamin D3 (VD) and/or insulin, according to micro-CT evaluation. The percentage of
bone volume (BV/TV) was lessened in T1D female and male mice in relation to non-diabetic
animals. T1D males that receive the insulin therapy. Each column represents the mean of 3-4
animals per group and the vertical lines indicate the standard error mean. *p<0.05 in
comparison to non-diabetic control mice. ##p<0.01 in comparison to control non-treated T1D
group. Representative images for female and male mice (A and C respectively); micro-CT

analysis of the femur microstructure in females and males, correspondingly (B and D).
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Figure 5: Real time PCR for runx2 (A and B), osterix (C and D) and IGF-1 (E and F) in T1D
female (A, C and E) or male (B, D and F) mice. The area corresponding to the bone defect was
collected for the analysis. Each column represents the mean of four animals per group and the
vertical lines indicate the standard error mean. ##p<0.01 in comparison to control non-treated

T1D group.
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Figure 1.S: Body weight gain and glycemia levels in T1D (STZ-treated) female (A and B) and
male (C and D) mice treated with vitamin D3 (VD) and/or insulin. Each column represents the
mean of 9-14 animals per group and the vertical lines indicated the standard error mean.
*p<0.05; **p<0.01 in comparison to non-diabetic control mice. #p<0.05 in comparison to

control non-treated T1D.
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Figure 2.S: Serum IL-1f levels in TID (STZ-treated) female (A) and male (B) mice treated
with vitamin D3 (VD) and/or insulin. Each column represents the mean of 4-5 animals per
group and the vertical lines indicated the standard error mean. **p<0.01 in comparison to

female non-diabetic control mice.
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Figure 3.S: Osteoblast activity, as indicated by Alkaline Phosphatase staining in the areas

corresponding to the bone defect. Representative images of bone healing T1D female and male

mice treated with vitamin D3 (VD) and/or insulin.

Table 1. Sequences of reverse and forward primers.

Gene Forward primer Reverse primer
57 5°-
Hprtl
GCAGGTCAGCAAAGAACTTATAGCC-3’

CTCATGGACTGATTATGGACAGGAC-3’

Runx2 5’-AAATGCCTCCGCTGTTATGAA-3’ 5’-GCTCCGGCCCACAAATCT-3’

Osterix | 5'-AGCGACCACTTGAGCAAACAT-3' 5'-GCGGCTGATTGGCTTCTT-3’

IGF-1 5’-CAAGCCCACAGGCTATGGC-3’ 5’-TCTGAGTCTTGGGCATGTCAG-3’
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4. CAPITULO IT
O artigo a seguir intitula-se “Novel evidence on bone healing outcomes in type 1
diabetes and menopause” e esta em preparagao para ser submetido a revista cientifica Bone (Fator

de impacto: 4.14; Qualis A1 Internacional, Area de Odontologia, CAPES).
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Introduction

Menopause encompasses marked hormonal changes in middle-aged women,
accompanied by alterations of body composition and fat distribution (Karvonen-Gutierrez et
al., 2016). A prominent consequence of menopause is the development of osteoporosis due to
decreased estrogen levels, characterized by low bone mass and skeletal frailty, with an
increased risk of bone fractures (Song et al., 2017). Noteworthy, the decline of bone mineral
density reaches 9 to 13 % in the first 5-years post-menopause (Khalil et al., 2011). By the year
of 2050, the worldwide incidence of hip fractures in women is estimated to rise in 240 %, when
compared to 1990, due to menopause-related osteoporosis (Tabatabaei-Malazy et al., 2017).
Estrogen has many functions, preventing the occurrence of cardiovascular diseases and insulin
resistance, also upholding the osseous integrity by the modulation of bone turnover (ESHRE
Capri Workshop Group, 2010; Zhu et al., 2013). Considering the global population aging, the
burden of menopause and related metabolic changes is expected to arise.

Type 1 diabetes (T1D) is a metabolic disease, characterized by an autoimmune
destruction of the pancreatic B-cells, leading to hyperglycemia. T1D is associated with several
long-standing complications, including bone diabetic disease. Diverging from most
autoimmune diseases, T1D has no predilection for women. In fact, literature evidence suggests
a protective role for estrogen against T1D onset in pubertal girls (Mauvais-Jarvis, 2017). In
opposition, postmenarcheal adolescents present mild hypoestrogenism (Martinez et al., 2016),
and T1D has been correlated with accelerated senescence, with an anticipated menopause
transition (Dorman et al., 2001). However, there is some controversial data on the relationship
between T1D and earlier menopause, what might be related to an improvement of glycemic
control in the last years (Yarde et al., 2015; Karvonen-Gutierrez et al., 2016).

Both menopause and T1D have substantial impacts on the skeletal metabolism. It has

been suggested that T1D is associated with an increased risk of fractures across menopause,
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with a faster decline in bone mineral density of hips (Nicodemus and Folsom, 2001; Khalil,
2011). Experimental studies in rats and mice revealed additive effects for estrogen deficiency
plus T1D on bone metabolism (Fukuharu et al., 2000; Gopalakrishnan et al., 2006). Of note,
TID post-menopausal women displayed lesser femoral neck bone mineral density, in
comparison to healthy subjects in menopause (Rachon et al., 2003). More recently, it was
demonstrated that ovariectomy worsens T1D-related inflammatory bone loss in mice (Raehtz
et al., 2017).

The concurrence of menopause and T1D certainly intensifies the decline of bone
mineral density. Nevertheless, the effects of menopause combined with T1D on bone
regeneration levels need to be unveiled. The present study compared the bone healing in a
mouse model of menopause, with or without T1D induction, using a femoral non-critical sized
defect. We also investigated whether vitamin D3 supplementation, insulin therapy and/or
estrogen replacement might improve the bone regeneration when estrogen deficiency and

diabetes are associated.
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Material and Methods
Animals

Female C57/BL/6J mice (two months old, 18-25 g, N=4-12/group, Total N=205) were
obtained from the Center of Experimental Biological Models (CeMBE/PUCRS). The animals
were housed under standard conditions of temperature (22+ 2 °C), under a 12:12 h light-dark
cycle (lights on 07:00 AM), and humidity (50 - 70 %), in ventilated cages (4 animals per cage),
with autoclaved wood chip bedding. Standard rodent chow and tap water were provided ad
libitum. All the surgical procedures were performed under general anesthesia, with a mixture of
xylazine (10 mg/kg) and ketamine (100 mg/kg), dosed by intraperitoneal (i.p.) route. The body
weight (in g) was registered thoroughly. The experimental procedures were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes
of Health (NIH, 2011). The in vivo experiments are reported following the ARRIVE Guidelines
(Kilkenny et al., 2012). The local animal ethics committee (15/00433) approved the experimental

protocols.

Bilateral ovariectomy

The menopause model was accomplished according to the method previously described
by Bekku and Yoshimura (2005). Briefly, we performed a longitudinal incision in the dorsal skin
and musculature to expose the ovaries. Next, a ligature was made for hemostasis, and the ovaries
were bilaterally resected (OVX). The same procedure was carried out in the sham-operated

group, but without ligature placement or ovary subtraction.

Induction of diabetes
Twenty-one days after ovariectomy, the animals (OVX and sham-operated) were

assigned into four major subgroups: type 1 diabetes (OVX-T1D and sham-operated T1D) and
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non-diabetic (OVX and sham-operated). TID was induced by 5-daily i.p. injections of
streptozotocin (STZ; 50 mg/kg i.p.), dissolved in citrate buffer (50 mM; pH 4.5). Control animals
received the vehicle alone, at the same scheme of administration. The glucose levels were
measured at the day of euthanasia, and expressed in mg/dl (OneTouch; Johnson & Johnson

Medical; Sao Paulo, Brazil).

Femur bone defect

Three days after the last STZ injection (corresponding to the 29" day of the OVX
protocol), a monocortical non-critical sized bone defect (4-mm x 2-mm) was created in the left
femur, as described before (Cignachi et al., 2015). At the end of the surgery, the animals received

antibiotic and analgesic post-operative medication.

Protocols of treatment

One day after the bone defect creation, sham-operated or OVX animals, with or without
T1D induction, were subdivided into additional five treatment groups: (i) vehicle (1 ml/kg; 0.9%
NaCl solution); (i1) vitamin D3 (4 ng/kg; orally; Aché Laboratories, Sao Paulo, Brazil) (Wang et
al., 2016); (i11) insulin (3 Ul/kg; subcutaneously; Humulin® R Insulin, Eli Lilly and Co.,
Indianapolis) (Baba et al., 2017); (iv) 17-B-estradiol (10 pg/kg; i.p.; Sigma, St Louis, MO)
(Vidal-Gomez et al., 2016; Chen et al., 2017); (v) vitamin D3 plus insulin plus estradiol (at the
same doses and routes). The treatments were dosed daily, for 20 days, even on the day of

euthanasia. The present study evaluated bone remodeling in 20 experimental subgroups.
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Sample collection

On day 50 (since the beginning of the ovariectomy), the animals were euthanized by
sevoflurane inhalation, after overnight fasting. The blood was collected for analysis of glycemia,
alkaline phosphatase and calcium. The femurs were cleaned of connective tissues, and fixed in
4%-buffered formaldehyde solution, for the histological procedures or micro-CT analysis.
Separately, samples corresponding to the defect area were stored in TRIzol® Reagent (Life

Technologies) for quantitative PCR analysis.

Micro-computed tomography (micro-CT) evaluation

Micro-CT scanning was performed by Skyscan 1172, Bruker Micro-CT, Belgium, before
decalcification, at 89 Kv and 112 pA, with 6-um thickness, in a resolution of 1336 x 2000 pixels.
For each femur, a specific volume-of-interest (VOI) was selected to cover the center of the bone
defect. The Software CTAn V1.16 (Bruker) was used for 3D-morphometric analysis. The
following parameters were evaluated: bone volume fraction (BV/TV), trabecular thickness

(Tb.Th), trabecular separation (Tb.Sp) and trabecular number (Tb.N).

Histological analysis

After fixation, the samples were decalcified in a 17% ethylenediaminetetraacetic acid
(EDTA) solution, for 10 days (with daily changes of fresh solution), and embedded in paraftin.
Consecutive 4-um thick longitudinal sections were obtained from each femur. The slides were
stained with hematoxylin—eosin (H&E) or Masson’s trichrome (Accustain Mallory’s stain Kkit,
Sigma—Aldrich, St. Louis, MO). The histological images were taken with a microscope (Axio
Imager Al, Jena, Germany) coupled to an image capture system (Axio Vision Rel. 4.4 Software
Multimedia, Jena, Germany), from Carl Zeiss (Hallbergmoos, Germany). The NIH Image J 1.36b

software program was used to semi-quantitatively determining the percentage areas of bone
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formation in relation to the total area of the sectioned sample in H&E-stained slides (100-x
magnification). The same software was used for analyzing blue-colored collagen fibers in

Mallory-stained slides (200-x magnification).

Real-time RT-qPCR

The gene expression of runx2, osterix and IGF-1 was determined by RT-qPCR. Bone
samples were crushed in liquid nitrogen, and the total RNA was isolated with TRIzol® Reagent
(Life Technologies). RNA purity (Abs 260/280nm ~2.0) and concentration were determined by
L-Quant (Loccus Biotecnologia). Deoxyribonuclease 1 (Sigma-Aldrich) was used to prevent
genomic DNA contamination. The ¢cDNA was synthesized with ImProm-II™ Reverse
Transcription System (Promega) from one pg of the total RNA. Quantitative PCR was performed
using SYBR® Green I (Invitrogen) to detect double-strand cDNA synthesis on the 7500 Real-
time PCR System (Applied Biosystems). The PCR cycling conditions were: an initial polymerase
activation step for 5 min at 95 °C, 40 cycles of 15 s at 95 °C for denaturation, 35 s at 60 °C for
annealing and 15 s at 72 °C for elongation. A melting-curve analysis was included, and
fluorescence was measured from 60 to 99 °C to confirm the specificity of primers, and the
absence of primer dimer formation. The real-time assays were carried out in quadruplicate and a
reverse transcriptase negative control was included in all protocols. Hprt1 was used as a reference
gene for normalization. The sequences of reverse and forward primers are provided in Table 1.
The efficiency per sample was calculated using LinRegPCR 2016.1 Software

(http://LinRegPCR.nl). GeNorm 3.5 Software (http://medgen.ugent.be/genorm/) was used to

analyze the stability of the reference genes and the optimal number of reference genes. Relative

mRNA expression levels were determined using the 2-AACq method (Bustin et al., 2013).
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Behavioral assessment

The spontaneous locomotor activity in the different experimental groups was assessed by an
automatic apparatus, consisting of an acrylic box (46 x 46 x 36 cm) equipped with infrared
sensors (Insight, Ribeirdo Preto, Brazil). An adaptation period of 30 min was allowed before the
testing sessions. The ambulatory movement, the travelled distance (mm), the speed (mm/s) and
the rearing numbers were evaluated in a 6-min session, consisting of 1 min for adaptation plus 5
min of observation. The arena was cleaned with alcohol 30° after each session, as recommended

by the manufacturer.

Statistical analysis

Data are expressed as the mean + the standard error mean of 4-12 animals per group,
depending on the experimental protocol. Statistical analysis was performed by one-way analysis
of variance (ANOVA) followed by Bonferroni multiple comparison test. P values less than 0.05
were considered as significant. The experimental N was indicated in each legend to figure.
GraphPad Prism® software version 5.01 (San Diego, USA) was used for statistical analysis and

for creation of graphs.



86

Results
Body weight after ovariectomy, STZ induction and treatments

After 21 days, OVX animals presented a superior body weight gain, when compared to
sham-operated mice. At this moment, the mice were not diabetic and they had not received any
treatment (Figure 1-A). On day 21, the animals received the first STZ injection for T1D
induction. After 5 days (on day 26), sham-operated and OVX-T1D animals displayed a reduced
body weight gain, when compared to control animals. Remarkably, OVX-T1D mice had a more
pronounced body weight loss than sham-operated T1D animals (Figure 1-B). The final absolute
body weight (on day 50) did not reveal any significant difference among the experimental groups.
In spite of that, all OVX mice showed a trend toward a higher body weight, whereas STZ-T1D

mice were generally leaner (Figure 1-C).

Glycemic levels and uterus weight

To confirm the T1D induction, the blood glucose was measured. Sham-operated and
OVX-TID animals exhibited hyperglycemia (>250 mg/dl), confirming the development of
diabetes. The insulin therapy ameliorated the glycemic levels of sham-operated T1D and OVX-
T1D mice. The combined scheme (vitamin D3 + insulin + estradiol) improved hyperglycemia in
OVX-TI1D, similarly to the insulin treatment alone. Non-diabetic animals treated with insulin
presented slight hypoglycemia, when compared to control mice (Figure 2-A). As expected,
ovariectomy reduced the uterus weight of the animals, when compared to sham-operated mice,
confirming the induction of menopause. The estradiol replacement reversed the uterus weight in
non-diabetic OVX and OVX-T1D animals. However, this parameter was significant solely in the

OVX-T1D group (Figure 2-B).
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Serum alkaline phosphatase and calcium levels

Next, we evaluated the serum levels of two markers of bone turnover, namely alkaline
phosphatase and calcium. OVX led to a slight reduction of alkaline phosphatase, an effect that
was partially reversed by estradiol replacement. The levels of alkaline phosphatase were higher
in OVX-TD1 animals, and this parameter was significantly reduced by insulin therapy (Figure

3-A). There was no variation of the calcium levels among the experimental groups (Figure 3-B).

Bone regeneration analysis

The representative images and the semi-quantitative analysis of H&E-stained sections
are depicted in the Figure 4-A and 4-B, respectively. A similar reduction in the percentage of
newly formed bone areas was observed in sham-operated T1D, non-diabetic OVX, and OVX-
T1D mice, when compared with sham-operated non-diabetic controls. The treatment with
vitamin D3, insulin or the combination of both agents with estradiol significantly restored the
bone remodeling in sham-operated T1D animals. A general, but not significant improvement of
bone healing was seen non-diabetic OVX mice, for all the treatment groups. The improvement
of bone regeneration was slightly superior in the groups that received estradiol alone or in
combination with vitamin D3 and insulin. The impaired bone healing in OVX-T1D animals was
improved by all the tested treatments, with a significant effect for vitamin D3 (Figure 4-B).

The analysis of trichrome Masson’s-stained slides revealed reduced collagen contents
in the experimental models of menopause and/or T1D, as indicated by representative images
(Figure 5-A) and semi-quantitative analysis of blue-colored regions within the bone defect
(Figure 5-B). All the treatment protocols, except estradiol alone, rescued the collagen contents
in sham-operated T1D mice. OVX-related decrease of collagen-rich regions was significantly

restored by estradiol replacement, with partial effects for vitamin D3, dosed alone or in a
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combination scheme. In OVX-T1D mice, only the association of vitamin D3 plus insulin and
estradiol triggered a significant restoring of the collagen contents (Figure 5-B).

The quantitative evaluation of osseous healing by micro-CT showed a significant
decline of BV/TV values in sham-operated T1D, non-diabetic OVX, and OVX-T1D mice. The
combination of vitamin D3, insulin, and estradiol was able to reestablish the BV/TV values in
animals with T1D and or menopause, with partial effects for the isolated treatments (Figure 7-
A). The analysis of Tb.Th did not show marked changes, except by a reduction in the OVX-T1D
group treated with insulin (not statistically significant) (Figure 7-B). The Tb.Sp was significantly
increased in non-diabetic OVX animals, when compared to the respective sham-operated group.
The OVX-elicited increase in Tb.Sp was significantly prevented by all the treatments, except by
insulin therapy alone (Figure 7-C). Representative images obtained from micro-CT scanning for

the 20 experimental groups are provided in Figure 6.

Runx2, Osterix and IGF-1 mRNA bone expression

Insulin-treated sham-operated T1D animals displayed a significant increase in runx2
mRNA levels (Figure 8-A). Conversely, osterix mRNA was upregulated in non-diabetic OVX
mice, a parameter that was significantly reversed by insulin administration (Figure 8-B). The
expression of IGF-1 mRNA was generally increased in all disease groups, with a significant
difference in the sham-operated T1D group. The insulin therapy, given alone or in a combination
scheme, was able to reverse the IGF-1 overexpression in sham-operated diabetic mice (Figure 8-

Q).

Behavioral parameters
The influence of T1D or menopause induction, plus the creation of a femur defect was

assessed in a series of locomotor parameters, such as ambulatory movement (Figure 9-A), speed
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(Figure 9-B), travelled distance (Figure 9-C) and rearing numbers (Figure 9-D). There were no
marked changes of the analyzed parameters among the experimental groups, except by a
significant reduction in the rearing activity in the sham-operated T1D mice. The insulin therapy

slightly reduced all the evaluated locomotors parameters, regardless of the experimental group

(Figure 9- A to D).
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Figure 1: Body weight at three different time-points in the mouse model of menopause (OVX)
plus TID (STZ-induced) induction. (A) Body weight gain in sham-operated versus OVX
animals on day 21. At this moment, mice were not diabetic and they had not received any
treatment. (B) Body weight gain after T1D induction. (C) Final body weight after the treatment
with vitamin D3, insulin and/or estradiol, on the day of euthanasia. Each column represents the
mean of 9-11 animals per group and the vertical lines indicated the standard error mean.
*p<0.05 and **p<0.01 in comparison to sham-operated animals; #p<0.05 and ##p<0.01 in
comparison to T1D sham-operated animals; Y'W¥p<0.01 in comparison to OVX non-diabetic

females.



95

Glycemia (mg/dl)

500+

4004

w
o
4

[
o
b3

1004

*

3 Sham

3 Sham +VD

[ Sham +INS

3 Sham +EST

[ Sham +VD + NS+ EST
[ Shami/ STZ

30 Sham/STZ +VD

3 Sham/STZ +INS

B3 Sham/ STZ + EST

33 Sham/ STZ + VD + INS +_EST
= ovx

3 OVX+VD

=3 OVX+INS

B OVX+EST

30 OVX+VD+INS +EST
3 ovx/sTZ

B OVX/ STZ+VD

B3 OVX/ STZ +INS

Bl OVX/ STZ+EST

0 OVX/STZ+VD +INS +EST

0.5

Uterus weight (g/g body weight)

o
=
1

0.0

=
o

o
W
1

o
b
1

'

3 Sham

3 Sham +VD

3 Sham +INS

3 Sham +EST

[0 Sham + VD + INS+ EST
3 Sham/ STZ

3 Shami/ STZ +VD

3 ShamiSTZ +INS

3 Sham/ STZ + EST

1 Shami STZ + VD +INS +_EST
= ovx

= oVX+VD

3 OVX+INS

B OVX+EST

OVX +VD +INS + EST
O ovXI sTZ

Em OVX/ STZ+VD

@ OVX/ STZ +INS

Bl OVX/ STZ +EST

30 OVX/STZ+VD +INS + EST

Figure 2: Glycemic levels in sham-operated T1D and OVX-T1D mice treated with vehicle,

vitamin D3 (VD), insulin and/or estradiol (A). Reduced uterus weight confirming menopause

development after OVX (B). Each column represents the mean of 9-11 animals per group and

the vertical lines indicated the standard error mean. **p<0.01 in comparison to sham-operated

animals; ##p<0.01 in comparison to T1D sham-operated animals; &p<0.05 in comparison to

OVX T1D mice.

2004

-
o
. d

Serum Alkaline Phosphatase levels(pg/mi)
o °
=] =]

A

L

3 Sham

3 Sham +VD

3 Sham +INS

3 Sham +EST

[ Sham + VD +INS+EST
[ Sham/STZ

33 Sham/STZ +VD

30 Sham/STZ +INS

=3 Sham/ STZ + EST

1 Sham/STZ +VD +INS + EST
3 ovx

= ovX+VD

=3 OVX+INS

=3 OVX+EST

=3 OVX+VD +INS +EST
1 oVIsTZ

[ OVX/STZ +VD

=3 OVX/STZ +INS

W OVX/STZ +EST

3 OVX/STZ +VD +INS+EST

Serum Calcium levels{pg/ml)

50

40

30

20

3 Sham

[ Sham +VD

3 Sham +INS

[ Sham + EST

[ Sham + VD + INS+ EST
[ Sham/STZ

3 Sham/STZ +VD

30 Sham/STZ +INS

= Sham/STZ +EST

3 Sham/STZ +VD +INS + EST
3 owx

3 OVX+VD

3 OVX+INS

B3 OVX +EST

3 OVX +VD +INS +EST
O OVX/STZ

BN OVX/STZ +VD

3 OVX/ STZ HNS

Bl OVX/STZ +EST

3 OVX/STZ +VD +INS +EST

Figure 3: Alkaline phosphatase (A) and calcium (B) serum levels. Each column represents the

mean of 4-6 animals per group and the vertical lines indicated the standard error mean.

&&p<0.01 in comparison to OVX T1D mice.




96

Sham + Insulin i Sham + VD + Insulin + Estradiol

Sham + STZ + VD + Insulin +
Estradiol

Sham + STZ +Saline
| 1T
) ‘ .

OVX+ STZ + VD + Insulin +
Estradiol

OVX + STZ +Saline

y

(he

Sham +VD

Sham +INS

Sham + EST

Sham + VD + INS+ EST
Sham/ STZ

Sham/ STZ + VD

Sham/STZ +INS
Sham/ STZ + EST

Sham/ STZ +VD +INS +_EST
ovX

OVX+VD

OVX +INS

OVX +EST

OVX +VD +INS + EST
ovX/ sTZ

OVX/STZ +VD

OVX/ STZ +INS

OVX/ STZ + EST

OVX/ STZ +VD +INS +EST

] I Tu T .

-
—

*%

Bone Regeneration %

N
o
1

e

Opgp0OOEEOOONEOOCCOOO

(-]




97

Figure 4: H&E sections showing the femur bone healing in the different experimental groups.
(A) Representative images. (B) Semi-quantitative analysis of bone regeneration areas. Each
column represents the mean of four animals per group and the vertical lines indicated the
standard error mean. *p<0.05 and **p<0.01 in comparison to Sham animals; ##p<0.01 in

comparison to T1D Sham animals; &p<0.05 in comparison to OVX mice.
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Figure 5: Masson's trichrome-stained sections showing the areas corresponding to the bone
defect. (A) Representative images. (B) Semi-quantitative analysis of blue-stained areas. Each
column represents the mean of four animals per group and the vertical lines indicated the
standard error mean. *p<0.05 and **p<0.01 in comparison to Sham animals; #p<0.05 and

##p<0.01 in comparison to T1D Sham animals; &p<0.05 in comparison to OVX mice.
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Figure 6: Representative images of femur bone healing in different experimental groups

according to micro-CT evaluation.
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Figure 7: Quantitative micro-CT evaluation of femur bone regeneration in the mouse model of
menopause (OVX) plus T1D (STZ-induced) induction. Percentage of bone volume (BV/TV)
(A). Trabecular thickness (Tb.Th) (B), and trabecular separation parameters (Tb.Sp) (C). Each
column represents the mean of 4-5 animals per group and the vertical lines indicate the standard
error mean.*p<0.05 and **p<0.01 in comparison to sham-operated animals; #p<0.05 in
comparison to sham-operated T1D animals; ¥p<0.05; YW¥p<0.01 in comparison to non-

diabetic OVX animals. &p<0.05 and &&p<0.01 in comparison to OVX-T1D mice.
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Figure 8: Real time PCR for runx2 (A), osterix (B) and IGF-1 in the different experimental
groups. The area corresponding to the bone defect was collected for the analysis. Each column
represents the mean of four animals per group and the vertical lines indicate the standard error
mean. *p<0.05 and **p<0.01 in comparison to sham-operated animals; ##p<0.01 in
comparison to sham-operated T1D animals; WY'Wp<0.01 in comparison to non-diabetic OVX

animals. &&p<0.01 in comparison to OVX-T1D mice.
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Figure 9: Ambulatory movement (A), speed (B), travelled distance (C) and rearing number (D)

in mouse model of menopause (OVX) plus T1D (STZ-induced) induction. Each column

represents the mean of 7-10 animals per group and the vertical lines indicate the standard error

mean. *p<0.05 in comparison to sham-operated animals; #p<0.01 in comparison to sham-

operated T1D animals.

Table 1. Sequences of reverse and forward primers.

Gene Forward primer Reverse primer
5’- 5’-
Hprtl
CTCATGGACTGATTATGGACAGGAC-3’ GCAGGTCAGCAAAGAACTTATAGCC-3’
Runx2 5’-AAATGCCTCCGCTGTTATGAA-3’ 5’-GCTCCGGCCCACAAATCT-3
Osterix | 5'-AGCGACCACTTGAGCAAACAT-3' 5'-GCGGCTGATTGGCTTCTT-3’

IGF-1

5’-CAAGCCCACAGGCTATGGC-3’

5S>-TCTGAGTCTTGGGCATGTCAG-3’
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5. CONSIDERACOES FINAIS

O DM ¢ uma doenga metabolica, com grande prevaléncia na populacdo mundial.
Infelizmente, apesar dos avangos nas pesquisas acerca de sua patogénese, o DM ainda nao tem
cura. Os dados sdo alarmantes: uma pessoa morre a cada 6 segundos no mundo, em decorréncia
das complicacdes causadas pela hiperglicemia (International Diabetes Federation, 2017). Tanto
o T1D, quanto o T2D, apresentam grandes repercussoes na Odontologia, seja modulando a
progressao da periodontite, interferindo no curso de tratamentos ortodonticos, bem como,
influenciando a cicatrizagdo e a regeneragao Ossea na area de cirurgia/implantodontia. Apesar
de ndo haver enfoque adequado na maior parte das escolas de Odontologia, € imperativo que o
cirurgido-dentista reconheca as doencas sistémicas dos pacientes e seus impactos sobre a
cavidade bucal, para assim, maneja-los corretamente.

O tratamento para o T1D ¢ a terapia com insulina. Os pacientes, através de um esquema
personalizado, sdo orientados a realizar a aplicagado do hormoénio, considerando os indices
glicémicos. Sendo a insulina essencial para o manejo do T1D, o presente trabalho analisou a
regeneragdo Ossea e os beneficios dessa terapia. Também foi considerada a possibilidade de
que o tratamento usual com insulina pudesse ser associado com a suplementagao com vitamina
D3, largamente empregada nos dias atuais. Ainda, sabendo-se que muitas respostas diferem
entre homens e mulheres, nos questionamos se haveria diferencas na regeneracdo 6ssea em
camundongos machos e fémeas, diante dos tratamentos propostos. A maioria dos trabalhos, no
contexto acima empregado, avalia o desfecho do T1D no metabolismo 6sseo, sem utilizagao de
defeitos Osseos, o que representa uma novidade no presente trabalho de tese.

No presente estudo, como era esperado, a indugdo de T1D levou a hiperglicemia, sem
diferencas significativas entre machos e fémeas. Observou-se um atraso na regeneragao dssea
nos animais sem tratamento, de forma muito semelhante, sem distin¢ao de sexo, provavelmente

pela modulagdo do processo de formacdo Ossea e ndo dos mecanismos de reabsorcao.
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Anteriormente, nosso grupo de pesquisa conduziu um estudo experimental em camundongos
com T1D, ndo encontrando alteragdes significativas de fatores relacionados com a atividade
osteoclastica (RANK, RANKL e OPG), em comparacao aos animais controle. Entretanto, nesse
estudo, observou-se um aumento da apoptose de osteoblastos apos a indugdo de T1D (Cignachi
etal., 2015).

A suplementagdo com vitamina D3 e a terapia com insulina, quando administradas de
forma isolada, melhoraram a cicatrizagdo 6ssea nos machos e fémeas. A insulina apresentou
efeitos mais pronunciados em machos. Curiosamente, ao contrario do que era esperado, a
combinacao do tratamento da vitamina D3 com insulina, ndo mostrou efeitos adicionais sobre
a regeneracdo 6ssea. Nao houve diferencas na expressao de runx2 e osterix, dois fatores de
transcri¢ao relacionados a diferenciacdo de osteoblatos, nas fémeas e machos com T1D. Por
outro lado, o tratamento com vitamina D3 aumentou a expressao do RNAm para runx?2 e osterix
nos machos, indicando uma diferenga relacionada ao sexo. Outra alteracao pertinente ao sexo
foi observada na expressao dos niveis de IGF-1: fémeas com TI1D que receberam a
suplementagdo com vitamina D3, sozinha ou combinada a insulina, apresentaram um aumento
de IGF-1, o que ndo foi visto nos machos. E importante que trabalhos experimentais sejam
realizados com animais de ambos os sexos, para que assim, os desfechos de doengas e/ou
tratamentos sejam avaliados de forma mais especifica, considerando as particularidades
referentes a cada condigdo metabolica e hormonal.

Nos ultimos anos, muito tem se discutido sobre a menopausa e as suas consequéncias.
Um ponto questionavel diz respeito a reposi¢ao hormonal. Os beneficios sdo maiores que os
prejuizos? E no caso de situagdes distintas que ocorrem simultaneamente, como as mulheres
no climatério com T1D? As repercussdes negativas no tecido 6sseo seriam potencializadas,
visto que as duas doengas modulam o turnover 6sseo, embora de modos diferentes. A literatura

tem questionado se o estrogénio poderia apresentar um papel protetor para o desenvolvimento
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de T1D durante a adolescéncia, ou ainda, se o T1D pode antecipar o climatério. Nesse contexto,
0 objetivo da segunda parte desse trabalho foi avaliar a regeneracao 6ssea em um modelo de
osteoporose relacionada a menopausa (OVX) e T1D, além de analisar o desfecho de diferentes
tratamentos como: suplementagdo com vitamina D3, terapia com insulina e/ou reposi¢do com
estradiol. Dessa forma, poderiamos esclarecer eventuais diferencas nos resultados da primeira
parte do estudo.

A cirurgia de ovariectomia levou a um aumento do peso corporal, confirmando um dos
eventos frequentes observados na menopausa. A indugdo do T1D por STZ foi realizada apos
21 dias, para que houvesse o desenvolvimento de osteoporose (Song et al., 2017), permitindo
avaliar os prejuizos adicionais no tecido 6sseo. A associagao da menopausa com o T1D causou
um atraso ainda maior na regeneragao ossea, o que foi confirmado pela analise histologica. Os
tratamentos, exceto a terapia com insulina, aumentaram o volume dsseo nos grupos nao
diabéticos e diabéticos OVX, como indicado pela micro-CT. Ademais, a reposi¢do hormonal
nos animais OVX parece ser de grande importancia para a recuperagdo Ossea, frente a um
modelo de regeneragdo. Apesar de haver diferencas sutis na expressao de runx2 e osterix, houve
uma tendéncia ao aumento nos niveis de IGF-1 no grupo OVX, o que nao foi observado quando
o T1D foi induzido ap6s a remogao dos ovarios. Diferengas nos niveis séricos de fosfatase
alcalina foram detectadas no grupo com menopausa ¢ T1D, em relacdo a essas condigdes
isoladas, indicando peculiaridades relacionadas com a osteopenia diante de comorbidades.

Foi realizada uma anélise comportamental, através do monitor de atividades, a fim de
avaliar se o defeito 0sseo, associado com a menopausa e/ou T1D poderia comprometer a
atividade locomotora dos animais. Nao houve diferencas entre os grupos experimentais, a nao
ser por uma leve diminui¢do nos grupos tratados com insulina, nos parametros analisados.

Outros experimentos estdo em andamento para elucidar as possiveis alteracdes na atividade de
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osteoblastos, osteoclastos e ostedcitos, avaliando a imunopositividade para osteocalcina,
RANKL e esclerostina, respectivamente.

Esse trabalho de pesquisa traz novas evidéncias sobre a regeneragao 6ssea associada ao
T1D e menopausa experimental, em diferentes contextos, em um modelo de defeito ndo critico.
Até onde sabemos, esse ¢ o primeiro trabalho que avaliou as diferencas relacionadas ao sexo,
ao T1D e a associagao de vitamina D3 ¢ insulina no modelo de cicatrizacao 6ssea. Assim como,
¢ a primeira vez que a menopausa ¢ associada a esse tipo de defeito, com diferentes tipos de
tratamento, incluindo a reposicao hormonal. Dados gerais sugerem que o nimero de mulheres
na menopausa no final da década de 90 era de aproximadamente 500 milhdes, devendo alcancar
numeros superiores a 1 bilhdao em 2025. Considerando o aumento gradual da expectativa de
vida nas ultimas décadas, tornam-se necessarios novos estudos sobre as repercussoes da
menopausa e suas comorbidades. Dentre as alteragdes a serem consideradas, o diabetes
apresenta grande relevancia, especialmente em vista dos nimeros alarmantes de individuos
afetados por essa condi¢ao. O estudo da regeneracdo dssea nessas condicoes € fundamental, ja
que o reparo adequado de fraturas dsseas esta relacionado com melhor qualidade de vida em
mulheres idosas. Em Odontologia, cada vez mais mulheres na menopausa ¢ com diabetes
procuram por tratamentos estéticos e de reabilitagdo com implantes dentarios osseointegrados.
Essa questao corrobora a necessidade de estudos acerca da regeneracao dssea frente a alteragoes

sistémicas.
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Sistema de Pesquisas da PUCRS PBQEE,S.Q
S
Cadigo SIPESQ: 6228 Porto Alegre, 14 de janeiro de 2015.

Prezado(a) Pesquisador(a),

A Comissao Cientifica da FACULDADE DE ODONTOLOGIA da
PUCRS apreciou e aprovou o Projeto de Pesquisa "REGENERAGCAO
OSSEA EM CAMUNDONGOS: CORRELACAO ENTRE DIABETES TIPO | E
MENOPAUSA EXPERIMENTAL" coordenado por MARIA MARTHA
CAMPOS. Caso este projeto necessite apreciacdo do Comité de Etica em
Pesquisa (CEP) e/ou da Comiss&o de Etica no Uso de Animais (CEUA), toda
a documentagdo anexa deve ser idéntica a documentagdo enviada ao
CEP/CEUA, juntamente com o Documento Unificado gerado pelo SIPESQ.

Atenciosamente,

Comisséao Cientifica da FACULDADE DE ODONTOLOGIA
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Pontificia Universidade Catdlica do Rio Grande do Sul

PRO-REITORIA DE PESQUISA, INOVACZ\O E DESENVOLVIMENTO
COMISSAQ DE ETICA NO USO DE ANIMAIS

Oficio 09/2015 - CEUA Porto Alegre, 12 de margo de 2015.

Prezado Sr(a). Pesquisador(a),

A Comisséo de Etica no Uso de Animais da PUCRS apreciou e aprovou seu
Protocolo de Pesquisa, registro CEUA 15/00433, intitulado “Regeneragao 6ssea em
camundongos: correlagdo entre diabetes tipo 1 e menopausa experimental”.

Sua investigagdo, respeitando com detalhe as descrigdes contidas no projeto e
formularios avaliados pela CEUA, esta autorizada a partir da presente data.

Informamos que & necessario o encaminhamento de relatério final quando
finalizar esta investigagio. Adicionalmente, ressaltamos que conforme previsto na Lei
no. 11.794, de 08 de outubro de 2008 (Lei Arouca), que regulamenta os
procedimentos para o uso cientifico de animais, é fungdo da CEUA zelar pelo

cumprimento dos procedimentos informados, realizando inspegdes periddicas nos
locais de pesquisa.

N° de Animais Espécie Duragao do Projeto
432 Mus muscullus 03/2015 - 03/2018
Atenciosamente,

-
Prof. Dr. Joéc% Batista Blessmann Weber
Coordenador da CEUA/PUCRS

lima. Sra.

Profa. Dra. Maria Martha Campos
INTOX

Nesta Universidade

Campus Central
MRS Av. Ipiranga, 6681 - P. 99 - Portal Tecnopuc - sala 1512

CEP: 90619-900 - Porto Alegre/RS
Fone: (51) 3353-6365
E-mail: ceua@pucrs.br



