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SUMO




Belluci MM. Efeito da deficiéncia de magnésio sobre o metabolismo do
tecido Osseo. [Tese de Doutorado]. Araraquara: Faculdade de
Odontologia UNESP; 2012.

O magnésio (Mg™) é um mineral que possui um importante papel na
homeostase mineral, podendo afetar diretamente a funcdo das células
Osseas e a formacdo da hidroxiapatita. Entretanto, até o presente
momento existem poucos estudos avaliando os mecanismos relacionados
a alteracao do metabolismo 6sseo frente a deficiéncia de Mg.

O objetivo desse estudo foi avaliar, in vitro, o efeito da deficiéncia de
magnésio sobre a osteoclastogénese e atividade de osteoclastos.
Também foi objetivo avaliar, in vivo, o efeito da deficiéncia de magnésio
na dieta sobre o metabolismo 6sseo, doenca periodontal e tecido 6sseo
ao redor de implantes com osseointegracao estabelecida.

Para o estudo in vitro, foram avaliadas células indiferenciadas da medula
0ssea de o0ssos longos e mandibula de camundongos. As células foram
cultivadas em plastico e sobre tecido 6sseo, em meios de cultura com
diferentes concentracdes de Mg (0.8 Mm que € considerada a quantidade
adequada de Mg; e meios com reducao do Mg, 0.4 Mm; 0.08 Mm; e 0
Mm). Apés 3 dias de cultura, foram avaliadas a viabilidade celular, a taxa
de proliferacdo celular e a expressao génica, por PCR, de genes
relacionadas a osteoclastogénese (c-fms, RANK, DC STAMP, c-fos, TNF-
a e IL-1B8) e ao metabolismo do Mg (TRPM-7 e MRS2). Apos 6 dias de
cultura, foram avaliados os parametros: numero de células osteoclasticas
(coloragcdo de TRACP), atividade (liberacdo de TRACP) e taxa de
proliferacdo celular. Ap6s 8 dias de cultura a atividade dos osteoclastos
foi avaliada por analise de pit de reabsorcédo. Para o estudo in vivo, foram
utilizados 30 ratos, divididos em 2 grupos: grupo controle (CTL), que
recebeu dieta com contetdo adequado de magnésio, e grupo Mg, que
recebeu dieta com reducdo de 90% da necessidade diaria do mineral.

Apo6s um periodo de adequacdo ao ambiente do biotério, todos os animais
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foram submetidos a cirurgia de instalacdo de um implante na tibia direita
(dia 0). Decorrido um periodo de 60 dias, necessario a osseointegracao
dos implantes, os animais de cada grupo foram aleatoriamente divididos
conforme a dieta que receberam (grupo CTL e grupo Mg). Apds um
periodo de 60 dias, todos os animais receberam uma ligadura no primeiro
molar inferior esquerdo. Os animais foram sacrificados, com
aprofundamento da anestesia, ap6s um periodo de 150 dias do inicio do
experimento. No dia do sacrificio foram coletadas amostras de sangue e
urina, para avaliagdo das concentracbes urinaria de creatinina e
deoxipiridinolina (DPD) e sérica de célcio (Ca), magnésio (Mg),
osteocalcina (OCN) e paratormbénio (PTH). Para avaliacdo sistémica
foram realizadas analises de densitometria 6ssea (DEXA) do fémur e
vértebras lombares além da andlise histoldgica do fémur. Para avaliacdo
do tecido mandibular foram realizadas analise da densidade radiogréfica,
analise histolégica, analise macroscopica e PCR (RANKL, OPG e IL-6). E
finalmente, para avaliacdo do tecido 6sseo ao redor dos implantes foram
realizadas analises de densidade radiografica, torque de remocdo e
analise histométrica.

Como resultados foram observadas, no experimento in vitro, um aumento
na quantidade e tamanho dos osteoclastos, provenientes de ossos longos
e mandibula, quando cultivados em meio com deficiéncia de Mg. A maior
guantidade de osteoclastos pode ser devido ao aumento na expressao
génica de c-fos, DC-STAMP, TNF-a e IL-1B. Nao houve alteragdo na
viabilidade e taxa de proliferagéo celular na deficiéncia de Mg. Entretanto
houve uma diminui¢do na atividade osteoclastica na deficiéncia de Mg. Os
estudos in vivo demonstraram a deficiéncia de Mg resultou em diminuicao
da concentracdo sérica de Mg. Foi evidenciado que a deficiéncia do
mineral teve uma influéncia negativa sobre o tecido 6sseo, comprovada
pela diminuicdo da densidade do fémur e vértebras lombares, aumento na
concentracdo de DPD e de PTH. Em analises especificas da mandibula

foi observada a diminuicdo na densidade radiografica e o aumento na
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perda O0ssea alveolar relacionada a inducdo de doenca periodontal. Nas
analises especificas dos sitios de instalacdo dos implantes, apesar de nao
ter sido observada alteragdo na quantidade de tecido 6sseo ao redor dos
implantes, foi constatada a redugdo na espessura das corticais e
diminuicdo nos valores de torque de remocao.

Assim, dentro das limitagbes do estudo, pode-se concluir que a
deficiéncia de Mg apresentou uma influéncia negativa sobre o
metabolismo 6sseo, agindo diretamente sobre a osteoclastogénese. A
restricdo de Mg resultou em perda de massa éssea sistémica, bem como
reducdo da resisténcia biomecanica dos implantes e perda Ossea
associada a doenca periodontal induzida. Os resultados sugerem que a
deficiéncia de Mg acentua a severidade da doenca periodontal e
influencia  negativamente a manutencdo de implantes com

osseointegracao estabelecida.

Palavras chaves: deficiéncia de magnésio, doencas periodontais,

osteoclastos, osseointegracdo, implantes dentérios, tecido ésseo.
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Belluci MM. The effect of magnesium deficiency on bone metabolism.
[Tese de Doutorado]. Araraquara: Faculdade de Odontologia UNESP;
2012.

Magnesium (Mg) deficiency is very common condition in the world
population. This mineral has an important role on bone homeostasis.
However, there has been little research regarding the mechanisms in
which magnesium deficiency alters bone metabolism. Also, the
understanding of the factors associated to bone metabolism is of
interesting for the prognosis of oral therapies, such as on periodontal
disease and on osseointegrated dental implants.

The aim of this study was to evaluate, in vitro, whether Mg deficiency
affects the formation and/or activity of osteoclasts. And also to evaluate, in
vivo, the effect of Mg intake deficiency on bone metabolism, periodontal
disease and the bone tissue around osseointegrated implants.

For the in vitro study, bone marrow cells from long bone and jaw of mice
were seeded on plastic and on bone in medium containing different
concentrations of Mg (0.8 mM which is 100% of the normal value, 0.4,
0.08 and 0 mM). The effect of Mg deficiency was evaluated on cell viability
after 3 days and proliferation rate after 3 and 6 days, as was mMRNA
expression of osteoclastogenesis-related genes (M-CSF, RANK, c-fos, DC
STAMP, TNF-a and IL-18) and Mg-related genes (TRPM7 and MRS2).
After 6 days of incubation, the number of tartrate resistant acid
phosphatase-positive ~ multinucleated cells (TRACP'-MNCs) was
determined, and the TRACP activity of the medium was measured.
Osteoclastic activity was assessed at 8 days by resorption pit analysis. For
the in vivo studies, 30 rats received an implant in the right tibial
metaphysis. After 60 days for healing of the implants, the animals were
divided into groups according to the diet received. Control group (CTL)
received a standard diet with adequate Mg content while test group (Mg)

received the same diet except for a 90% reduction of magnesium. After 60
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days of magnesium deficiency all animals received a ligature in the left
lower first molar. The animals were sacrificed after 90 days of the start of
the diet. It was evaluated calcium (Ca), magnesium (Mg), osteocalcin
(OCN) and parathyroid hormone (PTH) serum levels and the
deoxypyridinoline level (DPD) in the urine. The effect of magnesium
deficiency on bone mineral density (BMD) was evaluated by densitometry
of the lumbar vertebrae and femur and the histological analysis of the
femur. The mandible BMD was assessed using digital radiography;
alveolar bone loss was evaluated by linear (CEJ-bone crest) and area
measurements. We used RT-PCR to assess mRNA expression (RANKL,
OPG and IL-6) in the gingival tissues, and histological analysis was carried
for the evaluation of inflammation, alveolar bone loss and for the number
of osteoclasts. While the effect of bone tissue around titanium implants
was evaluated by radiographic measurement of cortical bone thickness
and BMD. The effect on biomechanical characteristics was verified by
implant removal torque testing and the histometric analysis was carried
out to evaluate the bone tissue around the osseointegrated implants.

In vitro results showed that Mg deficiency resulted in increased numbers
of osteoclast-like cells; a phenomenon found for both types of marrow. Mg
deficiency had no effect on cell viability and proliferation. Increased
osteoclastogenesis due to Mg deficiency was reflected in higher
expression of osteoclast-related genes. However, resorptions per
osteoclast, as well as TRACP activity were lower in the absence of Mg.
The in vivo results showed that Mg deficiency was associated with higher
concentrations of PTH, DPD and significant decreases on both systemic
and mandibular BMD, but not around osseointegrated implants. There was
a greater severity of alveolar bone loss, although there were no significant
differences on mRNA expression for the target genes. Mg deficiency also
resulted in decreased cortical bone thickness and lower values of removal

torque of the implants.
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In vitro data suggest that altered osteoclast numbers and activity may
contribute to the skeletal phenotype on magnesium deficiency. The in vivo
study concluded that magnesium deficient diet had a negative influence on
bone metabolism as well as on the severity of periodontal disease and on

bone tissue around the implants.

Keywords: magnesium deficiency, periodontal diseases, osteoclasts,

osseointegration, dental implants, bone tissue.
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A importancia da dieta na prevencdo ou manutencdo de
patologias que interferem no metabolismo 6sseo é um assunto cada vez
mais estudado® > 7,

A nutricdo € um dos fatores que podem ser modificados
durante o desenvolvimento e manutencdo da massa 0ssea objetivando a
prevencdo e tratamento de doencas que atingem o metabolismo 6sseo™.
Nutrientes presentes na dieta apresentam uma influéncia direta sobre o
metabolismo dsseo e, como exemplo, pode ser citada a acdo de minerais
sobre horménios que controlam o metabolismo dsseo 7.

Dentre o0s principais determinantes nutricionais para
manutencao da salude 0ssea estao o calcio (Ca), fésforo (P) e 0 magnésio
(Mg) .

O magnésio é o quarto mineral mais abundante no
organismo, sendo o mais abundante cation divalente encontrado nas
células em vertebrados * %,

Essencial ao organismo, o Mg tem como principais funcdes
a manutencdo de musculos e nervos, regulacdo do ritmo cardiaco,
sintese de nucleotideos, manutencdo do metabolismo energético
(geracéo e atividade de ATP) e manutencao do tecido 6sseo *°.

Cerca de 50 a 65% da quantidade total de Mg presente no
organismo encontra-se no tecido 6sseo, 0 qual serve como reservatorio

para manutencdo da homeostase mineral no organismo % .
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A ingestao diaria de Mg recomendada (Recommended Daily
Allowance — RDA) é de 420mg/dia para homens adultos e 320mg/dia para
mulheres adultas®®®. Entretanto, apesar de ser um mineral facilmente
encontrado em alimentos, a ingestdo diaria de Mg € abaixo do
recomendado, principalmente nos Estados Unidos e paises Europeus **
80, 81, 93, lOl-

A deficiéncia de Mg ocorre tanto por habitos alimentares
inadequados quanto por alteracdes nas condi¢des sistémicas, que podem
levar a ma absorcdo ou a excessiva excrecdo do mineral. Estudos
demonstram que alimentos organicos apresentam 29% mais Mg quando
comparados a n&o-organicos *® 2. Além disso, a ingestdo excessiva de
certas substancias, como alcool, cha, sal, acido fosférico e acucar, pode
provocar a eliminacdo excessiva do mineral pelos rins .

Como alteracdes sistémicas, pode ser citado o uso de
medicamentos (ciclosporinas, antibioticos e diuréticos), que irdo promover
a excrecao excessiva de Mg, e doencas, como o0 Diabetes mellitus e o

alcoolismo, que resultardo em méa absorcao do mineral ** “°.

Influéncia do magnésio sobre o metabolismo 6sseo

O Mg é um mineral presente em grande quantidade no

tecido 6sseo, atras apenas do Ca e fésforo *°. Assim, apresenta um papel
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importante sobre esse tecido e a homeostase mineral, podendo afetar
diretamente a funcéo das células 6sseas e a formacgdo da hidroxiapatita.

Estudos epidemioldgicos demonstram uma correlagédo
positiva entre pessoas com dieta deficiente de magnésio e aumento na
perda de massa 0ssea e/ou diminuicdo da densidade 0ssea, 0 que sugere
gue a deficiéncia de magnésio pode ser um fator de risco para a
osteoporose *4 7% 89,102
Ja estudos em animais utilizando dietas com diferentes
concentracfes de Mg (10% do NR - Nutrition Requirement, 25% do NR e
50% do NR), por diferentes periodos, demonstraram que aos 6 meses,
mesmo com menor restricdo do nutriente, houve perda de massa 0ssea
caracterizada por diminuicdo do volume désseo trabecular e fragilidade
Ossea. Essa perda de massa 0ssea foi seguida por aumento na liberacao
de substancia P, fator de necrose tumoral (TNF-a) e interleucina 1
(IL1B), substancias essas responsaveis pelo aumento da
osteoclastogénese e reabsorcdo 6ssea®®*. Além disso, foi observada
uma alteracdo na secrecédo e acdo do paratormonio (PTH), contribuindo
para a diminuicdo na formacéo 6ssea®®,

A dieta deficiente de Mg por um periodo prolongado (um
ano) foi capaz de induzir a perda de massa 0ssea de vértebras lombares

e fémures, diagnosticada por densitometria 0ssea, além de promover

alteracdes biomecanicas e histomorfométricas no tecido 6sseo .
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Estudos demonstram ainda, que a deficiéncia de Mg pode
alterar a mineralizacdo do tecido 6sseo, pela agdo direta sobre formacgéo
dos cristais de hidroxiapatita. O Mg nao é parte integral da estrutura dos
cristais de hidroxiapatita, mas é absorvido a superficie do cristal durante
sua formacdo. Segundo estudos, durante a deficiéncia desse mineral,
pode haver um retardamento na formacao dos cristais de hidroxiapatita o
que resulta em cristais maiores em dimens&o, porém mais friaveis ** 8.

Além disso, a deficiéncia de Mg retarda a mineralizacdo da cartilagem e

do tecido 6sseo recém formados®®.

Influéncia do magnésio sobre osteoclastos

O Mg é o cétion divalente mais abundante nas células,
sendo que da quantidade total de Mg presente no meio intracelular, a
maior concentracdo € encontrada nas mitocondrias e reticulo

fii 79
endoplasmatico .

Este mineral apresenta fungbes versateis sobre as células,
participando tanto de atividades estruturais como dinamicas. Dentre as
funcdes estruturais estdo incluidas a manutencdo da estabilidade das
camadas lipidicas da membrana extracelular, manutencéo das estruturas

‘- ~ AT z 79, 109, 111
protéicas e manutencao da dupla hélice da molécula de DNA .
Como funcéo dinamica é relatada sua participacdo em mais

de 300 reacdes enzimaticas celulares. Como exemplo temos que todas as

enzimas que utilizam ATP necessitam de Mg para a formacdo do



25

substrato (Mg/ATP), o que torna esse mineral essencial também no
metabolismo energético e de proliferacdo celular " .

Apesar do Mg ser de grande importancia para o0
metabolismo celular, had poucos estudos na literatura demonstrando seu
efeito sobre as células ésseas.

O metabolismo 6sseo normal € o resultado de um processo

de remodelacdo éssea ou turnover 6sseo %

, 0 qual envolve células
especializadas como osteoblastos (formacdo Ossea), osteoclastos
(reabsorcao 0ssea) e ostedcitos (manutencdo do tecido 6sseo), podendo
ser influenciado por fatores locais e sistémicos *.

Tanto a formacdo como a reabsorcdo 6ssea dependem da
adequada proliferacédo, migracao, diferenciacao e funcéo de osteoclastos
e osteoblastos, os quais possuem uma relacéo interdependente '®. A
alteracao da funcéo, diferenciacdo e sobrevida de qualquer uma dessas
células pode levar a estados patologicos, como osteoporose e
osteopetrose %,

Essas células s&o reguladas por uma complexa rede
sinalizadora, mediada por receptores das membranas celulares e varias
citocinas™'.

Estudos sugerem ainda que ha diferencas entre as
subpopulacdes de osteoclastos, tanto em relacdo a formacdo como a

atividade de reabsorcdo. Uma possivel explicacdo para essas diferencas

pode estar relacionada ao tipo de célula progenitora ou ao micro-ambiente
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local, como o tipo de tecido 6sseo, de origem endocondral (0ssos longos)
ou intramembranosa (ossos curtos) * 27 73 194 gegundo Everts et al.?’
(1999) a funcéo de reabsorcdo por osteoclastos derivados da calvaria,
portanto de origem intramembranosa, depende da atividade de catepsinas
e metaloproteinases, enquanto que para os osteoclastos derivados de
0ssos longos, portanto de origem endocondral, a funcdo de reabsorcao
depende somente de catepsinas. No estudo de Faloni et al.?° (2011) foi
demonstrado ainda que osteoclastos derivados da mandibula e ossos
longos apresentam diferentes precursores, o que altera o potencial de
formacédo dessas células.

Dentre os fatores sistémicos que podem interferir de forma
direta ou indiretamente no metabolismo 0sseo, 0s nutrientes presentes na
dieta sdo considerados de grande importancia. Nutrientes como Ca e P
sao imprescindiveis para o metabolismo 0sseo, por representarem de 80
a 90% do conteudo mineral desse tecido. Ja as proteinas sé&o
incorporadas a matriz organica, fazendo parte das estruturas colagenas
do tecido 0sseo, que posteriormente sera mineralizado. Outros minerais e
vitaminas sdo considerados essenciais para reacdes metabdlicas desse
tecido *°.

Em estudo realizado em mulheres na pds-menopausa foi
observada associacéo significativa e consistente entre nutrientes, como
ferro e magnésio, e a manutencdo da densidade mineral 6ssea. Além

disso, foi demonstrada associacdo positiva entre minerais, como calcio,



27

zinco, fésforo e potassio, e a manutencado da densidade mineral éssea,
independente da dieta ou métodos avaliados®.

Quanto ao efeito da deficiéncia de magnésio sobre as
células 6sseas, foi constatado, em animais, que esta pode alterar a
propor¢cao de osteoblastos e osteoclastos no tecido 0sseo, resultando em
maior quantidade osteoclastos e sem alteracdo na quantidade de
osteoblastos, além de um possivel aumento na atividade dos osteoclastos
81, 84_

As alteracOes sobre as células 6sseas foram confirmadas
em estudos in vitro, onde foi demonstrado que a deficiéncia extracelular
de Mg apresenta uma influéncia negativa sobre essas células. Nesses
estudos, osteoblastos cultivados em meio deficiente de Mg apresentaram
reducdo na taxa de proliferacédo e diferenciacdo > *. Entretanto, ndo ha
estudos in vitro na literatura que demonstrem a influéncia do Mg sobre
osteoclastos.

Portanto, apesar de constatada que a deficiéncia de
magneésio resulta em perda de massa 0ssea, deve-se ressaltar que o0s
mecanismos relacionados ainda sdo desconhecidos. Além disso, pouco é
conhecido sobre o efeito da deficiéncia sobre os osteoclastos e se a
origem dessas células pode influenciar na resposta a deficiéncia do

mineral.
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Influéncia da deficiéncia de magnésio sobre a doenca
periodontal

A doenca periodontal € uma doenca inflamatoria multifatorial
induzida por microrganismos, que afeta as estruturas de suporte do dente.
Por apresentar essa caracteristica, fatores etiolégicos, comportamentais e
genéticos, como resposta do hospedeiro, podem modificar a severidade,

suscetibilidade e progressédo da doenca >* .

D

O processo imunoinflamatério da doenca periodontal

4 Durante o

regulado por quimiocinas, citocinas e prostaglandinas
processo de doenca periodontal, células de defesa como, macrofagos e
neutréfilos estdo ativados e presentes em grande quantidade no tecido
gengival inflamado. Essas células secretam mediadores inflamatorios
como, interleucinas 1B, 2, 4, 6 e 10 (IL1B, IL2, IL4, IL6, IL10), fator de
necrose tumoral alfa (TNFa) e prostaglandina E, (PGEy), entre outros. A
liberacdo desses mediadores induz uma resposta inflamatéria
exacerbada, a qual leva & destruicdo dos tecidos periodontais *® >°.

Muitos desses mediadores estdo aumentados na deficiéncia
de Mg. Estudos demonstraram que a deficiéncia experimental de
magnésio apresenta um efeito sobre o processo inflamatério e a resposta
imunolégica, tendo sido verificado um aumento dos niveis séricos de
citocinas pré-inflamatérias como TNF-a, IL18, PGE; e IL-6 %% 8284,

Além disso, as principais células de defesa, encontradas no

tecido periodontal, estdo alteradas em animais com algum grau de
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deficiéncia do mineral. Dentre as principais alteracbes causadas pela
deficiéncia de Mg, estdo o aumento no numero de neutrofilos e
macréfagos, seguida de maior ativagdo dessas células, havendo portanto,
um aumento na atividade fagocitica e maior producdo de espécies
reativas de oxigénio, responsaveis pela maior destruico tecidual > %4,

Um estudo realizado em humanos evidenciou que a
deficiéncia de Mg estad relacionada a maior severidade da doenca
periodontal, demonstrado pela correlagcao significativa entre niveis séricos
de Mg e parametros periodontais. Nesse estudo foi demonstrada a
correlacdo entre a reducdo dos niveis séricos de Mg com maior
profundidade de sondagem e nivel de insercéo clinica. Alem disso, por
uma analise de regressao multipla, foi observado que o Mg apresentou
resultados semelhantes a fatores de risco ja conhecidos, como idade,
educacdo e fumo, enquanto que a suplementacdo nutricional desse
mineral foi relacionada & satide periodontal °.

Assim, alteragbes no metabolismo 6sseo e no processo
imunoinflamatério, causadas por doencas sistémicas ou deficiéncias
nutricionais, dentre elas a deficiéncia de magnésio, podem ser
consideradas como um fator modificador da progressdo da doenca

periodontal 3* 2,
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Influéncia da deficiéncia de magnésio sobre a
osseointegracao

O entendimento de fatores associados a modificacdo do
metabolismo 6sseo € de extremo interesse para 0 tratamento com
implantes osseointegrados, visto que muitas situa¢gdes como osteoporose,
doencas infecciosas e/ou inflamatérias, que afetam o tecido 6sseo e
prejudicam seu metabolismo, podem influenciar no processo de
osseointegracao’’.

Em implantes intraorais, 0 sucesso do tratamento, ou seja, a
obtencdo e a manutencdo da osseointegracdo depende de diversos
fatores. Dentre eles podem ser citados, o trauma cirurgico e as condicdes
anatbmicas, fatores responsaveis pela perda primaria de implantes; e a
gualidade 6ssea, 0 volume 0sseo e a sobrecarga dos implantes, fatores
determinantes na perda tardia .

A falha de um implante anteriormente estavel e ancorado
pode estar relacionada ainda a problemas na mineralizacdo do tecido
0sseo em contato direto com a superficie do implante, ja que
mecanicamente a interface implante/osso depende de uma estrutura
mineralizada e intacta™.

Assim, todas as alteracdes Osseas, relatadas anteriormente,

provocadas pela deficiéncia de Mg podem ser consideradas um fator de

risco para o tratamento com implantes.
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Poucos estudos, entretanto, tém demonstrado o efeito das
doencas que causam perda de massa Ossea sobre implantes com
osseointegracdo ja estabelecida. Em estudos realizados em ratas
ovariectomizadas foi observada a reducdo da massa 6ssea ao redor de
implantes osseointegrados instalados na tibia, assim como a diminuicao
da forca de torque de remocéo desses implantes, mostrando que, mesmo
em implantes com osseointegracdo ja4 estabelecida, as alteracdes

sistémicas podem exercer um efeito negativo sobre sua manutencao® %

90

Apesar da deficiéncia de Mg atingir uma parcela
consideravel da populacdo mundial e de terem sido constatadas
alteracbes sistémicas e O0sseas causadas por essa deficiéncia, estudos
avaliando a deficiéncia de Mg como um fator de interferéncia sobre o
metabolismo de células Osseas, a doenca periodontal e a

osseointegracao de implantes ainda sao escassos.



PROPOSICAO




A hipétese deste estudo € que a deficiéncia de Mg pode ter um efeito
iImportante sobre os osteoclastos e, consequentemente, influenciar a
severidade da doenca periodontal induzida e a manutencdo de implantes
osseointegrados. Para avaliar esta hipotese, 0s objetivos especificos

deste estudo foram:

Objetivo 1: Avaliar in vitro, o efeito da restricdo de magnésio sobre a

formacéao e atividade de osteoclastos.

Objetivo 2: Avaliar in vivo, o efeito da deficiéncia do magnésio na dieta
sobre a perda Oéssea sistémica e relacionada a doenca periodontal

induzida em ratos.

Objetivo 3: Avaliar in vivo, o efeito da deficiéncia de Mg sobre a perda
Ossea sistémica e o0 tecido 0sseo ao redor de implantes com

osseointegracao estabelecida.
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Abstract

Magnesium (Mg*?) deficiency is a frequently occurring disorder that leads
to loss of bone mass, abnormal bone growth and skeletal weakness. Until
now, it is not clear whether Mg?* deficiency affects the formation and/or
activity of osteoclasts. We evaluated the effect of Mg®* restriction on these
parameters. Bone marrow cells from long bone and jaw of mice were
seeded on plastic and on bone in medium containing different
concentrations of Mg®* (0.8 mM which is 100% of the normal value, 0.4,
0.08 and 0 mM). The effect of Mg?* deficiency was evaluated on cell
viability after 3 days and proliferation rate after 3 and 6 days, as was
mRNA expression of osteoclastogenesis-related genes and Mg?*-related
genes. After 6 days of incubation, the number of tartrate resistant acid
phosphatase-positive ~ multinucleated cells (TRACP'-MNCs) was
determined, and the TRACP activity of the medium was measured.
Osteoclastic activity was assessed at 8 days by resorption pit analysis.
Mg?* deficiency resulted in increased numbers of osteoclast-like cells; a
phenomenon found for both types of marrow. Mg** deficiency had no
effect on cell viability and proliferation. Increased osteoclastogenesis due
to Mg?* deficiency was reflected in higher expression of osteoclast-related
genes. However, resorption per osteoclast as well as TRACP activity were
lower in the absence of Mg?*. In conclusion, Mg®" deficiency augmented

osteoclastogenesis but appeared to decrease the activity of these cells.
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Together, our in vitro data suggest that altered osteoclast humbers and
activity may contribute to the skeletal phenotype as seen in Mg*? deficient

patients.

Key words: Magnesium deficiency, osteoclast, osteoclastogenesis,

osteoclast activity, bone metabolism, bone marrow.

1. Introduction
The importance of intake of minerals in the maintenance of bone
homeostasis has been demonstrated in various studies [1-5]. Of these
minerals magnesium (Mg®") has been shown to play a crucial role in
hormone action (e.g. parathyroid hormone), expression of some

neurotransmitters and, more in general, in regulating cellular activity [6, 7].

Mg?* is the most abundant divalent cation in cells and serves as an
essential structural element in the maintenance of phospholipid bilayers,
DNA double helices and protein structure. One of its most important
functions is related to the enzymatic activity of cells since all enzymes
utilizing ATP require Mg®*. It also acts as an allosteric activator of enzyme
action including adenylate cyclase and phospholipase C. This could
consequentially facilitate the activation/deactivation of signal transduction

pathways [8, 9].
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It is estimated that 2.5% to 15% of the world population suffers from
some level of hypomagnesia [10]. According to [2], the mean value of daily
Mg? intake in the North American human population is below
recommendation. A similar low intake is present in some European

countries [10-13].

The normal adult body Mg?" content is about 25g. Bone can be
regarded as the major storage compartment of the body, containing 60-
65% of the total Mg?* content [14]. Part of this magnesium resides on
bone surfaces, and it is hypothesized that its main function is to maintain

the extracellular Mg?* concentration [14, 15].

A study conducted in rats with severe restriction of magnesium
intake (0.04% of the Nutrient Requirement — NR) resulted in increased
skeletal fragility, increased bone resorption, decreased bone formation,
increased expression of the neuropeptide substance P (SP), tumor
necrosis factor alpha (TNF-a) and interleukin 1 beta (IL-1B). This finally
resulted in an osteoporotic phenotype [16]. Other studies were conducted
with a less severe mineral restriction (10%, 25% and 50% of NR), and
showed that even under these conditions bone loss occurred [1, 2, 17]. In
addition, the Mg?" deficient diet had a negative influence on the

maintenance of osseointegrated implants [18, 19].

Mg®* deficiency also potentiates the inflammatory response by

increasing the release of cytokines and growth factors that mediate the
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formation and activity of the body’s bone degradation specialist cell, the
multinucleated osteoclast [20, 21]. Osteoclasts are multinucleated cells
from the macrophage lineage, specialized in degrading mineralized
matrices, such as bone. The formation and activity of these cells is
mediated by cytokines like macrophage colony stimulating factor (M-CSF)
and the osteoclast differentiation factor RANKL and their receptors, c-fms
and RANK, respectively [22]. Deregulation of osteoclast differentiation,
function and survival may lead to pathological conditions, such as

osteoporosis [23] or osteopetrosis [24, 25].

Although Mg?* deficiency leads to loss of bone mass it is not known
whether Mg?* influences osteoclast formation and activity. Therefore, the
aim of this study is to evaluate the effect of magnesium restriction on
osteoclast formation and activity. Precursors were obtained from marrow
of long bone and jaw and cultured in the presence of M-CSF and RANKL.
Precursor cells from two different sites were analyzed because several
studies have suggested phenotypic differences among osteoclast
subpopulations, such as, functional differences in formation and resorption

activity [26-29].
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2. Materials and Methods

2.1 Mice

Prior to their sacrifice, six weeks old male C57BL/6 mice (Harlan, Horst,
The Netherlands) were maintained for one week at the animal facility of
the VU University. Permission for the experiments was obtained from the

animal ethical committee (DEC) of the VU University, Amsterdam.

2.2 Bone marrow isolation

Bone marrow cells from long bones (femur and tibia) and jaws were
isolated as described before [30]. The cells were resuspended through a
21-gauge needle and filtered over a 100 um pore size cell strainer filter
(Falcon/ Becton Dickinson, Franklin Lakes, NJ, USA) and kept on ice in
culture medium without magnesium (MEM alpha without nucleotides, with
L-glutamine; Promocell, Heidelberg, Germany) supplemented with 5% FCI
(HyClone, Logan, UT, USA), 100 U/ml penicillin, 100 pg/ml streptomycin,
and 250 ng/ml amphotericin B (antibiotic antimyotic solution; Sigma-

Aldrich, St. Louis, MO, USA) until further use.

2.3 Osteoclastogenesis

Bone marrow cells were plated in 96-well flat-bottom tissue culture-treated

plates (Costar, Cambridge, MA, USA) at a density of 1.0 x 10° cells/well in
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150 pl of culture medium containing 30 ng/ml recombinant murine M-CSF
(R&D Systems, Minneapolis, MN, USA) and 20 ng/ml recombinant murine
RANKL (RANKL-TEC, R&D Systems, Minneapolis, MN, USA). Cells were
cultured in 4 different concentrations of magnesium: 100% Mg** or 0.8mM
Mg?*, as supplied with standard alpha-MEM. The other concentrations,
50% (0.4 mM) and 10% (0.08 mM) were made by mixing Mg?*-free alpha-
MEM (0%) with 100% Mg containing alpha-MEM. Cells were cultured on
plastic or on 650-um-thick bovine cortical bone slices. Culture media were
replaced every 3 days. After either 3 or 6 days, cells were washed with
PBS and harvested for PCR and DNA analysis. Supernatants were
collected for viability assay. On day 6, wells were washed with PBS and
fixed in 4% PBS-buffered formaldehyde, stored at 4°C and stained for
tartrate-resistant acid phosphatase (TRACP). On day 8, water was added

to osteoclast cultures on bone slices for bone resorption analysis.

2.4 TRACP staining

Cells from femur/tibia and jaw were cultured for 6 days on plastic or on
bone and stained for TRACP activity using the leukocyte acid
phosphatase kit (Sigma-Aldrich, Saint Louis, MO, USA). Nuclei were
stained with diamidino-2-phenylindole dihydrochloride (DAPI). To evaluate

osteoclast formation, the number of TRACP-positive multinucleated cells
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(TRACP*-MNC) was counted. These multinucleated cells were

categorized in cells containing 3-5, 6-10, or more than 10 nuclei.

2.5 Magnesium and calcium measurements

To determine the concentration of magnesium and calcium in the culture
medium, the supernatants of the 4 different magnesium containing media
after cell culture were collected after 6 days of culturing on plastic and on
bone (n=6). The media were also incubated at the same conditions but
without cells (n=3). Magnesium and calcium concentration were analyzed
by atomic absorbance spectrometry (Analystl00; Perkin-Elmer

Corporation, Norwalk, CT, USA).

2.6 DNA quantification

Cell proliferation was measured using DNA quantification. The bone
marrow cells of 6 mice were collected on day O at a density of 1.0 x 10°
cells and after 3 and 6 days of incubation on plastic in the 4 different
magnesium concentration media with M-CSF and RANKL. The amount of
DNA was determined using the CyQuant cell proliferation assay kit
(Invitrogen Corporation, Carlsbad, CA, USA) and measured in the Synergy

HT plate reader (BioTek Instruments; Winooski, VT; USA).
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2.7 Citotoxicity

To determine the cell viability, the supernatant of cells cultured on plastic
were collected after 3 days. The cytotoxicity assay was performed
according to the manufacturer’s instructions (ToxiLight BioAssay kit, Lonza
Rockland Inc., Rockland, ME, USA). This assay quantitatively measures

the leakage of adenylate kinase from damaged cells.

2.8 Real-time quantitative PCR

For real-time gPCR analysis, bone marrow samples of 6 mice were
collected after 3 days culture with M-CSF and RANKL. RNA isolation and
real-time quantitative PCR was performed as described [31]. Real-time
PCR primers were designed using Primer Express 2.0 software (Applied
Biosystems, Foster City, CA, USA) (Table 1). To avoid amplification of
genomic DNA, each amplicon spanned at least 1 intron. To test for PCR
efficiencies, one of the osteoclast samples was used to generate a
standard curve for all of the genes studied. The PCR reactions of the
different amplicons had equal efficiencies. Expression of porphobilinogen
deaminase (PBGD) was not affected by the different Mg®* concentrations
and was used as housekeeping gene. Samples were tested for TRPM-7
(Transient Receptor Potential-Melastin-like 7), MRS2, c-fos, RANK, c-fms,
DC STAMP (dendritic cell-specific transmembrane protein), m-calpain, p-

calpain, IL1-B and TNF-a. Subsequently, expression was normalized for
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the expression of PBGD by calculating the ACt (Ctgene of interest - Ctreap),

and expression of the different genes is expressed as 2 - Y.

2.9 TRACP activity assay

The supernatant of cells obtained from 6 mice seeded on plastic cultured
in 4 different magnesium concentrations in the presence of M-CSF and
RANKL was collected after 6 days of incubation. TRACP activity was
assayed in 96-well plates with pNPP as substrate in 5ul of supernatant
with final concentrations of: 10 mM pNPP, 1 mM ascorbic acid, 0.1 mM
Fe(NH4)2(S04)2, 0.1 M NaAc, 0.15 M KCI, 10 mM disodium tartrate, 0.1%
(v/v) Triton X-100. The p-nitrophenol liberated after 30min of incubation at
37 °C was converted to p-nitrophenolate by addition of 100ul of 0.3 M
NaOH. The absorbance was measured at 405 nm in a Synergy HT plate
reader (BioTek Instruments; Winooski, VT; USA). 1 unit of TRACP activity

corresponds to 1 umol of p-nitrophenol formed per min.

2.10 Bone resorption

Bone marrow cells from long bone of 6 mice were cultured on bone slices
for 8 days in 4 different magnesium concentration media with M-CSF and

RANKL. After this period, the cells present on the bovine cortical bone
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slices were removed with 0.25 M NH4OH. The slices were washed in
distilled water, incubated in a saturated alum (KAI(SQO4),.12(H,0) solution,
washed in distilled water, and stained with coomassie brilliant blue. The
area of resorption pits were measured using Image Pro-Express 6.3
software (Olympus, Tokyo, Japan). The bone slices were analyzed in
triplicate for each animal. Five fields per bone slice were examined. Bone
resorption was assessed by calculating the percentage of surface area of

resorbed bone.

2.11 Statistical analysis

Unless otherwise stated, most experiments were performed with bone
marrow from 6 mice. Statistical analyses were performed using GraphPad
Prism (GraphPad Prism 5.0, San Diego, CA, USA). The parametric test
ANOVA followed by Tukey multicomparison test was conducted for
comparisons between groups for all analyzed parameters. Effects were

considered statistically significant when p<0.05.
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3. Results

3.1 Increased osteoclast formation due to magnesium deficiency.

Magnesium deficiency had no effect on the morphological aspects of
TRACP*-MNCs derived from long bone marrow after 6 days of culturing on

plastic (Fig. 1).

Low magnesium concentrations resulted in increased numbers of
TRACP*-MNCs after 6 days of culturing on plastic (Fig. 1). Compared to
the control (0.8 mM) concentration, in Mg®*-free culture medium (the 5%
FCS contributing trace amounts of Mg?*) the highest number of TRACP™-

MNCs were generated (Fig. 1).

When cells were cultured on bone, again there was no effect on the
morphological aspect of TRACP*-MNCs among the Mg?* concentrations
(Fig. 2). However, a comparison of TRACP*-MNCs cultured on plastic by
those cultured on bone revealed differences in their shape. TRACP-
MNCs cultured on plastic proved to be more elongated whereas those

cultured on bone were round (compare Figs 1 and 2).

With respect to the number of cells, an effect was observed
comparable to the one found on plastic. On bone, however, the highest

number was found with a concentration of 0.08 mM Mg*" concentration

(Fig. 2).
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Since marrow cells from different skeletal locations such as long
bone and jaw, respond differently to osteoclastogenesis inducing
cytokines M-CSF and RANKL, [29, 32], it is possible that these marrow
cells also respond differently to magnesium deprived conditions. As the
number of cells with more than 6 nuclei is higher in jaw cultures [29], only
cells with 6-10 and >10 nuclei were counted. Also with marrow cells
obtained from the jaw a response was seen similar to the one found with
marrow cells from long bones. When the cells were seeded on plastic or
on bone we found a statistically significant increased number of TRACP”*
MNCs cultured in the presence of lower Mg®* concentration (Figs 3A, B, C,

D).

Together these data show that Mg®* deficiency leads to an increase
in osteoclast formation, regardless the bone site used to retrieve
precursors from and regardless of the substratum. Given the fact that long
bone and jaw marrow reacted similarly, and since long bone marrow
contains approximately 20-fold higher cell numbers, the remaining assays

were conducted with long bone marrow cell cultures only.

3.2 Mg?* did not alter the medium concentration of Ca*".

As Mg?* and Ca®* are antagonists, we evaluated the concentration of both
ions to assess whether the presence of cells and/or bone would influence

their concentration.
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The analysis revealed similar concentrations of Mg?* in the medium
of each group, regardless of the presence of bone and/or cells. Only when
the bone was added to the culture, the 0.8 mM Mg?* concentration showed
a significant decrease of Mg®*; a phenomenon found only in the absence
cells (Fig. 4A). The Ca®" measurement showed a similar distribution for all
conditions studied (Fig.4B), indicating that none of the Mg?" culture

conditions resulted in alterations of Ca®* in the medium.

3.3 Mg* deficiency does not influence osteoclast precursor viability

or proliferation

We attempted to explain the increased osteoclast formation by analyzing
cell proliferation. Mg®* deficiency could result in an increased proliferation
of osteoclast precursors, hence leading to more osteoclasts. The DNA
measurement showed an increase in the level of DNA from day O to day 3
of precursor cells in all Mg®* concentrations, but there were no differences
among the Mg®" concentrations. From day 3 to day 6 there were no

differences in the DNA amount (Fig. 5A).

Next, an increase in osteoclast formation under Mg?* restrictive
concentrations could be explained by increased cell survival. The cell
cytotoxicity assay revealed, however, no effect of the different Mg*'-

concentration on cell viability (Fig. 5B).
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3.4 Mg? altered the expression patterns of osteoclastogenesis-

related genes

In order to evaluate the influence of different Mg®* concentrations on
osteoclast differentiation, the expression of osteoclastogenesis-related

genes was analyzed.

After 3 days of culture on plastic, the gene expression of DC-
STAMP, c-fos, TNF-a and IL-13 was significantly increased in the cultures

of 0.08 mM Mg?* (Figs 6C, D, E, F).

In contrast to cultures on plastic, gene expression of cultures on
bone was hardly affected by the different Mg?* regimes (Fig. 7). Here, only
RANK expression was significantly increased in 0.08 mM Mg** cultures

(Fig. 7B).

3.5 Mg?* altered the expression patterns of magnesium-related genes

Since it was previously shown for osteoblast-like MG-63 cells that Mg**
deprivation caused an increased expression of receptors for Mg?* [33], we
analyzed the expression of Mg**-related genes. Those were TRPM-7
(transient receptor potential calcium channel, subfamily M), which is the
receptor responsible for the maintenance of intracellular Mg?*
concentration and MRS2 which is a Mg?* transporter in the mitochondria

that is important for the viability of the cell.
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When the cells were cultured on plastic, the expression of TRPM-7
as well as MRS2 was increased in 0.08 mM Mg?* cultures (Figs 8A, B).
The expression of these receptors followed the same pattern as found for

the gene expression of osteoclastogenesis markers.

When the cells were cultured on bone, there was an increase in the

expression of MRS2 in the presence of 0.4 mM Mg?* (Fig. 8D).

3.6 Low Mg* causes a decreased osteoclast activity.

Two parameters of osteoclastic activity were assessed: TRACP activity in
the conditioned medium and resorption of bone. These values were
correlated to the number of osteoclasts. When analyzing bone resorption,
there was no difference in number of resorption pits among the various
Mg?* concentrations (Fig. 9A). However, when expressing resorption per
TRACP™ MNC, there is a tendency to a decreased resorptive activity per

TRACP* MNC in Mg?*-poor media (Fig. 9B).

Mg?*-poor cultures secreted significantly less TRACP (Fig. 9C).
When expressing TRACP secretion per TRACP* MNC, this result is even

more obvious (Fig. 9D).
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4. Discussion

The results of the present study show that deficiency of Mg®" is inversely
proportional to the number of osteoclasts generated from bone marrow
precursors: the lower the extracellular Mg®* concentration, the higher the
number of osteoclasts. It is remarkable to note that the higher number of
osteoclasts does not lead to a higher resorptive activity; in fact per
osteoclast less activity was apparent. Thus our data indicate that a lower
level of Mg?" stimulates the formation of osteoclasts but appears to
decrease their activity. The mechanisms underlying this effect of Mg®* on
osteoclasts are not known. We assume that the deficiency of this mineral
activates some transcription factors and proteins such as c-fos and DC-
STAMP. Both genes are key regulators of osteoclastogenesis [34, 35];
DC-STAMP being required for fusion of osteoclast precursors. The present
data indicate that the higher number of cells with higher number of nuclei
per cell in Mg®" deficient medium correlates to some extent with the
expression of osteoclastogenesis-related genes. Moreover, an increased
expression of cytokines that stimulate osteoclastogenesis, e.g. TNF-a and
IL-18, likely results in an enhanced formation of osteoclasts [36, 37]. In
general, it appeared that the higher expression was only seen in 0.08 mM
of Mg?*, suggesting this being an optimum concentration for the activation

of osteoclastogenesis gene expression.
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An intriguing finding of the present study was the lack of an effect
on mMRNA expression when cells were seeded on bone. Except for RANK,
all other genes analyzed were less or not affected by the different Mg**
regimes. This indicates that cells on bone respond differently to Mg?*
regiments than cells attached to plastic. It is not unlikely to assume that
the low amount of Mg®" released from the bone is sufficient to partially
overcome the deficiency. Yet, higher numbers of osteoclasts were still
formed; a situation comparable to the cells seeded on plastic. The lower
levels of Mg®" did result in increased numbers of osteoclasts, but

resorption per osteoclast was decreased.

Not only osteoclastogenesis-related genes were affected by the
lower levels of Mg, also the expression of genes related to the cellular
exchange of Mg proved to be sensitive to this metal. The expression of
Mg** related genes (TRPM7 and MRS2) was higher in 0.08 mM of Mg**.
This may suggest that the cells attempt to maintain the intracellular
concentration of Mg?* by upregulating the expression of TRPM7 and

MRS2.

As Ca®" is another divalent cation that plays an important role in
cellular metabolism and it is suggested that Mg modulates the influx of
Ca?" in the cells [38], the level of Mg®* and Ca?' in the medium was
analyzed. Our findings showed that the medium concentration of Mg?* is
proportional to the amount of Mg®* added to the medium and that the

concentration of Ca®" did not change under Mg** deficient conditions.
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These findings strongly suggest that the effects seen were not due to
changes in the level of Ca, but probably directly related to Mg** levels.
This is in agreement with [39], who showed that the osteoclast activity in
Mg?* deficient animals is not responsible for the increased amount of Ca?*

in the serum.

Mg** also participates as a key factor in the proliferation process, as
it is essential to sustain protein synthesis prior to cell division. It is also
involved in DNA duplication, cytoskeleton re-arrangement and the
upregulation of energy metabolism prior to cell division [9]. Cell
proliferation is differently affected by Mg?* deprivation in different cell
types. Endothelial cells are highly sensitive, HC11 mammary epithelial
cells are less sensitive and HL-60 leukemic cells are resistant to Mg
availability [9]. Interestingly, the latter cell line was used as osteoclast
precursor in various studies [40-43]. In the present study, it was shown
that Mg?* deficiency did not alter the rate of proliferation of bone marrow
cells after 3 and 6 days of culture, which suggests that the proliferative
effect of M-CSF and RANKL treated bone marrow is less sensitive to
alterations in Mg®" concentrations. The lack of an increased cell
proliferation between day 3 and 6 may be related to the differentiation of
the cells, which is in agreement with a previous study that showed similar
findings with cultures of bone marrow as osteoclast progenitors treated

with RANKL next to M-CSF [31].
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This decreased resorption might be caused by the hampered
activity of these cells due to the lack of a proper amount of Mg?".
Resorption of bone requires high energy levels, which is provided by the
high numbers of mitochondria. The majority of enzymes involved in energy
metabolism are Mg?*-dependent, especially by the high affinity of Mg®* to
ATP (Mg/ATP, which is the only active form of ATP) [9]. The restriction of
Mg impairs the optimal cellular Mg/ATP levels that mainly reverberate on
the proper function of cells, because of the importance of cellular Mg/ATP
level on protein synthesis [38], so Mg*" deficiency could depress cell

metabolism [9].

The higher number of osteoclasts may be due to an attempt of the
cells to compensate for their impaired ability to resorb. This compares with
some genetic models for osteopetrosis (e.g. oc/oc mice) in which more but
less functional osteoclasts are found [25, 44]. The higher number of
osteoclasts seen in our in vitro study coincides with in vivo findings. [2]
showed that in rats Mg?* deficiency leads to higher number of osteoclasts.
Although in vivo such an increase in higher number can be due to
numerous other indirect factors [20], our in vitro findings suggest a direct

effect on formation of osteoclasts.

Several studies have suggested functional and phenotypic
differences among osteoclast subpopulations [26, 27, 29, 32]. Yet,

deficiency of Mg®* had a similar effect on precursors obtained from long
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bone or from the jaw. This suggests that Mg®* deficiency has a similar

effect on bone marrows from different skeletal locations.

5. Conclusions

In conclusion, we have shown, that Mg?* deficiency promotes
osteoclastogenesis thus resulting in an increased number of osteoclasts.
These osteoclasts were, however, less active than the control cells. We
propose that the increased number of osteoclasts in medium depleted of
Mg results from an enhanced fusion of precursors. Our findings may help
to better understand the mechanisms by which Mg?* affects osteoclast
differentiation, maturation and activity and thus provide important
information on the mechanisms by which this mineral influences bone

metabolism.
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Figures

Figure 1 (A) Morphological aspects of TRACP+ multinucleated cells
formed from precursors obtained from long bone marrow after 6

days of culture on plastic in four different Mg?* concentrations in the
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presence of M-CSF and RANKL (n=6). The cells show an
elongated shape in all Mg** concentrations. Higher number of
nuclei per cell were observed under Mg?* deprivation. (B-D)
Number of TRACP® multinucleated cells (TRACP*-MNC) with 3-5
nuclei (B), 6-10 nuclei (C), > 10 nuclei (D) and total number of
TRACP* MNC (E) formed under the four Mg?®" culture regimes (C)
Data are expressed as mean + SD. #p<0.05, bp<0.01, “p<0.0001.
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Figure 2 (A) Morphological aspects of TRACP" multinucleated cells
formed by long bone marrow cells after 6 days of culture on bone in
four different Mg?* concentrations in the presence of M-CSF and
RANKL (n=6). TRACP® MNC on bone had a round shape in all
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Mg?* concentrations. Higher number of nuclei per cell were
observed under Mg®" deprivation (B-D). Number of TRACP*
multinucleated cells with 3-5 nuclei (B), 6-10 nuclei (C), > 10 nuclei
(D) and total number of TRACP® MNC (E) formed under the four
Mg?* culture regimes (C). Data are expressed as mean * SD.
?p<0.05, °p<0.01.

Figure 3 Number of TRACP" multinucleated cells formed by jaw marrow
cells after 6 days of culture on plastic (A-B) and on bone (C-D) in
four different Mg®* concentrations in the presence of M-CSF and
RANKL (n=6). Number of TRACP" multinucleated cells with 6-10
nuclei (A), > 10 nuclei (B) cultured on plastic. Number of TRAP*
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multinucleated cells with 6-10 nuclei (C), > 10 nuclei (D) cultured on

bone. Data are expressed as mean + SD. 2p<0.05, °p<0.01.

Figure 4 (A) Mg? concentration in the medium of cultures with and
without cells (n=6). Cells were cultured on plastic or on bone for 6
days. (B) The Ca®" concentration in the medium with and without
cells cultured on plastic or on bone for 6 days (n=6). Data are
expressed as mean * SD. %p<0.05.
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Figure 5 (A) The amount of DNA of cells from long bone marrow on day O,
3 and 6 (n=6). °p<0.0001. (B) The released amount of adenylate
kinase was not altered under the different Mg concentrations. Triton
X100 was added to the wells as a positive control. Data are
expressed as mean + SD. °p<0.0001.
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Figure 6 Gene expression of c-fms (A), RANK (B), DC-STAMP (C), c-fos
(D), TNF-a (E) and IL1-B (F) by precursor cells from long bone
marrow after 3 days of culture on plastic (n=6). The gene
expression was normalized for the housekeeping gene PBGD. Data

are expressed as mean + SD. ?p<0.05, °p<0.01, °p<0.0001.
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Figure 7 Gene expression of c-fms (A), RANK (B), DC-STAMP (C), c-fos
(D), TNF-a (E) and IL1-B (F) by precursor cells from long bone
marrow after 3 days of culture on bone (n=6). The gene expression
was normalized for the housekeeping gene PBGD. Data are

expressed as mean * SD. ?p<0.05.
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Figure 8 Gene expression of TRPM7 (A, C) and MRS2 (B, D) by
precursor cells from long bone after 3 days of culture. Gene
expression was assessed from cells cultured on plastic (A-B) and
on bone (C-D), respectively (n=6). The gene expression was
normalized for the housekeeping gene PBGD. Data are expressed
as mean * SD. #p<0.05, °p<0.01.
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Figure 9 (A) Bone resorption after 8 days of culture. (B) Bone resorption
corrected for the number of osteoclasts. (C) Levels of TRACP
enzyme secreted in the medium. (D) Levels of TRACP corrected for
the number of osteoclasts. Data are expressed as mean + SD.
4p<0.05, "p<0.01.
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Table 1 — Primer sequences used in the study.
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Amplicon

Primer Sequence length (pb) Accession #
GAAACGCGACCTTCAAAAACA
ENSMUSG00000024621
c-fms GGCCGGATCTTTGACATACAA 100
TCACCCTGCCCCTTCTCA
c-fos CTGATGCTCTTGACTGGC TCC 64
ENSMUSG00000021250
TGTATCGGCTCATCTCCTCCAT
ENSMUSG00000022303
DC STAMP GACTCCTTGGGTTCCTTGCTT 100
GGACCCATATGAGCTGAAAGCT
IL-1B TGTCGTTGCTTGGTTCTCCTT 100 ENSMUSG00000027398
GGGTCCTGATTGACGATTCG
MRS2 TCACATTGCGATGGCTGTCT 62 ENSMUSG00000021339
GCCACCACGCTCTTCTGTCT
TNF-a GTCTGGGCCATAGAACTGATGAG 100 ENSMUSG00000024401
CAACCGGAGCTTGGATTTTAAC
ENSMUSG00000027365
TRPM-7 TGAGGGCATCACCAACATGT 68
TGGGCTTCTTCTCAGATGTCTTT
ENSMUSG00000026321
RANK TGCAGTTGGTCCAAGGTTTG 59
AGTGATGAAAGATGGGCAACT
PBGD 122
TCTGGACCATCTTCTTGCTGA ENSMUSG00000032126
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Abstract

Background and Objective: Magnesium (Mg) has an important role on
bone homeostasis and its deficiency may result in bone mass loss. There
has been little research regarding the effect of this deficiency on
periodontal disease. The aim of this study was to evaluate the effect of Mg
intake deficiency on alveolar bone resorption associated with periodontal

disease.

Material and Methods: Thirty rats were randomly divided into two groups:
control - animals fed a standard diet; Mg- animals fed a diet with 90% Mg
deficiency. After 60 days on the diets, all animals received ligature on the
lower left first molars to induce periodontal disease, and were euthanized
after 30 days. Blood and urine were collected for determination of serum
concentrations of Mg, calcium (Ca), osteocalcin (OCN), interleukin-6 (IL-6)
and parathyroid hormone (PTH), as well as the urinary concentration of
deoxypyridinoline (DPD). We determined the effect of Mg deficiency on
systemic bone mineral density (BMD) evaluating dual energy x-ray
absorptiometry (DXA) in femurs and vertebrae. Mandible BMD was
assessed using digital radiography. Alveolar bone loss was evaluated by
linear (CEJ-bone crest) and area measurements. We used RT-PCR to

assess mMRNA expression of RANKL, OPG and IL-6 in the gingival tissues.

Results: Mg deficiency was associated with higher concentrations of PTH,

DPD and significant decreases on both systemic and mandibular BMD, as
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well as greater severity of alveolar bone loss. There were no significant

differences on mMRNA expression for the target genes.

Conclusion: Severe deficiency of Mg reduces BMD and aggravates

alveolar bone loss associated with ligature-induced periodontal disease.

Key words: periodontitis; osteoporosis; periodontal-systemic disease

interactions; magnesium deficiency.

Introduction

Magnesium (Mg) is one of the main minerals present in the organism,

playing a key role in several metabolic, regulatory and structural functions
1)

Epidemiological studies have demonstrated a positive correlation between
individuals with Mg-deficient diet and increased bone mass loss and/or
decrease of bone mineral density (BMD), which suggests that Mg

deficiency can be a risk factor for osteoporosis (2-5).

Animal studies have shown that Mg plays an important role on bone tissue
and that its deficiency may cause alterations such as greater bone fragility,
reduction in the number and volume of bone trabeculae, uncoupling,
deposition of disorganized bone matrix, and decrease of mineral content
(6-9). Other studies using animal models with different levels of Mg
deficiency showed that bone loss was characterized by a decreased

volume of trabecular bone followed by increased release of substance P
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and TNFa. These factors are believed to mediate the increased
osteoclastic activity and bone resorption associated with Mg deficiency. In
addition, decreased secretion of PTH has been observed in animals with
concomitant calcium (Ca) deficiency, which may contribute to the
decrease of bone formation (7, 10, 11). There also seems to exist an
interference in the RANK-RANKL-OPG (Receptor activator of nuclear
factor kB- Receptor activator of nuclear factor k3 Ligant-Osteoprotegerin)
axis, with predominance of RANKL over OPG under conditions of severe
Mg deficiency, which would favor bone resorption (12). On the other hand,
supplementation of Mg and Ca increased serum OPG levels, with

consequent inhibition of bone resorption in ovariectomized rats (13).

Deficiency of Mg also affects the inflammatory process and immunological
response, with increased production of inflammatory mediators, such as
IL-18 and TNF-a. Even short-term (4 days) deficiency of Mg increased
activation of macrophages and also serum levels of IL-6, indicating a role

of Mg in the innate immune response (14).

Periodontitis is a multifactorial inflammatory disease initiated and
maintained by microorganisms of the dental biofilm, which affects the
supporting structures of the teeth. In spite of its infectious nature,
behavioral, genetic and host-related factors ultimately determine the
severity, susceptibility and progression of the disease (15, 16). The
immunoinflammatory process of periodontal disease is regulated by

chemokines, cytokines and prostaglandins (17). Activated lymphocytes,
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macrophages and neutrophils present in the inflamed gingival tissue,
secrete inflammatory mediators such as IL183, TNFa, PGE,, IL2, IL4, IL6,
IL10 (16, 17). Animals fed a Mg-deficient diet had increased plasma levels
of several of these mediators, namely IL13, TNFa, PGE, and IL6 (5, 7, 12,
18). In addition, the nature of the immune cells present in the gingival
tissues of animals on a Mg-deficient diet were increased in humber and
activity (18-21), suggesting that it might alter the progression of

periodontal disease.

The relevant role played by Mg in the inflammatory process and bone
metabolism raised the hypothesis that deficiency of Mg could also
influence the inflammation-associated alveolar bone loss that is the
hallmark of destructive periodontitis. In this study we determine the effect
of severe Mg deficiency on both systemic bone homeostasis and alveolar

bone loss associated with ligature-induced periodontitis.

Materials and methods
Animals

The study protocol was approved by the Ethics in Animal
Research Committee of the School of Dentistry at Araraquara (UNESP,
Brazil) in compliance with the applicable ethical guidelines and regulations
of the International Guiding Principles for Biomedical Research Involving

Animals.
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This study included 30 rats (Rattus Norvegicus, albinus, Holtzman), 60
days old, weighing approximately 180g that were randomly divided into
two groups (n=15) according to their diet. The control group (CTL) was fed
regular rat chow with normal concentration of magnesium (507 mg/kg)
(22); and the magnesium deficient group (Mg) was fed rat chow with 90%
reduction in the normal Mg content (50.7 mg/kg). The animals were kept in
individual stainless steel cages under controlled environmental conditions.
Animals received a daily ration of 25¢g of standard or Mg deficient rat chow

(23) and distilled water ad libitum.

The rat chow used in this study was prepared according to AIN-93
(American Institute of Nutrition) for maintenance of rodents (22, 24). It was
formulated by a specialized company (Pragsolucdes Biociéncia, Jau, SP,
Brazil) and was chemically analyzed for determination of the centesimal

composition to ensure the Mg content.

Experimental protocol

The animals received the standard (CTL) or the Mg deficient rat chow for
60 days previously to the beginning of the experimental period in order to
induce systemic magnesium deficiency in the test group (Mg) on Day O

(start of the experimental period) (11).

The experimental period (day O, after 60 days on the

assigned rat chow) the animals were anaesthetized with a combination of
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ketamine chloridrate (0.08 mL/100g body weight) (Ketamina Agener,
Agener Unido Ltda, Sado Paulo, SP, Brazil ) and xylazine chloridrate 2%
(0.04 mL/100g) (Rompum, Bayer S.A., Sdo Paulo, SP, Brazil) and the
lower left first molars received a cotton thread ligature tied around the
cervical portion of the teeth. The first molars on the right side were kept as
healthy controls. Thirty days after ligature placement (90 days of the
beginning of the study), all animals were euthanized by an overdose of

general anesthetics.

Biochemical evaluations

Blood samples were collected from caudal artery early in the morning on
the day of euthanasia. Serum levels of Magnesium (Magnésio, Labtest
Diagnostica SA, Lagoa Santa, MG, Brazil) and Calcium (Calcio Arsenazo
Liquiform, Labtest Diagnostics SA, Lagoa Santa, MG, Brazil) were
determined with a colorimetric method. Enzyme-linked immunosorbent
assays (ELISA) determined the serum concentrations of osteocalcin
(OCN) (Rat Osteocalcin EIA Kit, Biomedical Technologies Inc., Stoughton,
MA, USA) and parathyroid hormone (PTH) (Rat Total Intact PTH ELISA
Kit, Scantibodies Laboratory Inc., Santee, CA, USA). Deoxypyridinoline
(DPD) levels in the urine were measured by ELISA (DPD Metra®, Quidel
Corporation, San Diego, CA, USA) and corrected for urinary concentration
of creatinine (Creatinina ref. 35-100, Labtest, Lagoa Santa, MG, Brazil)

(DPyr/creatinine; nM/mM) that was determined with a colorimetric method.
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Bone densitometry

Bone mineral density (BMD) of the femur and lumbar vertebrae were
measured by Dual Energy X-Ray Absorptiometry (DXA) using a
densitometer (Discovery QDR, Hologic, Bedford, MA, USA) in the high-
resolution mode and the software “Small Animal” supplied by the
densitometer's manufacturer. Data area was expressed in g/cm? (Figures

2A, B and C).

Alveolar bone density

The right (no ligature control) hemimandibles from 10 rats of each group
were radiographed with a direct digital imaging system — CDR (Shick
Technologies Inc., Long Island, NY, USA). Exposure of the digital sensor
was set to 70 KVp and 10 mA/15 pulses per second. Specimens were
positioned perpendicular to the central beam and parallel to the sensor at
a standardized focus to sensor distance of 40 cm. An aluminum step-
wedge was positioned on the sensor, next to the specimens as a
reference for relative densitometry. TIFF (Tagged Image File Format)
image files without compression were used with the image analyzer
software (Pragsolucdes Biociéncia, Jau, SP, Brazil).

A single trained and calibrated examiner blind to the experimental group

coding of the images evaluated all the digital radiographies. The pixel
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intensity on the image of each step of the aluminum reference was used to
determine the relative bone density (expressed in aluminum equivalents,
AlLLEq.) in each of the three regions of interest (ROIS) presented at Figure

2D and E.

Measurement of periodontal bone loss

Gingival soft tissues of the left hemimandibles (ligature side) were
removed, stored in trizol in -80°C and used for subsequent RT-PCR
analysis. The specimens were soaked in 3% hydrogen peroxide for 24 h in
order to remove remaining soft tissues and subsequently stored in 70%
ethanol. Linear and area measurements of periodontal bone loss were
performed on the buccal side of the molars on the defleshed left
hemimandibles of 10 rats of each group. The distance from cemento-
enamel junction to the alveolar crest (CEJ to AC) was measured on the
long axis of each root of the first molar (Figure 3A) and the alveolar bone
loss area was assessed including first and second molars (Figure 3B),
under magnification of x25. Measurements were made by using image
analyzer software (ImageJ — 1.40g/Java 1.6.0, National Institute of Health,

USA - http://rsb.info.nih.gov/ij/).

Histological analysis
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The left mandibles of 5 animals per group were fixed in 4% neutral
buffered formalin for 48 hours and decalcified for 28 days in 10%
ethylenediamine tetra-acetic acid (EDTA, pH 6.9), changing the solution
every 24 hours. After decalcification, the samples were dehydrated in
graded concentrations of ethanol and embedded in paraffin. Serial
sections (5 um thick) were obtained on the sagittal plane. After staining
with hematoxylin and eosin (HE), digital images were obtained with a
Olympus BX-51 light microscope and analyzed. A single trained examiner
who was blind to the experimental groups analyzed these images (Image
Pro-Express 6.0; Olympus, Tokyo, Japan) measuring the linear distance
between the cementum-enamel junction (CEJ) and the junctional

epithelium (JE)

RNA isolation and reverse transcription— polymerase chain reaction

(RT-PCR)

Gingival tissues surrounding both lower first molars of 10 animals were
collected separately, and homogenized with a dounce homogenizer in
Trizol reagent (Invitrogen Corporation, Carlsbad, CA, USA).

The mRNA expression of receptor-activor of nuclear factor-kB ligand
(RANKL), osteoprotegerin (OPG) and interleukin 6 (IL-6) was assessed by
reverse transcription polymerase chain reaction (RT-PCR). Total RNA was
isolated from tissue homogenates in Trizol according to the manufacturer’'s

instructions (Promega Corporation, Sunnyvale, CA, USA). The quantity
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and purity of total RNA were determined on a Biomate 3 (Thermo Fisher
Scientific Inc, Waltham, MA, USA) spectrophotometer. Isolated RNA (700
ng/uL) was reverse transcribed using the Improm Il system (Promega
Corporation, Sunnyvale, CA, USA) in the presence of random primers
(Invitrogen Corporation, Carlsbad, CA, USA). The subsequent
complementary DNA was amplified by PCR reaction, in a MyCycler
thermocycler (Bio-Rad Laboratories Inc., Hercules, CA, USA), with Taq
DNA polymerase (Invitrogen Corporation, Carlsbad, CA, USA) using
previously optimized conditions. The primer sequences used for DNA
amplification and PCR conditions are shown in Table 1. Amplification of
the B-actin gene (Invitrogen Corporation, Carlsbad, CA, USA) was used as
an internal control. The PCR products were resolved by electrophoresis on
1.5% (w/v) agarose gels containing ethidium bromide (0.5 mg/mL) to
visualize the PCR products. The amplified DNA bands were analyzed
densitometrically after digital imaging capture (Image Quant 100 — GE
Healthcare Fairfield, CT, USA ), using Image J 1.32) software (National
Institute of Health, USA — http://rsb.info.nih.gov/ij/). The density of the
bands corresponding to RANKL, OPG and IL6 mRNA in each sample was

normalized to that of the band for the housekeeping gene (B-actin).

Data analysis

Statistical analyses were performed using GraphPad Prism (GraphPad

Prism 5.0, San Diego, CA, USA). Mann Whitney’s test was conducted for
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comparisons between groups for all analyzed parameters. Significance

level was set at 5%.
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Results
Bone remodeling biomarkers in serum and urine

The effectiveness of the experimental model is confirmed by statistically
significant decrease of the serum concentration of Magnesium (Figure 1A)
on the experimental (Mg) group when compared to control (CTL)
(p<0.0001). There was no difference between groups on serum levels of

Calcium (Figure 1B).

Magnesium deficiency was associated with significant increases on serum
levels of PTH (p=0.037) and urinary DPD (p=0.030) (Figure 1C and 1D,
respectively). Although serum concentration of OCN was reduced in the
Mg group (Figure 1E), the difference was not statistically significant

(p=0.0906).

Bone densitometry

Bone mineral density in the Mg group was significantly reduced for both
femur (p=0.0079) and lumbar vertebrae (p=0.0010) (Figure 2C). The
relative radiographic density of the alveolar bone on right side (no ligature
control) of the mandible was also significantly lower values in the Mg
group on ROI 1 (p=0.0076). There were no statistically significant
differences between groups on ROI 2 (p=0.3207) and ROI 3 (p=0.2238)

(Figure 2E).
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Inflammation-associated alveolar bone resorption

Both linear (Figure 3C; p=0.007) and area (Figure 3D; p=0.0379)
measurements indicate a significantly greater resorption of alveolar bone
in the left (ligature side) hemimandibles on the Mg deficient group. Figures
3E and 3F are representative of the macroscopic bone loss pattern for

CTL and Mg groups, respectively.

Morphological Findings

In HE-stained sections, the healthy periodontium (right side, no ligatures)
exhibited a typical interdental papilla between the molars for both groups.
Usually, the apical portion of the junctional epithelium was situated at the
cementum-enamel junction; bundles of collagen fibers were subjacent to
the junctional epithelium. In the narrow periodontal space several collagen
bundles and fibroblasts were observed. On the other hand, evident
destruction and inflammatory infiltrate were observed in the periodontium
with ligature-induced periodontal disease (left side) on both CTL (Figure
4A-4C) and Mg groups (Figures 4D-4E). The interdental papilla was
severely inflamed with extensive degradation and disorganization of
collagen and loss of epithelium; the junctional epithelium was juxtaposed
to the cementum surface, apically to the cementum-enamel junction
(Figures 4A, 4B and 4D). Moreover, the alveolar bone crest was partially

resorbed (Figures 4A and 4D); several osteoclasts were observed in
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eroded bone sufaces of the alveolar process in the rats from the Mg group
(Fig. 4F). In fact, resorption of the alveolar bone crest was significantly
(p=0.0286) greater on the Mg group, as indicated by linear measurements

between the CEJ and the bone crest.

An inflammatory infiltrate was found in the gingival mucosa (Figures 4D
and 4E) and on the periodontal space on the furcation region in both CTL
and Mg groups; but the severity of the inflammation was markedly greater

on the Mg group (Figures 4A, 4C and 4D).

Regulation of genes related with bone tissue turnover

Although the mMRNA expression levels of RANKL, OPG and IL6 were not
significantly different between Mg and CTL groups in both healthy (right
side) and diseased (left side) gingival tissues, Figure 5 indicates a discrete
increase in RANKL and OPG mRNAs and a decrease of IL6 mRNA
expression on the healthy gingival tissues (right side) from Mg group.
Similarly, a distinct (albeit not statistically significant) decrease on OPG
and increase on IL-6 mRNA is observed on periodontal disease gingival

tissues (left side).

The regulation of the expression of these candidate genes was also
evaluated compared between healthy (right side) and diseased (left side)
gingival tissues within the same experimental group (Mg and CTL). There

were no differences between healthy and diseased tissues on the mRNA
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expression of these genes in CTL group (RANKL p=0.2197; OPG
p=0.591; IL6 p=0.9733). However, mMRNA expression of OPG (p=0.0061)
was significantly reduced and the mRNA expression of IL6 (p=0.0089) was
significantly increased in the diseased tissues of the Mg group, whereas
RANKL mRNA expression was not significantly regulated (p=0.0978,

Figure 5C).

Discussion

Magnesium deficiency is more prevalent in industrialized countries, where
diet habits negatively affects the intake amount and absorption of this
mineral (21, 25, 26) . Under physiological conditions, Magnesium plays a
critical role in regulating bone and mineral metabolism (5-7, 10-12), which
suggests that its deficiency may have deleterious effects on the
homeostasis of mineralized tissues. In this study, we show that
magnesium deficiency has a direct effect on bone metabolism, as
supported by a significant decrease of bone mass in the femur and lumbar
vertebrae of experimental animals. Furthermore, we also present data
indicating that Mg deficiency augments the severity of alveolar bone loss
induced by experimental periodontal disease, demonstrating that Mg plays
a role not only in bone homeostasis but also in the modulation of bone
turnover associated with an immunoinflammatory process. It is well known
that macro and micronutrients modulate the inflammatory and immune

response (21, 27, 28). Several studies reported that experimental
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magnesium deficiency in rats induced clinical inflammatory syndrome after
a few days of deficiency, mainly characterized by the increased number
and activation of leukocytes and neutrophils (18, 19, 21, 29). One of the
mechanisms related to the increased bone loss associated with Mg
deficiency is its indirect modulation of PTH secretion and action. Depletion
of Mg was shown to disturb Calcium homeostasis, which is followed by an
increase of PTH secretion and subsequent mobilization of Calcium from
the bones (7, 30, 31). In the present study, serum level of magnesium was
significantly reduced in the Mg group, demonstrating the effectiveness of
our experimental protocol for a diet-induced deficieny of Mg; however
Calcium serum levels were not altered. We did observe a significant
increase on serum levels of PTH in the Mg group. PTH is considered a
bone-resorbing factor when present in sustained elevated systemic levels
(32), and this role may be related to the maintenance of the serum
Calcium levels in the Mg group, due to increased mobilization of Ca from
the bones. The differences between our findings and previous reports
indicating a change in Ca levels with Magnesium deficiency may be
attributed to the severity of the deficiency and other experimental model
characteristics. The role of Magnesium deficiency on the decrease of bone
mass is further supported by the changes on bone turnover markers: a
significant increase of urinary DPD and a clear, albeit not statistically
significant, decrease for serum OCN levels on Mg group when compared

to the CTL group. The net result of these findings suggests uncoupling of
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bone turnover, with increased bone resorption and impaired bone

formation in the Mg group.

Several studies have shown that magnesium deficiency is associated with
reduced bone mass (2-4, 7, 11, 12, 33, 34), and it is suggested that Mg
deficiency may lead to osteoporosis (5-8). Our findings support this
hypothesis, as we verified a significant loss of bone mass, demonstrated
by decreased BMD values in femur and lumbar vertebrae of the

experimental animals 90 days after the onset of magnesium deficiency.

Alveolar bone may be less sensitive to Magnesium deficiency effects,
since we observed a significant decrease on relative bone density on only
one region of interest, out of three different areas assessed on the
mandible. The fact that BMD was significantly affected by Mg deficiency
on femur and lumbar vertebrae, but not on the mandible suggests a site-
specific effect that may be related with anatomical features of different
bones or load-bearing characteristics of these bones. Even though we
have to consider the different experimental approaches used to evaluate
BMD on the femur, vertebrae (DXA) and alveolar bone (digital
radiography), it is tempting to speculate that the irregular shape, occlusal
forces generated by gnawing behavior and the type of mechanical stress
transmitted to the mandible of the rodents plays a role bettering the

improved maintenance of the BMD in the mandible (35).



93

Alveolar bone loss is the hallmark event in periodontitis. Our model
induced alveolar bone loss, which was of significantly greater severity in
the Mg group, represented by greater distance between the cementum-
enamel junction and the bone crest (vertical bone loss) and by a greater
area of exposed root surface (area of bone loss). This greater bone loss
appears to be at least in part caused by increased resorptive activity, since
the histomorphological findings show an increased prevalence of
osteoclasts adjacent to resorption surfaces of the alveolar process in the
Mg group in comparison with the CTL group. The morphological findings
indicate a marked increase of the linear distance between the cementum-
emanel junction and the apical limit of the junctional epithelium in the Mg
group, supporting the findings of increased bone loss in the macroscopic

analysis.

Since alveolar bone loss was affected by Mg deficiency, we evaluated the
regulation of bone-related cytokines IL-6, RANKL and OPG. There was no
difference on the expression of these genes when comparing healthy and
diseased sites between the experimental groups (CTL and Mg). However,
there was a significant increase on IL-6 and decrease on OPG mRNA
expression in the periodontal disease sites of the Mg- group. This
suggests that Mg deficiency may aggravate the inflammatory reaction
associated with periodontal disease. This increased severity of
inflammation could be associated with the greater loss of alveolar bone

observed in the Mg group. Indeed, the histomorphological analysis
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indicated a greater severity of the inflammatory infiltrate, in support to this
hypothesis. It is important to bear in mind the limitations associated with
the evaluation of gene expression only at the mRNA level (e.g., limited
half-life of the mRNA, lack of correspondence between mRNA and protein
levels) and also to consider that the RNA used for this analysis was
obtained from the connective tissues overlaying the alveolar bone. These
limitations may account for the lack of regulation on RANKL mRNA. With
these methodological limitations in mind, the increase on IL-6 mMRNA in the
periodontal disease sites of the Mg group may be associated with
enhanced resorptive activity and indirectly also with the impaired
expression of OPG. Liu et al. (36) reported a cross-talk between IL-6 and
PGE2 on osteoclast activation and suppression of OPG production by
osteoblasts. This indirect effect of IL-6 on bone homeostasis may be one
of the mechanisms that could explain the increased bone resorption

presented in Mg group.

In summary, our findings indicate that magnesium deficiency is associated
with systemic loss of bone mass and increased resorption of alveolar bone
in the presence of periodontal disease-associated inflammation. These
results suggest that Mg deficiency may influence on severity of periodontal
disease. Further studies are necessary to obtain insight into the biological
mechanisms involved in the modulation of bone turnover both in the

presence and in the absence of inflammation. This knowledge may
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disclose a relevant and therapeutically accessible factor involved in the

control of bone metabolism.

Acknowledgments

This study was supported by the Sdo Paulo State Research Support
Foundation (FAPESP), grants # 2006/05774-0 and 2008/04855-2 and by
the Coordination for Improvement of Higher Education Personnel
(CAPES) of the Brazilian Ministry of Education. No conflicts of interest are

related to this paper.

References

(1) Maguire ME, Cowan JA. Magnesium chemistry and biochemistry.

Biometals 2002; 15: 203-210.

(2)  Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PW, Kiel DP.
Potassium, magnesium, and fruit and vegetable intakes are
associated with greater bone mineral density in elderly men and

women. Am J Clin Nutr 1999; 69: 727-736.

3) New SA, Bolton-Smith C, Grubb DA, Reid DM. Nutritional
influences on bone mineral density: a cross-sectional study in

premenopausal women. Am J Clin Nutr 1997; 65: 1831-18309.



(4)

()

(6)

(7)

(8)

(9)

(10)

96

Freudenheim JL, Johnson NE, Smith EL. Relationships between
usual nutrient intake and bone-mineral content of women 35-65
years of age: longitudinal and cross-sectional analysis. Am J Clin

Nutr 1986; 44: 863-876.

Rude RK, Gruber HE. Magnesium deficiency and osteoporosis:
animal and human observations. J Nutr Biochem 2004; 15: 710-

716.

Rude RK, Gruber HE, Wei LY, Frausto A, Mills BG. Magnesium
deficiency: effect on bone and mineral metabolism in the mouse.

Calcif Tissue Int 2003; 72: 32-41.

Rude RK, Gruber HE, Norton HJ, Wei LY, Frausto A, Kilburn J.
Reduction of dietary magnesium by only 50% in the rat disrupts

bone and mineral metabolism. Osteoporos Int 2006; 17: 1022-1032.

Carpenter TO, Mackowiak SJ, Troiano N, Gundberg CM.
Osteocalcin and its message: relationship to bone histology in

magnesium-deprived rats. Am J Physiol 1992; 263: E107-114.

Robins SP, New SA. Markers of bone turnover in relation to bone

health. Proc Nutr Soc 1997; 56: 903-914.

Rude RK, Gruber HE, Norton HJ, Wei LY, Frausto A, Kilburn J.

Dietary magnesium reduction to 25% of nutrient requirement



(11)

(12)

(13)

(14)

(15)

97

disrupts bone and mineral metabolism in the rat. Bone 2005; 37:

211-219.

Rude RK, Gruber HE, Norton HJ, Wei LY, Frausto A, Mills BG.
Bone loss induced by dietary magnesium reduction to 10% of the
nutrient requirement in rats is associated with increased release of
substance P and tumor necrosis factor-alpha. J Nutr 2004; 134: 79-

85.

Rude RK, Gruber HE, Wei LY, Frausto A. Immunolocalization of
RANKL is increased and OPG decreased during dietary

magnesium deficiency in the rat. Nutr Metab (Lond) 2005; 2: 24.

Bae YJ, Kim MH. Calcium and Magnesium Supplementation
Improves Serum OPG/RANKL in Calcium-Deficient Ovariectomized

Rats. Calcif Tissue Int 2010; 87: 365-372.

Nishimoto SK, Chang CH, Gendler E, Stryker WF, Nimni ME. The
effect of aging on bone formation in rats: biochemical and
histological evidence for decreased bone formation capacity. Calcif

Tissue Int 1985; 37: 617-624.

Meisel P, Schwahn C, Luedemann J, John U, Kroemer HK, Kocher
T. Magnesium deficiency is associated with periodontal disease. J

Dent Res 2005; 84: 937-941.



(16)

(17)

(18)

(19)

(20)

(21)

(22)

98

Kinane DF, Mark Bartold P. Clinical relevance of the host

responses of periodontitis. Periodontol 2000 2007; 43: 278-293.

Ishikawa |. Host responses in periodontal diseases: a preview.

Periodontol 2000 2007; 43: 9-13.

Malpuech-Brugere C, Nowacki W, Daveau M, et al. Inflammatory
response following acute magnesium deficiency in the rat. Biochim

Biophys Acta 2000; 1501: 91-98.

Bussiere Fl, Gueux E, Rock E, et al. Increased phagocytosis and
production of reactive oxygen species by neutrophils during
magnesium deficiency in rats and inhibition by high magnesium

concentration. Br J Nutr 2002; 87: 107-113.

Nakagawa M, Oono H, Nishio A. Enhanced production of IL-1beta
and IL-6 following endotoxin challenge in rats with dietary

magnesium deficiency. J Vet Med Sci 2001; 63: 467-4609.

Mazur A, Maier JA, Rock E, Gueux E, Nowacki W, Rayssiguier Y.
Magnesium and the inflammatory response: potential
physiopathological implications. Arch Biochem Biophys 2007; 458:

48-56.

Reeves PG. Components of the AIN-93 diets as improvements in

the AIN-76A diet. J Nutr 1997; 127: 838S-841S.



(23)

(24)

(25)

(26)

(27)

(28)

(29)

99

Shinjo S, Asato L, Arakaki S, et al. Comparative effect of casein
and soybean protein isolate on body fat accumulation in adult rats.

J Nutr Sci Vitaminol (Tokyo) 1992; 38: 247-253.

Reeves PG, Nielsen FH, Fahey GC, Jr. AIN-93 purified diets for
laboratory rodents: final report of the American Institute of Nutrition
ad hoc writing committee on the reformulation of the AIN-76A

rodent diet. J Nutr 1993; 123: 1939-1951.

Bergman C, Gray-Scott D, Chen JJ, Meacham S. What is next for
the Dietary Reference Intakes for bone metabolism related nutrients
beyond calcium: phosphorus, magnesium, vitamin D, and fluoride?

Crit Rev Food Sci Nutr 2009; 49: 136-144.

Johnson S. The multifaceted and widespread pathology of

magnesium deficiency. Med Hypotheses 2001; 56: 163-170.

Chapple IL. Potential mechanisms underpinning the nutritional
modulation of periodontal inflammation. J Am Dent Assoc 2009;

140: 178-184.

Cunningham-Rundles S, McNeeley DF, Moon A. Mechanisms of
nutrient modulation of the immune response. J Allergy Clin Immunol

2005; 115: 1119-1128; quiz 1129.

Bussiere FI, Tridon A, Zimowska W, Mazur A, Rayssiguier Y.

Increase in complement component C3 is an early response to



(30)

(31)

(32)

(33)

(34)

(35)

(36)

100

experimental magnesium deficiency in rats. Life Sci 2003; 73: 499-

507.

Rude RK, Singer FR, Gruber HE. Skeletal and hormonal effects of

magnesium deficiency. J Am Coll Nutr 2009; 28: 131-141.

Rude RK. Magnesium deficiency: a cause of heterogeneous

disease in humans. J Bone Miner Res 1998; 13: 749-758.

Goltzman D. Studies on the mechanisms of the skeletal anabolic
action of endogenous and exogenous parathyroid hormone. Arch

Biochem Biophys 2008; 473: 218-224.

Stendig-Lindberg G, Koeller W, Bauer A, Rob PM. Experimentally
induced prolonged magnesium deficiency causes osteoporosis in

the rat. Eur J Intern Med 2004; 15: 97-107.

Kenney MA, McCoy H, Williams L. Effects of magnesium deficiency
on strength, mass, and composition of rat femur. Calcif Tissue Int

1994, 54: 44-49.

Ejiri S, Tanaka M, Watanabe N, et al. Estrogen deficiency and its

effect on the jaw bones. J Bone Miner Metab 2008; 26: 409-415.

Liu XH, Kirschenbaum A, Yao S, Levine AC. Cross-talk between
the interleukin-6 and prostaglandin E(2) signaling systems results in
enhancement of osteoclastogenesis through effects on the

osteoprotegerin/receptor activator of nuclear factor-{kappa}B



101

(RANK) ligand/RANK system. Endocrinology 2005; 146: 1991-

1998.



102

Figures

Figure 1. Biochemical evaluation of serum (Mg, Ca, PTH and OCN) and

urine (DPD) concentrations for the different groups of the study.
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Figure 2. Bone densitometry of femur (A) and lumbar vertebrae (B). (C)
graphical representation of mean * 95% confidence interval of BMD
values. In this figure is also presented a representative radiograph
showing the regions of interest (D) in which was measured the mandible

radiographic bone density (E). * p<0.05 in relation to the CTL group.
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Figure 3. Representative diagram of vertical bone loss (A) and bone loss
area (B) measured under x25 magnification. (C) and (D) represent mean £
95% confidence interval of both measurements, while (E) and (D)

represent periodontal bone loss for CTL and Mg groups respectively.
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Figures 4A-4C — Light micrograhs of a sagittal section of the periodontal
disease site of the CTL group. In 4A, the interdental papilla located
between the first and second molars is destroyed. The junctional
epithelium (JE) is juxtaposed to the acellular cementum surface, apical to
the cemento-enamel junction (CEJ). The alveolar interdental process (AP)
is formed by a thin bone septa. At furcation region, numerous

inflammatory cells (IC) are present in the wide periodontal space (PS) next
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to root surface. The regular surface of alveolar interradicular process (IP)
partially reabsorbed (arrows) is covered by osteoblasts. IG, interdental
gengiva; PL, periodontal ligament; ES, enamel space; DP, dental pulp; D,
dentine. Bar, 350um. In 4B, outlined area of 4A, the gingival mucosa
exhibits some protrusions (P) towards to the interdental space;
inflammatory cells (IC) are observed in the lamina of the gingival mucosa.
Note the presence of bundles of collagen fibers (CF) subjacent to the
gingival mucosa; some of these fibers bundles (arrows) penetrate into the
acellular cementum (AC) surface. Bar, 50um. The figure 4C, furcation
region of the figure 4A, shows numerous inflammatory cells densely
aggregated (IC) located next to the acellular cementum (AC) surface.
Some collagen fibers (CF) are observed in the periodontal ligament (PL)
subjacent to the inflammatory process (IC). Osteoblasts (arrows) cover the

bone surface of the interradicular process (IP). D, dentine. Bar, 150um.

Figures 4D-4F — Light micrograhs of a sagittal section of lower molars
with induced periodontal disease in Mg group. In 4D, likewise in the CTL
group, the interdental papilla located between the first and second molars
is destroyed; interdental gingiva (IG) exhibits a thin layer of epithelial cells
covering the lamina propria. The apical end of the junctional epithelium
(JE) is away from the cemento-enamel junction (CEJ). The alveolar
interdental process (AP), partially reabsorved, shows irregular bone
trabeculae. The periodontal space (PS), at furcation region, shows evident

enlargement; inflammatory cells (IC) are present adjacent to the root
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surface. The alveolar interradicular process is restricted to some thin
trabeculae (IP). PL, periodontal ligament; ES, enamel space; D, dentine;
DP, dental pulp. Bar, 350um. In 4E, outlined area of 4D, shows a portion
of gingival mucosa. The flattened epithelial cells (EG) cover the lamina
propria (LP) which contains numerous inflammatory cells (arrows) and
blood vessels (BV). The figure 4F, area outlined of the alveolar interdental
process (AP) in 4D, shows several osteoclasts (OC) adjacent to resorption

sufaces of the alveolar process (arrows). Ot, osteocytes. Bar, 50um.
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Figure 5. Normalized mRNA expression for RANKL, OPG and IL6 among
the different groups of the study on the healthy (A) and the periodontal
disease side (B) and the comparison of the expression of the normalized

MRNA among the healthy and periodontal disease side on the same

group (C).
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TABLE

Table 1 — Primer sequences and PCR conditions used in the study.

Gene Primers (5’ — 3’) Sense (S) and Acession# Ta Amplicon Cicles

antisense (AS) 0
(C)

TCTCAGCTGTGGTGGTGAAG- S
B-actin NM031144 57 437 bp 30

TGTCACCAACTGGGACGATA-AS

ACGCAGATTTGCAGGACTCGAC - S
RANKL F019048 60 493 bp 36
TTCGTGCTCCCTCCTTTCATC - AS

TCCTGGCACCTACCTAAAACAGCA -S
OPG U94330 57 578 bp 36
CTACACTCTCGGCATTCACTTTGG - AS

CCGGAGAGGAGACTTCACAG -S
IL-6 NM012589 56 428 bp 30

GAGCATTGGAAGTTGGGGTA - AS
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Abstract

Objectives: This study evaluated the effect of magnesium dietary
deficiency on bone metabolism and bone tissue around implants with

established osseointegration.

Materials and Methods: For this, 30 rats received an implant in the right
tibial metaphysis. After 60 days for healing of the implants, the animals
were divided into groups according to the diet received. Control group
(CTL) received a standard diet with adequate magnesium content while
test group (Mg) received the same diet except for a 90% reduction of
magnesium. The animals were sacrificed after 90 days for evaluation of
calcium, magnesium, osteocalcin and parathyroid hormone serum levels
and the deoxypyridinoline level in the urine. The effect of magnesium
deficiency on skeletal bone tissue was evaluated by densitometry of the
lumbar vertebrae while the effect of bone tissue around titanium implants
was evaluated by radiographic measurement of cortical bone thickness
and bone density. The effect on biomechanical characteristics was verified

by implant removal torque testing.

Results: Magnesium dietary deficiency resulted in a decrease of the
magnesium serum level and an increase of parathyroid hormone and

deoxypyridinoline levels (p<0.05). The Mg group also presented loss of
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systemic bone mass, decreased cortical bone thickness and lower values

of removal torque of the implants (p<0.01).

Conclusions: The present study concluded that magnesium deficient diet
had a negative influence on bone metabolism as well as on the bone

tissue around the implants.

Introduction

Magnesium is one of the most abundant minerals in the body and is
essential for several enzymes and cell functions, acting as an important
modifier of the inflammatory and immune response (Maguire & Cowan,
2002). It also plays a relevant role on bone tissue and mineral
homeostasis and may directly affect the function of bone cells and the

hydroxyapatite crystal growth (Creedon et al. 1999).

It is estimated that from 2.5% to 15% of the world population suffers from
some form of hypomagnesemia (Sabbagh et al. 2008). Magnesium dietary
deficiency may be common in industrialized countries, as reported in the
United States. (Ford & Mokdad 2003, Marx & Neutra 1997) and European
countries (Schimatschek et al. 2001; Touvier et al. 2006). Although it is a
mineral found in many foods, its absorption requires ideal conditions and
may be easily inhibited by several factors. Even after being absorbed in

the body, several substances contribute to increased kidney excretion of
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magnesium such as excessive alcohol intake, diuretics, coffee, tea, salt,
phosphoric acid and sugar, all common in diets nowadays (Johnson
2001). Some manifestations may be related to a deficiency such as
hypertension, vascular function alteration, insulin resistance and/or altered

insulin secretion (Evangelopoulos et al. 2008).

Some epidemiological studies show a positive correlation between a
magnesium deficient diet and increase in loss of bone mass and/or
decrease in bone density, which suggests that this mineral deficiency may
be a risk factor for osteoporosis (New et al. 1997; Tucker et al. 1999;
Wang et al. 1999). Animal studies with different levels of deficiency
showed bone loss, characterized by decrease of trabecular bone volume,
followed by increase in the release of pro-inflammatory cytokines and
alteration in secretion and action of the parathyroid hormone (PTH),
contributing to the decrease in bone formation (Rude et al. 2004; Rude et
al. 2005; Rude et al. 2006). For a prolonged period (12 months), a
magnesium deficient diet induced the bone mass loss of lumbar vertebrae
and femurs in addition to biomechanical and histomorphometric changes
of bone tissue in rats, similar to those in human osteoporosis (Stendig -
Lindberg et al. 2004). For this reason it was hypothesized that bone
changes caused by magnesium deficiency could be a risk factor for
maintenance of the implants to the extent that they affect bone

remodeling.
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The purpose of this study was to evaluate the effect of magnesium
deficiency on systemic bone metabolism and bone tissue around implants

with established osseointegration.

Materials and Methods

Animals

This study was approved by the Animal Experimentation Ethics Committee

of the Araraquara Dental School - UNESP (Protocol# 20/2006).

Thirty 60 days-old rats (Rattus Norvegicus, albinus, Holtzman) were used
in this study. The animals were kept in individual stainless steel cages in

the animal facility with controlled temperature, humidity and light exposure.

Animals were divided into two groups (n = 15) according to their diet. The
control group (CTL) was fed on a diet with standard daily magnesium
content (507 mg/kg of Mg) according to AIN-93 (American Institute of
Nutrition) for maintenance of rodents (Reeves et al. 1993; Reeves 1997).
The test group (Mg) was fed on a diet with 90% reduction in the
magnesium content (50.7 mg/kg of Mg). Body weight was monitored

weekly to assess the animal’s growth.



116

Study Design

On day 0, all animals underwent surgery for implants placement in the left
tibia. The animals received the standard diet during the 60 days required
to the healing of the implants (Clokie & Warshawasky 1995). For the next
90 days the control group continued to receive the standard diet while the
Mg group was given the standard diet with magnesium reduction. At 150

days, all animals were sacrificed by deep anesthesia (Figure 1).

Surgical procedure

The animals were anaesthetized with a combination of ketamine
chloridrate (Ketamina Agener, Agener Unido Ltda, Sdo Paulo, SP, Brazil)
at a concentration of 0.08 ml/100g body weight and 2% xylazine
chloridrate (Rompum, Bayer S.A., Sao Paulo, SP, Brazil) at a
concentration of 0.04 ml/100g. Next, the animals were submitted to
preoperative trichotomy in the inner region of the leg and asepsis with

povidone iodine solution.

An incision was made in layers on the tibial metaphysis. Underlying bone
was subjected to osteotomy under abundant irrigation, carried out with a
start drill of 1.8 mm for accommodation of the titanium implant (aluminum

sand-blasting and acid etched surface), 4.0 mm long and 2.2 mm in thick
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(Conexao Sistemas de Proteses Ltda., Aruja, SP, Brazil). The tissue was
sutured with silk thread 4-0 (Ethicon * - Division of Johnson & Johnson

Medical Limited, Sao Jose dos Campos, SP, Brazil).

The animals received a intramuscular dose of penicillin associated with
streptomycin (Pentabiotic Pequeno Porte, Fort Dodge®, Campinas, SP,
Brazil), 0.1 ml / kg of bodyweight and 5 mg / kg of dexamethasone
intramuscular (Dexter - Agener ®, Agener Unidao Ltda., Sao Paulo, SP,

Brazil) immediately after surgery.

Biochemical evaluations

The animals were kept in metabolic cages for urine collection during 24
hours before sacrifice, for later dosage of deoxypyridinoline (DPD) (DPD
Metra ® - Quidel Corporation, San Diego, CA, USA) level by the ELISA

method.

At sacrifice, a blood sample was taken by caudal artery puncture for
determination of magnesium (Magnésio - Labtest Diagnostica SA, Lagoa
Santa, MG, Brazil) and calcium (Calcio Arsenazo Liquiform - Labtest
Diagnostics SA , Lagoa Santa, MG, Brazil) serum levels by colorimetric
method. Osteocalcin (OCN) (Rat Osteocalcin EIA Kit - Biomedical

Technologies Inc., Stoughton, MA, USA) and parathyroid hormone (PTH)
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(Rat Total Intact PTH ELISA Kit - Scantibodies Laboratory Inc., Santee,

CA, USA) serum levels were evaluated by ELISA method.

Bone densitometry

Bone densitometry was obtained by Dual-energy X-ray Absorptiometry
(DXA) using a densitometer (Discovery-A SN: 80999 Hologic, Bedford,
MA, USA) in "High Resolution" mode with analysis by “Small Animal"
software, supplied by the equipment manufacturer. For this overall BMD
measurements were taken as well as those of the lumbar vertebrae 2 (L2),

3 (L3) and 4 (L4).

DXA accuracy for determination of BMD was evaluated by the coefficient
of variation, expressed as a percentage of the average (Grier et al. 1996).
For this, five consecutive measurements of each anatomical region of the

same sample were made. The coefficient of variation obtained was 1.9%.

Image acquisition

Radiographic images of the implants were obtained by a direct digital

imaging system - CDR (Computed Dental Radiography for Microsoft
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Windows - Shick ® Technologies Inc., Long Island, NY, USA). In order to
standardize images, tibia with implants and sensor were placed into a rigid
positioning device where the long axis of the implant were perpendicular to
central X-ray beam and parallel to sensor at a focus distance of 40 cm.
The sensor was exposed to X-rays of 70 KVp and 10 mA for a 15 pulses
per second exposure period. Images were stored in TIFF (Tagged Image
File Format) without image compression and analyzed by image analysis
software (Adobe® Photoshop® CS2 9.0, Adobe System Incorporated, San

Jose, CA, USA).

Radiographic bone density

Tibia radiographies were evaluated by a single blinded and calibrated
examiner. Radiographic bone density was obtained by measuring the gray
level (histogram) in an area of 5x5 pixels at six different points: cortical
(upper and lower) and medullar region, on both sides of the implant

(Figure 2).

Calculation of bone density was performed by first obtaining the average
of gray level values in each region of interest and then the values of gray

level of the implant. The value of the regions of interest was divided by the
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relative value of the implant to compensate small differences among

radiographs.

Cortical bone thickness

Thickness of the tibial cortical (upper and lower) was assessed by
radiographic images by a blinded calibrated examiner. The measured
region was standardized at 1 mm from the implant. An image analyzer
software (Image Tool) was used for linear measurement in millimeters of
each cortical on both sides of the implant. Mean values were obtained for

each cortical bone.

Removal torque test

Analysis of the removal torque of implants was immediately performed
after the euthanization of the rats. The tibial implant was exposed, and the
bone block attached to a vise for stabilization. A 0.88 mm wrench was
adapted to the internal connection of the implant and torque was
measured with a torque gauge (ATG24CN-S, Tohnichi MFG Co. LTD.
Tokyo, Japan) on a scale of 0.5 N.cm with force ranging from 3 to 24

N.cm. A reverse force was applied until complete rupture of the bone-
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implant interface, and the force needed to cause displacement of the

implant in the bone tissue was recorded.

Data analysis

Body weight, biochemical evaluation, radiographic bone density, bone
densitometry, cortical bone thickness and removal torque data were
submitted to Mann Whitney (Graphpad Prism 5, San Diego, USA).

Significance level was 5%.

Results

Body weight

Analysis of the animal weight shows that there was a measurable gain for
both groups during the experimental period. At study onset a significant
difference between groups was shown (p=0.0048). However, at baseline
and the end of the experiment, no significant difference was found

between groups (Table 1).

Biochemical evaluations
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Results showed a statistically significant decrease in magnesium serum
levels for the Mg group as compared to control (p<0.0001). However, for

calcium serum levels no difference was found (Figure 3).

Serum levels of OCN showed no significant difference between groups;
however there was a tendency (p=0.0906) for reduction in marker
concentration when comparing groups. Regarding PTH (p=0.0377) and
DPD (p=0.0303) levels, there were statistically significant differences

between groups disclosing higher values for the Mg group (Figure 3).

Bone densitometry

Bone densitometry showed significantly lower BMD values for lumbar
vertebrae in the Mg group as compared to control group for all regions
studied, L2 (p=0.0040), L3 (p=0.0028), L4 (p=0.0009) and global

(p=0.0010) (Figure 4).

Analysis of radiographic bone density and cortical bone thickness

There was no difference between groups in radiographic bone density

around implants (Table 2). On the other hand, upper (p<0.0001) and lower
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(p=0.0436) cortical thickness was shown to be significantly reduced for the

Mg group compared to the control group (Figure 5).

Removal torque

Removal torque for the Mg group was significantly lower than control

group (p=0.0105) (Figure 6).

Discussion

Systemic conditions, particularly those resulting in bone tissue changes
are viewed as important factor for implant treatment predictability (Marco
et al. 2005). Within this respect, magnesium deficiency could be
considered as a risk factor for osseointegrated implant, as it is recognized
to affect bone metabolism (Creedom et al. 1999; Rude et al. 2004; Rude &

Gruber 2004; Stendig-Lindberg et al. 2004).

In the present study magnesium deficiency was induced for three months
of dietary reduction of mineral content, demonstrated by its decreased
serum levels. Calcium is a mineral antagonist to magnesium and in

animals there may be a tendency to increase serum level in proportion to
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magnesium deficiency (Meisel et al. 2005; Bussiére et al. 2002), which

agrees to this study (Figure 3).

Bone turnover is a physiological complex process that involves not only
interaction among cells and bone matrix, but also a variety of systemic and
local regulation factors that coordinate cell proliferation and activity (Marco
et al. 2005; Takayanagi 2005). Many studies report that magnesium
deficiency has a particular influence on bone mass loss (Creedon et al.
1999; Rude et al. 2003; Rude et al. 2004; Rude et al. 2005; Rude et al.
2006; Rude & Gruber 2004). This effect was observed in diets with
different magnesium contents ranging from lesser (50% of NR) to the most
severe restrictions (0.04% of NR), showing higher bone mass loss when
the deficiency is increased (Rude et al. 2003; Rude et al. 2004; Rude et al.
2005; Rude et al. 2006; Rude & Gruber 2004; Del Barrio et al.). In the
present study, bone densitometric analysis of lumbar vertebrae disclosed
bone mass loss statistically significant for the Mg group as compared to

control (Figure 4), agreeing with Rude et al. (2004).

Successful treatment with osseointegrated implants depends, among
other factors, on formation of a rigid anchorage to the bone, which
provides biomechanical stability (Shibata et al. 2008). Different geometries
and properties of cortical and cancellous bone may affect this stability by
deformation of the bone crest around endosteal implants (Petrie &

Williams, 2007).
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The effect of magnesium deficiency on bone tissue around implants with
established osseointegration was evaluated in this study by radiographic
bone density, measurement of cortical bone thickness and removal torque.
Results showed that magnesium deficiency had a negative effect on the
peri-implant cortical bone significantly reducing tibial cortical thickness

(Table 2 and Figure 5).

Changes in cortical thickness greatly influences deformation of the peri-
implant bone crest when submitted to occlusal load. By finite element
analysis, it was found that low density cancellous bone and cortical bone
thinning is more likely to undergo resorption when compared to bone
tissue with thicker cortical and high density cancellous bone, which could

interfere in the treatment predictability (Petrie & Williams 2007).

However, assessment of radiographic bone density around implants
showed no significant difference between groups (Table 2). Although this
methodology has been previously used to evaluate peri-implant bone
tissue (Sakakura et al. 2006; Giro et al. 2008; Sakakura et al. 2008), in this
study the absence of difference between groups might be due to
technique limitations when compared with DXA or the relatively short

period of deficiency, resulting in changes not detected by this analysis.

Although no difference was found between groups for radiographic bone
density, changes in bone morphology and size of hydroxyapatite crystals,

affecting bone architecture may have taken place around implants in Mg
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group (Boskey et al. 1992; Creedon et al. 1999; Rude et al. 2005; Rude et
al. 2006). This uneven configuration of bone structure may cause
structural weakness, creating microfractures of the trabeculae and
changing biomechanical behavior. Such a structural change in
hydroxyapatite crystals could not be detected by the related method, since
the crystals affected geometry may be masked under a bone structure
with a radiographic density similar to that of the control group. However,
such morphological changes together with decreased cortical thickness
may explain the difference in biomechanical behavior in view of the

reduced implant removal torque for the Mg group (Figure 6).

Several mechanisms may induce bone mass decrease related to this
deficiency, such as hormone regulation (PTH), stimulation of pro-
inflammatory cytokines (IL-18 and TNFa) (Rude et al. 2003; Rude et al.
2004; Rude et al. 2005; Rude et al. 2006; Rude & Gruber, 2004) and
change in hydroxyapatite crystal formation (Boskey et al. 1992; Creedon
et al. 1999; Rude et al. 2005; Rude et al. 2006). Increased release of PTH
Is related to an increase in calcium resorption by the kidneys, increase in
paracellular calcium and magnesium resorption through stimulation of
calcium channels. Thus, bone resorption as a result of stimulation of new
osteoclasts and increased activity of mature osteoclasts, leading to
imbalance of bone turnover (Goltzman 2008; Holtrop et al. 1979;
Mosekilde 2008). A statistically significant difference between groups was

found in this study by assessment of this pathway, with higher values of
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serum PTH concentration for animals with deficiency (Figure 3). Increased
release of PTH was observed previously in mice with this deficiency, in
short periods of reduced mineral intake (Rude et al. 2004; Rude et al.
2005; Rude et al. 2006). Significantly higher values of urine
deoxypyridinoline, an important bone resorption marker, were also verified
in the group with magnesium deficiency. This data confirms the increased
activity of bone resorption in this group (Figure 3). Osteocalcin expression,
an important bone formation marker, is regulated by several calciotropic
hormones and 1.25 dihydroxyvitamin D3, PTH, glucocorticoids and also by
growth factors such as bone morphogenetic proteins (BMPs), fibroblast 2
growth factor (FGF-2) and TNF-a (Jiang et al. 2004). The decreased
serum concentration showed in the Mg group, although not statistically
significant (p=0.0906) may be related to a decrease of its synthesis in
magnesium deficiency (Carpenter et al. 1992) (Figure 3). These findings
express an imbalance on bone turnover in animals with magnesium
deficiency, showing higher resorption activity without a concomitant

increase in bone formation activity.

Within the limitations of this study it was concluded that magnesium
deficiency may lead to alterations on systemic bone metabolism, reduction
of cortical bone thickness and lower removal torque of implants with
established osseointegration. However, the related mechanisms to bone

loss require further clarification.
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Table 1 — Mean and standard deviation (SD) for body weight of animals

during experiments periods (*p<0.01).

Initial Baseline Final
CTL 181,1 + 6,0 382,8+34,5 4728+ 71,5
Mg 172,7 +5,5* 397,1+28,6 468,2 + 47,4

Table 2 - Values (mean + SD) of radiographic bone density around
implants in the upper cortical, cancellous and lower cortical regions for

groups CTL and Mg.

Superior
Cancellous Inferior cortical
cortical
CTL 0,70+ 0,04 0,65+ 0,03 0,66 + 0,04

Mg 0,72 + 0,06 0,66 + 0,06 0,65+ 0,05
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FIGURE 1 — Experimental design

FIGURE 2 - Regions of interest for analysis of radiographic bone density

(1 and 2 — upper cortical; 3 and 4 — cancellous; 5 and 6 — lower cortical).
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FIGURE 3 - (A) Serum levels of Mg ('p<0.0001), (B) Ca, (C) PTH
(*p=<0.05) and (D) OCN and urine concentration of (E) DPD (*p<0.05) for
groups CTL and Mg.
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FIGURE 4 - Bone densitometry of the lumbar vertebrae in L2, L3, L4 and

global, for groups CTL and Mg (*p<0.01).
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FIGURE 5 —Thickness of (A) upper ('p<0.0001) and (B) lower (*p<0.05)
cortical bone for groups CTL and Mg.

FIGURE 6 - Removal torque of the implants for groups CTL and Mg
(*p=0.01).



DISCUSSAO




Os resultados do presente estudo demonstraram que a
deficiéncia de Mg, devido a uma acdo direta sobre células Osseas,
apresenta um efeito negativo sobre o metabolismo 6sseo levando a perda
de massa Ossea sistémica. Além disso, a deficiéncia desse mineral
demonstrou influéncia sobre a severidade da doenca periodontal induzida
e a manutencéo de implantes osseointegrados.

Nesse estudo, a deficiéncia de magnésio (hipomagnesemia)
foi comprovada apds um periodo de trés meses de restricdo mineral na
dieta, resultando em diminuicdo da concentracdo sérica do mesmo, o que
confirma a instalacdo da deficiéncia. Essa deficiéncia, em animais,
resultou na perda de massa Ossea, demonstrada pela diminuicao
significativa da densidade mineral 0ssea dos fémures e vértebras
lombares, como demonstrado nos capitulos 2 e 3.

Os mecanismos relacionados a perda de massa 6ssea pela
deficiéncia de Mg ainda € um assunto muito discutido na literatura. A
reducdo da massa Ossea pode ocorrer por varios mecanismos, como
regulacdo hormonal (PTH), estimulo de citocinas pro-inflamatorias (IL-10
e TNFa)*®* 8 alteracdo na formacdo dos cristais de hidroxiapatita

11, 82, 83

durante a mineralizacéo e/ou mesmo pela acéo direta do Mg sobre

as células 6sseas’™ &,
O aumento da liberagdo de PTH esta relacionado ao

aumento na reabsor¢cdo de cdlcio pelos rins, aumento da reabsorcdo

paracelular de calcio e magnésio devido a estimulacdo dos canais de
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célcio e reabsorcdo Ossea, como resultado da estimulacdo de
osteoclastos novos e aumento da atividade de osteoclastos maduros, o
que leva a um desequilibrio no turnover 6sseo** ®’. No presente estudo, a
avaliacdo desta via demonstrou que o0s animais com deficiéncia
apresentaram concentracao sérica de PTH significativamente maior em
relacdo ao controle (Capitulos 2 e 3). Esse aumento da liberacdo de PTH
foi verificado anteriormente em ratos com essa deficiéncia, em periodos
curtos de reducéo do contetido do mineral®*®*. Foram verificados ainda,
valores significativamente maiores de concentracdo urinaria de
deoxipiridinolina, um importante marcador de reabsorcdo déssea, para o
grupo com deficiéncia de magnésio, o que confirma a maior atividade de
reabsorcdo 0ssea para esse grupo (Capitulos 2 e 3).

A expressdo de osteocalcina, um importante marcador de
formacdo Ossea, é regulada por varios horménios calciotropicos, como
1,25 dihidroxivitamina D3, glucocorticoides e PTH, e também por fatores
de crescimento, como as proteinas 0sseas morfogenéticas (BMPs), fator
de crescimento de fibroblasto 2 (FGF-2) e TNF-a *’. No presente estudo
foi constatada uma diminuicdo da concentracdo sérica de osteocalcina
para o grupo teste, embora ndo significante estatisticamente, que pode
estar relacionada a diminuicdo de sua sintese na deficiéncia de
magnésio® (Capitulos 2 e 3).

Estes achados demonstram um desequilibrio do turnover

0sseo em animais com deficiéncia de Mg, com maior atividade de
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reabsorgdo sem o concomitante aumento na atividade de neoformagéo
0ssea.

O turnover 0sseo € um processo complexo, que envolve nao
somente as interagcfes entre células e matriz éssea, mas também uma
variedade de fatores reguladores sistémicos e locais que coordenam a
proliferacéo e atividade celular®® *.

No estudo in vitro (Capitulo 1), foi demonstrado, pela
primeira vez, que a deficiéncia de Mg tem acdo direta sobre os
osteoclastos, tendo sido constatado que a deficiéncia € inversamente
proporcional ao numero de células, especialmente as de maior tamanho
(maior nimero de nucleos por osteoclasto). Como ha estudos na literatura
demonstrando que as células respondem, de acordo com a origem do
0ss0, de maneira diversa ao estimulo indutor de osteoclastogénese pelas
citocinas M-CSF e RANKL" ?°, o presente estudo foi realizado com células
provenientes de ossos longos e da mandibula. Entretanto como néo
houve diferenca de resposta entre os precursores frente a deficiéncia de
magneésio e devido a maior quantidade de células presentes na medula de
0ssos longos, os resultados aqui apresentados sao representativos
destas células.

Foi possivel demonstrar neste estudo que ha uma ativacao
da expressao génica de fatores de transcricdo e proteinas presentes na

transmembrana das células, como c-fos e DC-STAMP, genes esses

essenciais para a formacéo dos osteoclastos®® ®. Além disso, houve um
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aumento na expressao génica de citocinas como, IL1B e TNF-a,
considerados importantes estimuladores de formac&o dessas células > %°.

Apesar de ter sido observado um aumento do namero de
osteoclastos em meio com deficiéncia de Mg, uma reducdo na atividade
de reabsorcédo também foi verificada. Uma possivel explicacdo para esse
achado pode estar relacionada a funcdo do Mg no metabolismo
energético, visto que a atividade de reabsorgédo requer um alto consumo
de energia pela célula promovida pela mitocondria. E na mitocdndria que
se encontra a maior quantidade de Mg, sendo este mineral essencial para
a adequada funcdo e transporte de energia dentro das células'™'. Além
disso, grande parte das enzimas envolvidas no metabolismo energético
sdo Mg dependentes'®**. Sendo assim, apesar da maior quantidade de
osteoclastos, a baixa concentracdo de Mg dentro das células pode
influenciar na atividade das mesmas.

Por outro lado, o alto niumero de osteoclastos presente na
deficiéncia de Mg pode estar relacionado a tentativa de compensar a
baixa atividade de reabsorcdo. Esse fendmeno foi demonstrado em
alteracdes genéticas, como por exemplo a osteopetrose® ?°.

Apesar de todas as alteracdes sistémicas provocadas pela
deficiéncia de Mg, como fragilidade esquelética, perda de massa 0ssea,

60, 64, 81, 84

exacerbacdo da resposta inflamatéria e imunoldgica , ainda héa

poucos estudos na literatura relacionando a deficiéncia do mineral a
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patologias de alta prevaléncia na populagdo mundial, como a doenca
periodontal.

A doenca periodontal é umas das desordens mais
prevalentes em humanos, causada pela presenca de bactérias
periodontopatogénicas e cuja resposta do hospedeiro a esses agentes
resulta em uma doenca inflamatoria infecciosa crénica, caracterizada pela
perda das estruturas dentarias de suporte® *.

Estudos demonstram que para a instalacdo da doenca
periodontal é necessaria ndo somente a presenca de
periodontopatégenos, mas a persisténcia da resposta imunoinflamatoria
contra esses patogenos, responsavel pela destruicdo dos tecidos
periodontais de suporte33 398,

E estabelecido na literatura que macro e micronutrientes
podem modificar a resposta inflamatéria e imunoldgica, agindo como
moléculas essenciais na modulacéo da expressdo génica e protéica” **
® Dentre os macronutrientes, estudos demonstram que a deficiéncia de
Mg em ratos foi capaz de induzir uma sindrome inflamatoria caracterizada
pelo aumento no ndmero e atividade de neutrofilos e eosindfilos e pela
ativacao de macrofagos em apenas poucos dias de deficiéncia, além de
induzir uma maior liberacdo de citocinas inflamatérias como TNF-a, IL-1B
e IL6 13, 14, 60, 64.

No presente estudo, a andlise macroscopica demonstrou

gue nos animais com deficiéncia de Mg houve maior perda 6ssea linear e
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de area de tecido 6sseo alveolar entre as raizes do primeiro molar inferior
com inducdo de doenca periodontal. A analise histolégica da mesma
regido confirmou a presenca de area de reabsor¢cdo e evidenciou a
ocorréncia de maior inflamagéo para os animais com deficiéncia de Mg
(Capitulo 2). Pela coloracdo de TRACP, foi observado ainda uma
tendéncia ao maior numero de osteoclastos no grupo Mg (Resultados
adicionais). Todos esses resultados demonstram maior severidade da
doenca periodontal induzida em animais com deficiéncia de Mg.

A andlise da densidade dssea alveolar demonstrou que
houve uma diminuicdo na densidade radiografica somente na area de
interesse localizada abaixo da raiz distal do primeiro molar inferor. A
forma irregular da mandibula, a forca de oclusdo durante a mastigacéao,
0s habitos dos roedores e o0 tipo de estresse mecanico sofrido pela
mandibula durante a mastigacdo podem ser responsaveis pela
manutenc&o da densidade do tecido 6sseo mandibular®*.

Apesar da caréncia de estudos na literatura a respeito da
influéncia da deficiéncia de minerais sobre a doenca periodontal, estes
resultados estdo de acordo com estudo em humanos, onde foi
demonstrado que a alteracdo da razdo entre Ca e Mg, com diminui¢cao
nos niveis séricos de Mg, esta relacionada ao aumento da severidade da
doenca periodontal®®. Em estudo longitudinal avaliando a influéncia do
conteudo de Ca e Mg de japoneses idosos, fumantes e ndo fumantes,

sobre a progressao da doenca periodontal, foi observado um aumento
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significativo do risco para pacientes fumantes com reducéo dos niveis de
Mg ***. Segundo Schifferle (2009)%, a influéncia de uma dieta saudavel
sobre a doenca periodontal esta na adequada resposta do hospedeiro,
bem como, na manutencgao da integridade dos tecidos periodontais.

Apesar de ter sido constatado que a deficiéncia de Mg
apresenta uma influéncia negativa sobre o metabolismo 0sseo, até o
presente momento ndo existem na literatura estudos sobre a influéncia da
deficiéncia de Mg no tratamento com implantes osseointegrados.

O sucesso do tratamento com implantes osseointegrados
depende, entre outros fatores, da formagdo de uma ancoragem rigida
com o tecido 0sseo, 0 que proporciona a estabilidade biomecanica.
Diferentes geometrias e propriedades do tecido 6sseo cortical e trabecular
podem ter influéncia na estabilidade de implantes. Em relacédo ao tecido
0sseo trabecular, quando este apresenta baixa densidade ha maior
sobrecarga de forca sobre a crista 0ssea (tecido 0sseo cortical), podendo
causar maior deformacéo dessa crista. Nesse caso ha a necessidade de
maior espessura da cortical para melhor manutencéo do implante. Ja no
tecido trabecular mais denso, a dissipacao de forca é mais equilibrada
com a cortical 6ssea, o que proporciona melhor manutencao do implante,
sem a necessidade de uma cortical espessa’®. Assim, as alteracdes
sistémicas, particularmente as que resultam em modificagcdes no tecido
0sseo, sao consideradas um importante fator de influéncia para o sucesso

do tratamento com implantes osseointegrados®*.
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No presente estudo (Capitulo 3), o efeito da deficiéncia de
magnésio sobre o tecido O0sseo ao redor de implantes com
osseointegragdo estabelecida foi avaliado. Os resultados relativos a
mensuracdo da espessura das corticais demonstraram que a deficiéncia
do mineral teve efeito negativo sobre o osso cortical periimplantar,
levando a uma reducéo significativa da espessura das corticais tibiais
para o grupo Mg.

Segundo Petrie e Williams (2007)"*, a variacéo da espessura
da cortical tem grande influéncia sobre a deformacdo da crista 6ssea
periimplantar quando este € submetido a carga oclusal. Por meio da
analise de elementos finitos os autores observaram que o tecido 6sseo de
baixa densidade em conjunto com espessura fina de cortical tem maior
probabilidade de sofrer reabsor¢cdo quando comparado a um tecido 6sseo
com maior espessura de cortical e tecido medular de alta densidade,
interferindo, portanto, na longevidade do tratamento.

Entretanto, a avaliacdo da densidade Ossea radiografica ao
redor dos implantes ndo demonstrou diferenca significante entre grupos
controle e Mg (Capitulo 3). Embora esta metodologia tenha sido

anteriormente utilizada na avaliagéo do tecido 6sseo periimplantar® %,

no
presente estudo a auséncia de diferenca entre os grupos pode ser devido
a limitacdo da técnica quando comparada a outras consideradas padréo-

ouro, como DXA, ou ao tempo relativamente curto de indugcdo da
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deficiéncia, resultando em alteragcdes, mas com menor detec¢cao por esse
tipo de analise.

A andlise histomorfométrica do tecido 6sseo ao redor dos
implantes (resultados adicionais), demonstrou a auséncia de diferenca
significativa na quantidade de tecido 6sseo em contato com o implante.
Pode ser visto, entretanto, que ha uma tendéncia de menor area de tecido
0sseo e maior superficie de reabsorcdo ao redor dos implantes no grupo
de animais com deficiéncia de Mg.

Apesar de ndo ter sido demonstrada diferenca entre os
grupos experimentais com as analises acima citadas, o tecido 6sseo ao
redor dos implantes no grupo Mg pode ter sofrido alteracbes na
morfologia e dimensdo dos cristais de hidroxiapatita, afetando a
arquitetura 6ssea®™ 8 83, Esta variabilidade na conformac&o da estrutura
O0ssea pode resultar em fragilidade estrutural, criando microfraturas das
trabéculas e alteracdo de seu comportamento biomecéanico. A avaliacao
da densidade 0ssea radiografica ndo permite diferenciar tal modificacéo
estrutural nos cristais de hidroxiapatita, uma vez que a geometria
comprometida dos cristais pode estar mascarada sob uma estrutura
0ssea com densidade radiografica semelhante ao grupo controle.
Entretanto, tais alteracbes morfoldgicas juntamente com a reducdo da
espessura das corticais podem explicar a diferenca no comportamento
biomecanico. No presente estudo, a avaliagdio do comportamento

biomecéanico foi realizada por meio do torque de remocéo, pelo qual é
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possivel avaliar o grau de osseointegracdo dos implantes3! 3¢ 38 48, 54,62

% Os resultados demonstraram que, apesar de ndo haver diferenca entre
0s grupos quanto a densidade, foi constatada uma diminuig&o significativa
do torque de remocdo para o grupo com deficiéncia de Mg, o que pode
representar um risco para a manutencdo de implantes a longo prazo

(Capitulo 3).



CONCLUSAO




Dentro das limitacdes do estudo foi possivel concluir que:

Foi demonstrado pela primeira vez, in vitro, que a deficiéncia de Mg
estimula a osteoclastogénese, vista pelo aumento no niumero de
osteoclastos. Apesar desse aumento ha diminui¢cdo na atividade de

reabsorcédo da célula.

A deficiéncia de magnésio resultou em perda de massa 6ssea,
local e sistémica, em um curto periodo de tempo. Entretanto os

mecanismos relacionados precisam ser melhor elucidados.

A deficiéncia de Mg induz uma maior perda Ossea alveolar
relacionada a doenca periodontal induzida, podendo ser um fator

modificador da severidade da doenca.

A deficiéncia de Mg resulta em reducdo da espessura das corticais
e do torque de remocéo de implantes osseointegrados, podendo

ser um fator de risco para sua manutencao da osseointegracao.
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ANALISE HISTOLOGICA DO FEMUR
A analise do disco epifisario demonstrou que nao houve
diferenca estatisticamente significante entre 0s grupos quanto aos

parametros avaliados, nas diferentes areas de interesse (Figura 1).



171

FIGURA 1 — Representacdo gréfica dos parametros avaliados em 3
regides da epifise distal do fémur. Nivel de significancia estabelecido p

menor que 5%.
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ANALISE HISTOMORFOMETRICA DA TIiBIA

A analise dos dados demonstrou uma tendéncia de
diminuicdo da quantidade de tecido 6sseo em contato direto com a
superficie do implante, tanto na analise de extensao linear de tecido
0sseo em contato direto com a superficie do implante como de area entre
as roscas ocupada por tecido 6sseo (Figuras 2C e 2D). As analises de
superficie de reabsorcdo e area total de tecido 6sseo ndo demonstraram

diferenca estatisticamente significante entre os grupos (Figuras 2E e 2F).
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FIGURA 2 — (A) Figura representativa dos implantes instalados em ambos
0s grupos (2.5X). (B) Figura representativa do tecido O6sseo entre a
segunda e terceira rosca da cortical inferior do lado direito (20x).
Representacdo gréfica da extensdo linear de tecido 6sseo em contato
direto com a superficie do implante (C), area entre roscas ocupada por

tecido 6sseo (D), superficie de reabsorcao (E) e area de tecido 6sseo (F).
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AVALIA(;AO DA QUANTIDADE DE OSTECLASTO NA MANDIBULA

A avaliacdo da quantidade de osteoclastos presentes na
regido de furca dos molares inferiores demonstrou que n&o houve
diferenca estatisticamente significante entre os grupos, tanto para o

primeiro, como para o segundo molar (Figura 3, 4 e 5).

FIGURA 3 — A) Figura ilustrativa da regido de furca do 1° molar. Setas
indicam presenca de osteoclastos corados por TRACP (10x). B) Figura
ilustrativa em maior aumento (20x). Setas indicam em maior detalhe a

presenca de osteoclastos.
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FIGURA 4 — Representacdo grafica da contagem de osteoclastos e
namero de osteoclastos por area de tecido 6sseo do primeiro molar

inferior.

FIGURA 5 — Representacdo grafica da contagem de osteoclastos e
namero de osteoclastos por area de tecido 6sseo do segundo molar

inferior.
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ANIMAIS - GRUPOS

O presente estudo foi aprovado pelo Comité de Etica no Uso

de Animais (CEUA), processo n° 20/2006.

Neste estudo foram utilizados 30 ratos (Rattus Norvegicus,
albinus, Holtzman) machos, com aproximadamente 150 dias de idade
(peso médio=380q), provenientes do Biotério do Campus de Araraquara —
UNESP. Os animais foram mantidos em gaiolas individuais,
confeccionadas em aco-inox, em ambiente com temperatura, umidade e

luz controlados.

Os animais foram alocados em 2 grupos, conforme a dieta

que receberam :

e Controle (CTL): animais com acesso a racdo com quantidade diaria
ideal de Mg’® ”*, por um periodo de 90 dias. (n=15)
e Mg : animais com acesso a racdo com quantidade reduzida de Mg
em 90% 24, por um periodo de 90 dias. (n=15)
Para hidratacdo, os animais receberam agua destilada ad

libitum.

DIETA

A confeccdo da dieta foi baseada no AIN-93 (American

v

Institute of Nutrition)® para manutencdo de roedores, como

mostrado nas tabelas abaixo:
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Tabela 1. Formulagéo da dieta para manutencéo de roedores (AIN — 93M)

sendo a caseina usada como fonte de proteina.

Ingredientes

AIN — 93M (g/kg dieta)

Amido de milho 465.69
Caseina (> 85% proteina) 140.00
Malto dextrina 155.00
Sacarose 100.00
Oleo de soja 40.00
Fibra 50.00
Mistura Mineral 35.00
Mistura Vitaminica 10.00
L-Cistina 1.80

Bitartarato de colina (41.1% colina) 2.50
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Tabela 2: Mistura mineral com as concentracfes minerais recomendadas

76, 77

para a manutencao de roedores (grupo controle) e animais sob dieta

com reducao de magnésio (grupo Mg). (AIN — 93M — MX)

Ingredientes Controle Mg
(9 ou Mg/kg) (9 ou Mg/kg)
Carbonato de célcio anidro (40.04% Ca) 375.00 375.00
Fosfato de potassio monobasico (22.76% P, 250.00 250.00
28.73% K)
Citrato de Potassio, tripotassico monohidratado 28.00 28.00
(36.16% K)
Cloreto de sddio (39.34% Na, 60.66% CI) 74.00 74.00
Sulfato de potassio (44.78% K, 18.39% S) 46.60 46.60
Oxido de magnésio (60.32% Mg) 24.00 2.4
Citrato férrico (16.5% Fe) 6.06 6.06
Carbonato de zinco (52.14% Zn) 1.65 1.65
Metassilicato de s6dio 9H,0 (9.88% Si) 1.45 1.45
Carbonato de manganés (47.79% Mn) 0.63 0.63
Carbonato cuprico (57.47% Cu) 0.30 0.30
Sulfato de cromo potassio 12 H,0 (10.42% Cir) 0.275 0.275
Acido bérico (17.5% B), Mg 81.5 81.5
Fluoreto de sédio (45.24% F), Mg 63.5 63.5
Carbonato de niquel (45% Ni), Mg 31.8 31.8
Cloreto de litio (16.38% Li), Mg 17.4 17.4
Selenato de sodio anidro (41.79% Se), Mg 10.25 10.25
lodato de potéssio (59.3% 1), Mg 10.0 10.0
Paramolibdato de Aménio 4 H,O (54.34% Mo), 7.95 7.95
Mg
Vanadato de aménio (43.55% V), Mg 6.6 6.6
Sacarose 209.806 209.806
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As dietas foram formuladas por empresa’
especializada e foram quimicamente analisadas com o0s
metodos usuais para determinacédo da composi¢do centesimal.
Para acompanhamento do crescimento e desenvolvimento do
animal, foi controlada diariamente a ingestdo alimentar e, para
avaliacdo da adaptacdo dos animais a dieta e as condicdes

nutricionais, o peso corporal foi aferido semanalmente.

" Pragsolucdes biociéncia, Jau, BR
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DESENHO DO ESTUDO

Apds um periodo de cinco dias, para adequacéo dos
animais ao ambiente do biotério, todos foram submetidos a cirurgia de
instalacdo dos implantes na tibia direita. Durante o periodo de 60 dias,
necessarios a osseointegracdo dos implantes, os animais receberam
dieta com concentracdo adequada de magnésio. Decorrido o periodo de
osseointegracdo dos implantes, os animais do grupo Mg tiveram acesso a
dieta com reducédo do Mg com o objetivo de instalar a referida deficiéncia,
enquanto os animais do grupo controle permaneceram com a dieta
padrdo. Apos um periodo de 60 dias do inicio da dieta, todos os animais
receberam ligadura no primeiro molar inferior esquerdo para inducédo da
doenca periodontal, ficando o lado contralateral como controle. Apos 150

dias do inicio do experimento, todos os animais foram sacrificados (Figura

1).
Final
Baseline
Dia -5 0 120 150
| | Periodo de osseointegracao | | |
| | I I |
_ Animais Instalagao Inicio da Inducdo da  Sacrificio
Procedimento no _ dos dieta com doenca dos
biotério |mpla'ntes reducéo do periodontal  animais de
nas tibias de Mg (Mg) e (ligadura) de  todos os
tOd_OS 0s dieta normal todos os grupos
animais para grupo animais
CTL

FIGURA 1 — Desenho Experimental
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CIRURGIA PARA INSTALAC}AO DOS IMPLANTES

Os animais foram anestesiados com uma combinacao de
cloridrato de ketamina* numa concentracdo de 0,08ml/100g de massa
corpérea e cloridrato de xilazina 2% 3 na concentragcéo de 0,04ml/100g.
Posteriormente, foram submetidos a tricotomia da regido interna das
pernas direita e esquerda e foi realizada a antissepsia com gaze estéril
embebida em solugéo de iodopovidona.

Uma incisdo de aproximadamente 10 mm foi realizada, em
planos, na regido a ser operada, mais precisamente sobre a metafise
tibial. Ap6és uma disseccdo delicada, o tecido 6sseo foi submetido a
osteotomia, realizada por meio de uma sequéncia progressiva de fresas
(fresa lanca; fresa espiral de 2.0 mm) para acomodar um implante de
titanio” de superficie porosa com 4 mm de comprimento por 2.2 mm de
espessura. Todas as perfuracdes foram realizadas com motor elétrico™”,
ajustado a 1200 rpm, sob abundante irrigacdo com solucdo salina estéril.
O implante foi instalado com a ajuda de uma chave digital**. Todo
ferimento foi suturado em planos, internamente com fio reabsorvivel®® e

externamente com fio de seda”™ .

* Ketamina Agener — Agener Unido

s Rompum - Bayer

” Conexé&o Sistemas de Prétese

™ BLM 600 - Driller

* Chave Hexagonal — Conex&o Sistemas de Prétese
88 Vicryl 5-0 — Johnson & Johnson

™ Seda 4-0 - Johnson & Johnson
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Os animais receberam, em dose Unica, penicilina associada
a estreptomicina™ na dosagem 0,1 mllkg de peso e 5mg/kg de

dexametasona intramuscular™¥.

INDUCAO DA DOENCA PERIODONTAL
No presente estudo, 0 modelo de inducdo de doenca periodontal
utilizado foi por ligadura. Inicialmente os animais foram anestesiados com

888

uma combinacdo de cloridrato de ketamina®™® numa concentracdo de

0,08ml/100g de massa corpérea e cloridrato de xilazina 2% =~ na
concentracdo de 0,04ml/100g. Posteriormente, o0s animais foram
posicionados em mesa operatdria apropriada, para permitir adequada
abertura bucal, facilitando o acesso aos molares inferiores. Com o auxilio
de instrumental adequado, foi introduzido um fio de algodao n°30 ao redor

dos primeiros molares inferiores do lado esquerdo. Foi realizado o

controle e a manutencao da ligadura durante 30 dias.

SACRIFICIO DOS ANIMAIS
Os animais foram sacrificados, no periodo previamente

relatado, com aprofundamento de anestesia.

T pentabidtico - Wyeth-Whitehall Ltda

* Dextar — Agener Unido
888 Ketamina Agener — Agener Unido

"™ Rompum - Bayer
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No periodo de 24 horas anterior ao sacrificio, 0s animais
foram colocados em gaiolas metabdlicas para a coleta da urina de 24
horas. A amostra coletada foi congelada a -80°C.

No momento do sacrificio, uma amostra de sangue foi
coletada por puncédo da artéria caudal. A amostra de sangue obtida foi
deixada para coagular por 30 minutos, e entdo centrifugada por 10
minutos. O soro separado do coagulo foi congelado a —80°C.

No sacrificio foram removidos as tibias, os fémures, coluna
lombar, a mandibula e os tecidos gengivais ao redor do primeiro molar

inferior, direito e esquerdo.

ANALISES LABORATORIAIS

As concentracbes séricas de osteocalcina (OCN)'T e
paratorménio (PTH*¥) foram avaliadas por meio de método ELISA,
utilizando kits comerciais.

Foram avaliadas também no soro as concentragdes de Mg
e Ca por teste colorimétrico®%s,

Na urina foi determinada a concentra¢ao de deoxipiridinolina
(DPD), um marcador de reabsorcdo 0ssea. Para isso, logo apés a coleta

da urina foi medida a concentracdo de creatinina urinaria. O restante da

amostra foi congelado e a concentracdo de DPD foi mensurada pelo

" Biomedical Technologies Inc, Stoughton, USA
HH gcantibodies Laboratory Inc, Santee, USA
8388 | abtest Diagndstica, BRA
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método ELISA™", corrigida pela concentracdo de creatinina urinaria

(Nm.DPD/nMCi).

ANALISE DA DENSIDADE OSSEA

Foi realizada analise da densidade mineral 6ssea (BMD) da
coluna lombar e do fémur esquerdo para a constatacdo da perda de
massa 6ssea esqueletal. Para isso foi utilizado um densitdometro™ T,
sendo a analise da densitometria 0ssea realizada por Dual-energy X-ray
Absorptiometry (DXA), empregando-se o software “Small Animal”,

fornecido pelo fabricante do aparelho, no modo “High Resolution”.

Para calibracdo do aparelho, foi realizado um teste, o qual
consiste em mensurar a densidade de um bloco padrdo composto por trés
camadas sintéticas, de constituicdo semelhante ao 0sso, com area e

conteldo mineral conhecidos.

A delimitacdo das regides analisadas foi realizada por
dispositivos existentes no programa do aparelho, selecionando sempre o

mesmo espaco a fim de padronizar as medidas de todas as sub-regides.

Foram efetuadas medidas de BMD global e de trés sub-

regides, assim determinadas (Figuras 2 e 3)

*****

Metra biosystems, Palo Alto,CA
11" QDR 2000 Hologic
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Coluna Vertebral: L2) vértebra lombar 2

L3) vértebra lombar 3

L4) vértebra lombar 4

Fémur: R1) Epifise proximal
R?2) Epifise distal
R3) Diafise

A precisdo da DXA na determinacdo da BMD foi avaliada
pela mensuracdo do coeficiente de variagdo, expresso como uma
porcentagem da média'®. Para isso, foram realizadas cinco medidas

consecutivas de cada regido anatdbmica de uma mesma amostra.

Todas as medidas foram realizadas no Laboratorio de
Metabolismo Osseo da Disciplina de Reumatologia da Faculdade de

Medicina de Sao Paulo-USP.
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[ I

FIGURA 2- Avaliacdo Global e das sub-regides da coluna lombar.

FIGURA 3- Avaliacao Global e das sub-regides do fémur.

ANALISE HISTOLOGICA DO FEMUR
O fémur de cada animal foi dissecado, descalcificado e
seccionado, mantendo a regido da epifise distal. Cada fragmento foi

incluido, no sentido da superficie de corte, em bloco de parafina. Os
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blocos obtidos foram seccionados em cortes seriados de 5 pm de
espessura e as laminas foram coradas com Alcian Blue (AB) e
picrosirius*® para avaliacdo do tecido cartilaginoso e 6sseo.

Para coloracdo de glicoconjugados, os cortes histolégicos
foram imersos em solucdo de 1% AB 8GX dissolvido em acido acético
aquoso 3% (pH 2.5) por 40 minutos, em temperatura ambiente. Foi
realizada lavagem em &agua corrente e os cortes foram imersos em
solucdo de picrosirius 0,1% por 1 hora em temperatura ambiente. Foi
realizada lavagem em agua corrente novamente, e entdo foram coradas
com Hematoxilina de Harris por 3-5 minutos. Apds lavagem em agua
corrente 0s cortes passaram por processamento de desidratacdo e
montagem das laminas.

As imagens foram obtidas em 3 regibes das metafises femorais,
previamente definidas como corno direito, central e esquerdo, com auxilio
do microscépio****(Figura 4). As imagens foram analisadas com auxilio de
um software analisador de imagem®%. Foi realizada uma avaliacdo por
grade histologica, onde foram contados um total de 164 intersecbes em
cada imagem. Os pontos de interseccao foram definidos como: condrdcito
em repouso, camada seriada, camada hipertrofica, camada calcificada,

tecido dsseo, tecido cartilaginoso, medula 6ssea e outros (Figura 5).

PP

4 Olympus BX-51 light microscope

%5558 |Image Pro-Express 6.0; Olympus, Tokyo, Japan
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FIGURA 4 — Imagem representativa das regides de interesse do fémur:

corno esquerdo, central e direito (20x).

FIGURA 5 — Figura ilustrativa dos parametros estudados no corno
esquerdo do fémur. Legenda: CR — condrécito em repouso; CS - camada
seriada; CH — camada hipertrofica; CC — Camada calcificada; TC — tecido

cartilaginoso; TO — tecido 6sseo; MO — medula éssea; O — outros.
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ANALISE DA DENSIDADE OSSEA RADIOGRAFICA

As imagens radiograficas dos implantes na tibia foram
obtidas por meio de um sistema de imagem digital direta - CDR
(Computed Dental Radiography for Microsoft Windows) =, o qual utiliza
um sensor eletrdnico em substituicdo ao filme radiografico. Os implantes
foram posicionados em um dispositivo com seu longo eixo perpendicular
ao feixe central de raios-X e paralelo ao sensor, numa distancia foco-
objeto de 40 cm. O sensor foi exposto aos raios-X numa poténcia de

70KVp e 10mA, com tempo de exposicado de 15 pulsos/segundo.

A resolucao de imagem foi de 635 ppi (pixels per inch), o
tamanho da imagem de 900x641 dpi e o tamanho dos pixels de 40
microns. As imagens foram armazenadas em formato TIFF (Tagged
Image File Format) sem compressao de imagem (8 bits com resolugao de
600 dpi).

As imagens foram exportadas do programa Schick® e
importadas para um software analisador de imagens”, em um computador
com um processador de 1700 MHz , 512k, 256 DDR MB e sistema
operacional Windows XP~ em uma tela plana S-VGA de 15 polegadas

(1024 x 768 pixel resolution). A densidade Gssea radiogréafica foi avaliada

******

Shick Technologies, Inc
“ Adobe® Photoshop® 6.0
" Athlon XP, AMD, USA
™ Microsoft, USA
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utilizando-se a andlise dos niveis de cinza da radiografia (histograma) em
uma area de 5x5 pixels nas regides de interesse: corticais, superior e

inferior, e regido medular, em ambos os lados do implante (Figura 6).

FIGURA 6- Regides de interesse para andlise da densidade Ossea
radiogréafica (1 e 2 - cortical superior; 3 e 4 - medular; 5 e 6 - cortical

inferior).

TORQUE DE REMOCAO

No momento do sacrificio, a tibia esquerda foi removida e
estabilizada em uma pequena morsa. Uma chave hexagonal foi
conectada tanto no implante como no torquimetro e foi realizado um
movimento anti-horario com o objetivo de desrosquear o implante. O pico
maximo de forca necessaria para movimentar o implante foi registrado

como o valor do torque de remogéao.
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ANALISE HISTOMORFOMETRICA DA TIiBIA

Apds o processo de fixacdo e posterior lavagem, a tibia
contendo o implante, foi desidratada em solucdo de &lcool etilico em
diversas concentragoes.

A infiltracdo plastica foi realizada com misturas de
glicolmetacrilato (Technovit 7200 VLC) e alcool etilico, seguindo variacdes
gradativas, finalizando com duas infiltracdes de glicolmetacrilato puro.
Apoés a infiltracdo plastica, os espécimes foram incluidos em resina e
polimerizados.

O bloco foi montado em lamina acrilica com o auxilio da
resina Technovit 4000TT™T Por meio da utilizacdo de um sistema de
corte™*#* foi realizado o corte preliminar e obtida uma seccéo espessa
(300 - 500 um). Esta seccéo foi entdo submetida a um sistema de micro-
desgaste, que resultou em uma secc¢éo de aproximadamente 30 a 50 um
de espessura.

Para histometria e histomorfometria dos parametros
estaticos as laminas foram coradas com azul de toluidina a 10%. Os
parametros histomorfométricos estaticos, como superficie de reabsorcéo
(%) e superficie osteoclastica (%), foram analisados com auxilio de um
software®$%%%8, Quanto aos parametros histométricos, foram analisados a

extensdo linear de tecido 6sseo em contato direto com a superficie do

1% Kulzer, Wehrheim, Alemanha
v

HHiH Exakt Cutting System, Alemanha
888888 Osteomeasure - Osteometrics Inc.
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implante e a area entre as roscas ocupada por tecido 6sseo, ambos
expressos em percentual. As mensuracdes foram realizadas
empregando-se um software analisador de imagens ~~ em toda a
extensdo do implante. Os valores para a extensao linear de tecido 6sseo
em contato direto com a superficie do implante e para a area entre as
roscas ocupadas por tecido 6sseo foram obtidos em pixels e pixels ao
quadrado, respectivamente, convertendo-se posteriormente para um e

um?,

ANALISE DA DENSIDADE RADIOGRAFICA DA MANDIBULA

Foram selecionadas aleatoriamente 10 mandibulas de cada
subgrupo, do lado sem inducéo de doenca periodontal, para avaliacdo da
densidade radiografica.

As imagens radiogréaficas das hemimandibulas foram obtidas
por meio de um sistema de imagem digital direta - CDR (Computed Dental
Radiography for Microsoft Windows)™™T o qual utiliza um sensor
eletrénico em substituicdo ao filme radiografico. O sensor foi exposto a
tomada radiografica a uma poténcia de 70KVp e 10mA, com tempo de
exposicdo de 15 pulsos/segundo, com uma distancia foco-sensor
padronizada em 70cm. Durante as tomadas radiograficas uma escala de

aluminio, composta de 8 degraus, com 1mm de diferenca na altura entre

FkkkKdk

Imagetool

T Shick Technologies, Inc.
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os degraus, foi posicionada sobre o sensor e a avaliagdo da densidade foi
comparada com a densidade da escala (Eg. Al.).

As imagens foram exportadas do programa Schick® e
importadas para um software analisador de imagens™**# em um
computador com um processador de 1700 MHz3%%%%%8 512k, 256 DDR MB
e sistema operacional Windows XP~ em uma tela plana S-VGA de 15
polegadas (1024 x 768 pixel resolution). A densidade éssea radiogréafica
foi avaliada utilizando-se a andlise dos niveis de cinza da radiografia
(histograma) em uma area de 5x5 pixels nas regides de interesse: area 1
— abaixo do segundo molar; area 2 — angulo da mandibula e area 3 —
mesial ao primeiro molar, conforme mostra a figura 7.

A densidade radiografica foi calculada separadamente para
cada radiografia, onde foram obtidos valores de niveis de cinza para cada
degrau da escala de aluminio. Com esses valores e o0s valores ja
conhecidos, em milimetros, da altura de cada degrau foi gerado um
grafico de regressao linear. A equacao gerada por esse grafico serviu de
parametro para a transformacgdo dos niveis de cinza, das regibes de
interesse, em milimetros equivalentes de aluminio (Eg.Al.). A conversao
entre valores expressos em niveis de cinza para Eq.Al. permitiu uma

comparacgdo padronizada entre os dados de densidade das diferentes

radiografias, uma vez que corrige as variaces da técnica.

HHEE Adobe® Photoshop® 6.0
8883338 Athlon XP, AMD, USA
T Microsoft, USA
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Para cada hemimandibula foram realizadas 2 medidas, por

um mesmo examinador cego e calibrado.

Figura 7 — Regides de interesse analise da densidade 0ssea ( [} area 1;

-area2e -area?3d).

ANALISE MACROSCOPICA DA PERDA OSSEA PERIODONTAL

As mandibulas, de ambos os lados, foram cuidadosamente
dissecadas e colocadas em solugdo de H;O, por 24 horas.
Posteriormente, todas as pecas foram limpas com escova bitufo para que
todo o tecido mole fosse removido. As mandibulas foram coradas com
solucdo de azul de toluidina a 10% e foram analisadas: a) perda 6ssea
vertical na face vestibular, correspondendo a distancia da juncéo
cemento-esmalte a crista 6ssea, em 3 pontos (mesial, mediana e distal do

primeiro molar inferior), de ambos os lados, b) Area de perda 6ssea na
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face vestibular do primeiro molar inferior, de ambos os lados da
mandibula, conforme mostra a figura 8.

As mensuragbes foram realizadas utilizando-se um
microscopio Optico Leica MZ6, com objetiva para aumento de 4.0/10
vezes, pelo o qual as imagens foram selecionadas e enviadas para um
microcomputador acoplado ao microscépio 6ptico. A determinacdo dos
valores foi realizada empregando-se um software analisador de

imagen gftiitttt

Figura 8 — Regides de interesse para analise da perda Ossea linear

(raizes mesial, medial e distal) e de area, nos primeiros molares inferiores.

EXTRACAO DE RNA TOTAL, TRANSCRICAO REVERSA E PCR SEMI-
QUANTITATIVO

O tecido gengival ao redor do primeiro molar inferior, de
ambos os lados, de 5 animais de cada grupo foi conservado em trizol e
congelado a -80°C, para andlise da expressdo de mRNA das citocinas
Ligante do Receptor-Ativador do Fator Nuclear kappa B (RANKL),

Osteoprotegerina (OPG) e IL6.

1111 Imaged — 1.40g/Java 1.6.0
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Para o isolamento e purificagdo de RNA foi seguido o
protocolo do fornecedor*###  No tecido macerado, para melhor
isolamento de RNA, foram acrescentados 0,2 mL de cloroférmio para
cada mL de Trizol (separacao de fases). Os tubos foram agitados
vigorosamente por 30 segundos e incubados a temperatura ambiente por
2 minutos, sendo, em seguida, centrifugados a 13.000 RPM a 4°C por 15
minutos. A fase incolor superior foi cuidadosamente transferida para um
novo tubo ao qual foi, entdo, acrescentado 0,5 mL de isopropanol
(precipitacdo do RNA). Apés agitacdo suave por inversado dos tubos, estes
foram incubados por 10 minutos a temperatura ambiente e centrifugados
por 10 minutos a 4°C e 13.000 RPM. Apds remocdo por aspiracdo do
sobrenadante, foi acrescentado 0,5 mL de etanol a 75% (lavagem do
RNA), os tubos foram submetidos a breve agitacdo (5 segundos) em
vortex e novamente centrifugados por 5 minutos a 4°C e 9.500 RPM. O
etanol foi removido cuidadosamente por aspiracédo e 0 RNA eluido em 10
a 40 pL (segundo o tamanho do pellet de RNA obtido) de tampao Tris-
EDTA (TE, pH 7.5).

Estas amostras de RNA foram diluidas em tampdo TE
(1:100 a 1:1000), segundo o tamanho do pellet, para um volume final de
100 pL. A quantidade e pureza do RNA foram determinadas em

espectrofotometro de luz UV por meio da avaliacdo das absorbéancias a

FEEEREET

i Invitrogen Corp., Carlsbad, USA
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260 nm e da relacdo entre as absorbancias a 260/280 nm,
respectivamente.

A sintese de cDNA foi realizada subsequentemente
utilizando 700ng de RNA total e 200 unidades da enzima de transcriptase
reversa na presenca de Oligo-dT (12-18) primers, dNTPs e MQgCl,,
segundo as instrucdes do fabricante355855%8,

Os pares de primers especificos para 0os genes-alvo OPG,
RANKL e IL6 estdo apresentados na Tabela 3. Como controle
endégeno do RT-PCR foi utilizado a expressao de um gene constitutivo,
neste caso beta actina (B-actina), cuja expressdo nao se altera com a
deficiéncia de magnésio. Deve-se ressaltar que embora as sequéncias de
pares de primers especificas para os genes-alvo de ratos tenham sido
publicadas na literatura, as condicbes da reacdo de PCR (incluindo

concentracdo de primers, temperatura de anelamento e nimero de ciclos)

foram otimizadas em experimentos-piloto.

88888888 |nvitrogen Corp., Carlsbad, USA

*********

Invitrogen Corp., Carlsbad, USA
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Tabela 3 — Sequéncia dos primers e condic¢des iniciais da reacédo de PCR

(Ratos).

Gene Primers (5’ - 3’) Acession# Ta Amplicon Ciclos
Sense (S) e antisense (AS) ‘c)
TCTCAGCTGTGGTGGTGAAG- S

B-acina ~ TGTCACCAACTGGGACGATA- AS NM031144 57 437 bp 30
ACGCAGATTTGCAGGACTCGAC — S

RANKL ~ TTCGTGCTCCCTCCTTTCATC — AS F019048 60 493 bp 36
TCCTGGCACCTACCTAAAACAGCA — S

OPG CTACACTCTCGGCATTCACTTTGG - A5~ U94330 57 578 bp 36
CCGGAGAGGAGACTTCACAG — S

IL-6 GAGCATTGGAAGTTGGGGTA - AS NM012589 56 428 bp 30

A reacéo de PCR foi realizada num volume total de 25 pL,
utilizando 2 yL do produto da reacéo de transcriptase reversa na presenca
de 100 pmol/uL de primers de cada gene (50 pmol/uL de cada primer,
sense e antisense). Os produtos da reacdo de PCR foram resolvidos por
meio de eletroforese em gel de agarose a 1.5% e corados com brometo
de etideo (0.5 pg/mL). Para documentacdo e analise, foram obtidas
imagens digitalizadas destes géis, as quais foram submetidas a analise
densitométrica. A expressdo dos genes-alvo foi normalizada para a
expressao do gene constitutivo (B-actina) e expressas como fold change

em relac&do ao controle negativo.
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ANALISE HISTOLOGICA DA MANDIBULA

Foram selecionadas aleatoriamente 5 hemimandibulas do
lado esquerdo, que foram fixadas em formol 4% por 48 horas. Essas
espécimes foram descalcificadas por 28 dias em 10% EDTA (pH 6.9),
trocados a cada 24 horas. Apos o processo de descalcificacdo, as
amostras foram desidratadas em concentragcdes graduais de etanol e
incluidas em parafina. Seccbes seriadas de 5um de espessura foram
obtidas no plano sagital. Os cortes foram corados com hematoxilina e
eosina (HE), e foram entdo, obtidas imagens com o auxilio de
microscopio’ T As imagens foram analisadas por um examinador
treinado e cego para o experimento. Para a analise das imagens foi
utilizado um microsoft analisador de imagem**## Foj realizada uma
andlise descritiva por um examinador treinado e cego para o experimento.

Foi realizada também a avaliagdo da quantidade de
osteoclasto na mandibula. Para isso, os cortes foram submetidos a
coloracdo especifica para osteoclastos (TRACP). Para coloracdo de
TRACP foi utilizada as amostras foram incubadas em 0.1M Tris HCI por
30 minutos em 37°C. Foi entdo preparada solucédo contendo PVA, MgCl,
NaNO, e KNa tartarato. Essa solucdo foi colocadas nas amostras que
foram entdo incubadas por mais 2 horas em 37°C. As amostras foram
lavadas duas vezes em agua MiliQ na temperatura de 70°C. Apds a

coloracdo de TRACP, foi realizada a coloracdo de hematoxilina, e entdo

T Olympus BX-51 light microscope

PP

Y Image Pro-Express 6.0; Olympus, Tokyo, Japan



201

finalizadas por processamento histologico de rotina. As imagens foram
obtidas em 2 regifes da mandibula, regido de furca do 1° molar inferior e
do 2° molar inferior, com auxilio do microscopio®****%%%8, As imagens foram
analisadas por um software analisador de imagem”™ . Foi realizada a

contagem de osteoclastos e avaliado o numero de osteoclasto por area

de tecido 6sseo.

ESTUDO IN VITRO
ANIMAIS

Para os experimentos in vitro, foram utilizados camundongos
C57BL/6 com 6 semanas de idade. Os animais foram mantidos por uma
semana no biotério da Vrije Universiteit Medical Center. Este estudo foi

aprovado pelo comité de ética da VU University, Amsterdam.

CULTURA DE OSTEOCLASTOS

Células de medula 6ssea foram obtidas de fémures e
mandibulas dissecados de animais C57BL/6 com 6 semanas de idade. As
células foram isoladas conforme de Vries et al. (2005)!, resuspensas,
fitradas em um filtro para células de 100 um de espessura (Falcon/
Becton Dickinson, Franklin Lakes, NJ, USA) e mantidas em gelo em meio

de cultura livre de Mg'"" """ (MEM alpha without nucleotides, with L-

SS8855558 Olympus BX-51 light microscope

**********

¢¢¢¢¢¢
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glutamine) contendo 5% de soro**¥# ¥ 100U/ml de penicilina, 100
Hg/ml estreptomocina e 250 ng/ml amphotericin B33555555%,

As células da medula foram incubadas em placas de 96
pocos " em uma densidade de 1.0 x 10° celulas por poco em 150 ul
de meio de cultura contendo 30ng/ml de fator estimulador de col6nias de
macréfagos (M-CSF)' 11T @ 20 ng/mL de RANKL*###H:H - A células
foram incubadas em meios de cultura com diferentes concentracbes de
magnésio (100- quantidade adequada de Mg, ou seja, 0.8mM de Mg; 50%
da quantidade de Mg, ou seja, 0.4mM de Mg; 10% da quantidade
adequada de Mg, ou seja, 0.08 mM de Mg e 0%, ou seja, meio sem
Mg)35558%38888 | Essas concentracdes foram feitas por meio da mistura dos
meios de cultura livre de Mg com o meio de cultura alpha MEM padréo.

As células foram incubadas sobre plastico e sobre cortes de

tecido 0sseo cortical bovino na expessura de 650um. O meio de cultura

foi trocado a cada 3 dias.

AVALIACAO DA FORMACAO DE OSTEOCLASTOS
As células do fémur e mandibula foram cultivadas em

plastico e sobre tecido 6sseo por 6 dias. Apds esse periodo, foi realizada

..........

8588855588 Antibiotic antimyotic solution; Sigma-Aldrich, St. Louis, MO, USA
[PUCP——— COStar’ Cambl’idge, MA, USA
FHiHHHt R&D Systems, Minneapolis, MN, USA

HIHEEE RANKL-TEC, R&D Systems, Minneapolis, MN, USA

$8555888888 promocell, Heidelberg, Germany
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lavagem dos pogos com PBS e as células foram fixadas com formaldeido
4%, mantidas a 4C. A diferenciacao celular foi avaliada pela coloracéo de
TRACP, realizada por meio de kit comercial, conforme as instrugdes do
fabricante”™ . Para o nlcleo das células foi realizada coloracao
especifica com DAPI (diamidino-2-phenylindole dihydrochloride). Foi
verificada a quantidade de células multinucleadas positivas para TRACP
(TRACP*-MNC) para a avaliagcdo da formacdo de osteclastos. A contagem

foi dividida em 3 grupos pela quantidade de nucleos: células contendo 3-

5, 6-10 e mais que 10 nucleos.

ANALISE DA CONCENTRAGAO DE CALCIO E MAGNESIO

ApoOs 6 dias de incubac&o em plastico e em tecido 0sseo, 0o
sobrenadante dos 4 grupos com diferentes concentracbes de Mg foram
coletados e mantido a -20C, para posterior avaliagcdo da concentracao de
Ca e Mg. O meio de cultura sem as células foi incubado nas mesmas
condi¢cdes. A concentracdo de Ca e Mg foi analisada por espectrometria

de absor‘(;ao at@m iCaTTTT1‘1‘1‘1‘1‘1‘1‘1‘ .

ANALISE DE PROLIFERACAO CELULAR
A proliferacdo celular foi avaliada pela quantidade de DNA.

As células da medula 6ssea derivadas do fémur de 6 animais foram

Fekk ek kK dkk

Leukocyte acid phosphatase kit, Sigma-Aldrich, Saint Louis, MO,
USA

¢¢¢¢¢¢
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lavadas em PBS e coletadas no dia 0, apos 3 e 6 dias de incubagédo no
plastico, nas 4 diferentes concentrac6es de Mg na presenca de M-CSF e
RANKL. A quantificacdo do DNA foi realizada por meio de kit
968885688855

comercial*####H#HHH o mensurada pelo leitor Synergy H

conforme indicacdo do fabricante.

ANALISE DA VIABILIDADE CELULAR

O sobrenadante das células da medula 6ssea derivadas do
fémur de 6 animais foram coletadas no dia 0 e apés 3 dias de incubacgéo
no plastico, nas 4 diferentes concentracées de Mg na presenca de M-CSF
e RANKL ao meio de cultura. Alem disso, 3 dias de incubacao, foi
adicionado, triton na concentracdo de 0,5% . O triton causa danos a
parede celular, 0 que o torna um controle positivo A citotoxidade celular
foi avaliada por meio de kit comercial e mensurada pelo leitor Synergy

Fhkkkkkhkkkkhkkikkk

HT , conforme a indicacao do fabricante

PCR EM TEMPO-REAL

Para a analise de PCR em tempo real (QPCR), foram
coletadas amostras de medula 6ssea de e camundongos apos serem
cultivadas por 3 dias em meio contendo M-CSF e RANKL. O isolamento

do RNA e o qPCR foi realizado como descrito anteriormente®. Os primers

ittt

S CyQuant cell proliferation assay kit, Invitrogen Corporation, Carlsbad, CA, USA

855333885558 BijnTek Instruments; Winooski, VT; USA

Fekkdddk kK dhkk

BioTek Instruments; Winooski, VT; USA
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foram desenhados com o auxilio do software Primer Express 2.0
software 1" (Tabela 4). No intuito de evitar a amplificacdo
gendmica do DNA, cada amplicon foi expandido em pelo menos 1 intron.
Para avaliar a eficiéncia das reagfes de PCR, em uma das amostras foi
gerada uma curva padréo para todos os genes estudados. As reacdes de
PCR com diferentes amplificacbes tiveram eficiéncia iguais. Como
controle endégeno do gPCR foi utilizado a expressdao de um gene
constitutivo, PBGD, cuja expressdo ndo se altera com a deficiéncia de
magnésio. As amostras foram testadas para TRPM-7 (Transient Receptor
Potential-Melastin-like 7), MRS2, c-fos, RANK, c-fms, DC STAMP
(dendritic cell-specific transmembrane protein), m-calpain, p-calpain, IL1-38
and TNF-a. Todas as amostras foram normalizadas para a expressao de
PBGD pelo calculo ACt (Ctgene of interest - Ctpeap), € @ expressao genes-alvos

foi expressa como 2 - ““Y,

¢¢¢¢¢¢¢
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Tabela 4 — Sequéncia de primers utilizada no estudo.
Primer Sequence Amplicon Accession #
q length (pb)
GAAACGCGACCTTCAAAAACA
ENSMUSG00000024621
c-fms GGCCGGATCTTTGACATACAA 100
TCACCCTGCCCCTTCTCA
c-fos CTGATGCTCTTGACTGGC TCC 64
ENSMUSG00000021250
TGTATCGGCTCATCTCCTCCAT
ENSMUSG00000022303
DC STAMP GACTCCTTGGGTTCCTTGCTT 100
GGACCCATATGAGCTGAAAGCT
IL-1B8 TGTCGTTGCTTGGTTCTCCTT 100 ENSMUSG00000027398
GGGTCCTGATTGACGATTCG
MRS?2 TCACATTGCGATGGCTGTCT 62 ENSMUSG00000021339
GCCACCACGCTCTTCTGTCT
TNF-a GTCTGGGCCATAGAACTGATGAG 100 ENSMUSG00000024401
CAACCGGAGCTTGGATTTTAAC
ENSMUSG00000027365
TRPM-7 TGAGGGCATCACCAACATGT 68
TGGGCTTCTTCTCAGATGTCTTT
ENSMUSG00000026321
RANK TGCAGTTGGTCCAAGGTTTG 59
AGTGATGAAAGATGGGCAACT
PBGD 122
TCTGGACCATCTTCTTGCTGA ENSMUSG00000032126
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ANALISE DA ATIVIDADE DE TRACP

O sobrenadante das células da medula 6ssea derivadas do
fémur de 6 animais foram coletadas apods 6 dias de incubacao no plastico,
nas 4 diferentes concentragdes de Mg na presenca de M-CSF e RANKL
ao meio de cultura. A atividade de TRACP foi mensurada em placas de 96
pocos contendo pNPP como substrato em 5ul de sobrenadante com a
concentracao final de: 10 mM pNPP, 1 mM acido ascorbico, 0.1 mM
Fe(NH4)2(S04)2 0.1 M NaAc, 0.15 M KCI, 10 mM tartarato dissodico, 0.1%
(v/v) Triton X-100. The p-nitrofenol liberado apos 30min de incubacéo a 37
°C foi convertido em p-nitrofenolato com a adicdo de 100ul of 0.3 M
NaOH. A absorbancia foi avaliada em 405 nm no leitor de placas Synergy
HTHEHHEE 1 unidade de TRACP corresponde a 1 pumol de p-nitrofenol

formado por minuto.

ANALISE DA REABSORCAO OSSEA

As células de 6 camundongos foram cultivados nos meios de
cultura com diferentes concentracdes de Mg na presenca de M-CSF e
RANKL, sobre o tecido 6sseo por um periodo de 8 dias. Apdés esse
periodo, as células foram removidas do tecido 6ésseo com solucao de 0,1
M de NaOH. Foram entdo realizadas lavagem com agua destilada e o
tecido oOsseo foi incubado em solucdo de aluminio saturado

(KAI(SO4)2.12(H,0). Apos incubagédo, foi realizada nova lavagem com

PP R

Hrrs BioTek Instruments; Winooski, VT; USA
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agua destilada e foi entdo realizada a coloracdo com azul de coomassie.
Foram obtidas 4 fotografias representativas de cada tecido 6sseo, sendo
mensurada a area de reabsor¢cdo com o auxilio do programa analisador
de imagem Image Pro-Express 6.3%9958555538  Og tecidos 6sseos foram
analisados em triplicata para cada animal e a area de reabsorcdo foi

calculada pela porcentagem da superficie de osso reabsorvido.

S855588888888 Olympus, Tokyo, Japan
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