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Resumo

O aumento simultdneo da obesidade em todo o mundo parece ser
impulsionado principalmente por mudancas no sistema alimentar global. A
obesidade tem efeitos complexos no metabolismo 6sseo. Ela esta associada a
um maior conteudo mineral 0sseo que pode proteger contra a fratura.
Paradoxalmente, a obesidade esta relacionada com propriedades mecanicas
reduzidas, como resultado da dieta rica em gordura (HFD). Microtomografia
computadorizada (micro-CT), espectroscopia infravermelho com transformada
de Fourier (FTIR) e microscopia de forca atbmica (AFM) foram empregados
para caracterizar a microarquitetura, a composigcdo molecular e a rugosidade
do osso cortical em um modelo de obesidade induzida por dieta rica em
gordura. Para isso, camundongos C57BL/6 foram aleatoriamente distribuidos
para serem alimentados com dieta controle (control) ou HFD por 13 semanas.
Camundongos HFD apresentaram maior peso corporal (P <0,05) e indice de
obesidade de Lee (P < 0,05) em relacdo ao controle. Nao foram observadas
diferengas significativas na analise histomorfométrica e microarquitetura da
tibia cortical em camundongos HFD e control. Além disso, a dieta hiperlipidica
promoveu redugdo (P < 0,05) na rugosidade superficial da tibia cortical em
comparagdo com o controle. A HFD também induziu uma diminui¢ao (P < 0,05)
nos niveis de amida Il, colageno e carbonato na tibia cortical. Em resumo,
mostramos que a HFD promove a redugdo da rugosidade da superficie
associada a reducdo de componentes organicos/inorganicos como amida |,
colageno e fosfato, 0 que sugere que ambas ultra-caracterizagcbes sem
precedentes podem fornecer uma nova visdo sobre comprometimento 6sseo

relacionado a obesidade/DH, composicao e rugosidade superficial.

Palavras-chave: obesidade, 0sso, dieta HFD, colageno, espectroscopia
infravermelho com transformada de Fourier (FTIR) e analise de microscopia de
forca atébmica (AFM), carbonato, amida



Abstract

The simultaneous increases in obesity around the world seem to be driven
mainly by changes in the global food system. Obesity has complex effects on
bone metabolism. It is associated with greater bone mineral content which can
protect against fracture. Paradoxically, the obesity is related with reduced
mechanical properties as a result of high-fat diet (HFD). Micro-CT system,
Fourier-transform infrared spectroscopy (FTIR) and Atomic Force Microscopy
(AFM) analysis were employed to characterize the microarchitecture, molecular
composition and rugosity of cortical bone in a mouse model of High-fat diet-
induced obesity. For this, C57BL/6 mice were randomly assigned for 13 weeks
to either a control diet-fed (Control) or HFD-fed. HFD mice showed higher body
weight (P <0.05) and Lee obesity index (P <0.05) compared to control. No
significant differences in histomorphometric analysis and microarchitecture
compartments of the cortical tibia were observed in HFD and control mice.
Besides, HFD promoted reduction (p<0.05) in surface roughness of cortical tibia
compared with control. HFD also induced a decrease (p<0.05) in levels of
amide ll, collagen and carbonate in cortical tibia. In summary, we showed that
HFD promotes reduction of surface roughness associated with reduction of
organic/inorganic components as amide |l, collagen and phosphate, which
suggests that both unprecedented ultra-characterizations can provide novel
insight into the HFD/obesity-related compromised bone molecular composition

and surface roughness.

Keywords: obesity, bone, HFD diet, collagen, Fourier-transform infrared
spectroscopy (FTIR), and Atomic Force Microscopy (AFM) analysis, carbonate,

amide.



1. Introducao e referencial tedrico

1.1 Tecido Osseo

O tecido ésseo € um tecido conjuntivo especializado que exerce funcdes
importantes no corpo, tais como locomogao, suporte e protecdo dos tecidos
moles e dérgaos, homeostase mineral, hematopoiese e protecdo da medula
Ossea (Florencio-Silva et al., 2015). O osso é um tecido mineralizado altamente
dindmico em constante remodelacao (Datta et al., 2008). Desse modo, a massa
ossea é reflexo do equilibrio entre a deposicao e a reabsorgéo tecidual (Cao et
al., 2005).

Anatomicamente, o o0sso longo é subdividido em diéfise, epifise,
metafise, cartilagem articular, peridésteo, cavidade medular e endosteo. O 0sso
€ um tecido conjuntivo mineralizado composto por uma matriz inorgénica
formada por fosfato de calcio, sob a forma de cristais de hidroxiapatita,
agregada a uma matriz organica composta majoritariamente por colageno tipo |
e proteinas nao colagenas, que juntas formam um arcabougo para a deposicéao
dos cristais de hidroxiapatita, conferindo rigidez e resisténcia 6ssea (Boskey et
al., 2002). A matriz colagena propicia ao 0sso a capacidade de suportar forgas
de tensdo, enquanto que os constituintes minerais proporcionam capacidade
de suportar cargas compressivas. Isto indica que a composicdo 6ssea e as
propriedades mecanicas realizam um papel essencial na preservacao da
integridade do esqueleto (Raghavan et al., 2012).

Macroscopicamente, o tecido 0sseo pode ser classificado como
trabecular e cortical (Figura 1). O osso trabecular, que representa cerca de
20% da massa esquelética, € encontrado no esqueleto axial e no interior dos
0sso0s longos dentro de suas extremidades expandidas (metafises e epifises).
O osso cortical, que corresponde a 80% da massa esquelética, prevalece em
0ssos longos como tibia e fémur com papel relevante na resisténcia éssea. O
tecido ésseo, por meio da porgao cortical e trabecular, é o principal territério de
depésito mineral em organismos vertebrados ao longo da vida (Rodan, 2000).
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Figura 1: Representagéo estrutural dos ossos longos

O tecido 6sseo é composto de uma porcdo celular e de uma matriz
extracelular. A matriz extracelular possui cerca 65% de componentes
inorganicos e 35% de componentes organicos. O componente organico €&
formado por colageno, proteinas nao-colagenas (como osteocalcina e
osteonectina), lipideos e mucopolissacarideos. As proteinas d&sseas
apresentam papel relevante na mineralizacdo da matriz 6ssea, na ligacao aos
ions, na proliferacdo e diferenciagdo celular. A fase inorganica é constituida
principalmente por calcio e fosforo, que sdo depositados como sais amorfos
sobre a matriz extracelular e durante o processo de mineralizagdo 6ssea, criam
estruturas  cristalinas  similares aos  cristais de  hidroxiapatita
[Ca10(PO4)6(OH)2]. As moléculas de colageno formam uma estrutura
tridimensional criando espacos para acomodar esses cristais (Bolean et al.,
2017).

Apesar das células Osseas representarem menos de 2% do tecido
0sseo0, elas sdo as responsaveis pelas duas fungbes metabdlicas primordiais
do osso: remodelagdo éssea e manutencao dos niveis circulantes de calcio e
fésforo. Ha 3 tipos principais de células no tecido ésseo: osteoblastos,

ostedcitos e osteoclastos, cada um exercendo uma atividade indispensavel no
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processo de remodelacdo 6ssea continua, efetuada por reabsor¢cdo éssea e
formacgao dssea (Boyle et al., 2003).

Os osteoblastos sdo células mononucleadas que foram diferenciadas a
partir de células mesenquimais multipotentes da medula éssea e apresentam
formato cuboide. Os osteoblastos sdo responsaveis por secretar a matriz
organica do o0sso e pela inducédo do processo de mineralizacdo. Para realizar
estas funcdes os osteoblastos se organizam em uma camada Unica recobrindo
os sitios ativos de formacéo 6ssea (Harada & Rodan, 2003). Esta matriz 6ssea
que teve sua secrecdo recente e ainda ndo estd adequadamente calcificada
recebe o nome de ostedide. Em situacao de atividade osteoblastica ativada, os
osteoblastos podem ficar encarcerados dentro da matriz 6ssea que eles
mesmo secretaram, isto leva a alteragcbes morfoldgicas e metabdlicas bem
evidentes, o que leva a formacédo de ostedcitos. Os ostedcitos apresentam
prolongamentos citoplasméticos que permitem interagdo celular com outros
ostedcitos e células de revestimentos. Ademais, € bem descrito o papel dos
ostedcitos na manutengéo da integridade da matriz éssea. Essa célula também
atua na regulacédo da atividade osteoblastica e osteoclastica (Bellido, 2014a;
Walsh et al., 2006).

Os osteoclastos sdo células multinucleadas gigantes que foram
derivadas de células progenitoras de mondcitos/macréfagos da medula 6ssea.
Os osteoclastos ficam localizados principalmente na superficie 6ssea em
depressdes chamadas de lacunas de Howship. Em uma regido especifica da
borda em escova, as células osteoclasticas promovem a secrecdo de ions
hidrogénio devido a ativacdo de bombas de prétons. Estes ions promovem a
acidificacao do meio e, consequente, dissolucéo dos cristais de hidroxiapatita e
exposi¢ao da matriz 6ssea. O ions hidrogénio em contato com a matriz éssea
também podem degradar este componente organico e formar novas lacunas de
Howship (Boyle et al., 2003).

Um conjunto de células derivadas de osteoblastos que entraram em
estado de quiescéncia é chamado de células de revestimento. Estas células

achatadas recobrem superficies 6sseas inativas e apresentam intimo contato
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com ostedides. Sabe-se que estas células desempenham papel relevante para
proteger superficies 6sseas de agentes quimicos com potencial de degradar a
matriz 6ssea e no processo de regulagéo da calcemia ( Bellido, 2014b)

Em um elegante trabalho (Costa et al., 2013), foi demonstrado que a
atividade de osteoblastos e osteoclastos pode ser regulada pela topografia
tecidual. A adeséo e a diferenciacdo dos osteoblastos em matrizes rugosas de
hidroxiapatita foram maiores do que em superficies lisas. Por outro lado, a
adesdo e atividade, dos osteoclastos foi maior em superficies lisas em
comparagao as superficies rugosas.

A resisténcia final, o suporte e outras propriedades mecanicas
fornecidas por um tecido calcificado como o osso dependem, em parte, da
estrutura molecular e do arranjo de seus cristais minerais constituintes dentro

de sua matriz organica (Landis, 1995).

1.2 Obesidade: definicao, aspectos patofisiologicos e

epidemiolégicos

O consumo de alimentos ricos em gordura contribui para a obesidade
(Pratchayasakul et al., 2011). A obesidade, que tem sido considerada uma
pandemia, esta associada a um aumento do risco de morte, morbidade e
envelhecimento acelerado (Roth et al., 2004). O sobrepeso (ou excesso de
peso) e obesidade sdo definidos como acumulo anormal ou excessivo de

gordura, o que esta associado com riscos a saude (WHO, 2018).

A obesidade é medida pelo indice de massa corporal (IMC), o peso de
uma pessoa (em quilogramas) dividido pelo quadrado de sua altura (em
metros). Uma pessoa com IMC entre 18.5 — 24.9 é considerada com peso
normal, IMC entre 25 - 29.9 estd acima do peso/sobrepeso e o IMC 230 ¢é
caracterizada como obesa (WHO, 2018). O IMC é um indice amplamente
utilizado pelos servigos publicos para atendimento da populagdo e considerado
uma das melhores alternativas clinicas de baixo custo para mensurar a

obesidade. Esse excesso de peso e obesidade constituem fatores de risco para
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muitas doencas nado transmissiveis, tais como diabetes, desordens
musculoesqueléticas, doencas cardiovasculares e alguns tipos de cancer
(WHO, 2018).

No Brasil, mudangas demogréficas, socioeconémicas e
epidemioldgicas ao longo do tempo levaram a uma transicdo nos padroes
nutricionais, resultando em uma reducao gradual da desnutricdo e aumento da
prevaléncia para um estado de sobrepeso e obesidade. Esta situacdo é
semelhante a observada em paises desenvolvidos nas décadas anteriores
(Monteiro et al., 2004).

Na cidade de Sao Paulo, a obesidade em adolescentes aumentou
de 3,7% em 2003 para 9,3% em 2015. Destaca-se que no género feminino esta
prevaléncia aumentou de 2,5% para 11,2% nesse periodo. Os indices de
obesidade duplicaram neste periodo entre 2003 e 2015. (Pereira et al., 2018).

Coexistindo paradoxalmente com a desnutricdo, esta ocorrendo
um aumento da prevaléncia e da incidéncia de sobrepeso e obesidade em
muitas partes do mundo. Algumas estimativas da OMS apontam que em 2014
mais de 1,9 bilhées de adultos estavam com sobrepeso, dos quais 600 milhdes
eram obesos, correspondendo a 13% da populacdo adulta do planeta. A
prevaléncia mundial da obesidade quase triplicou entre 1975 e 2016 (Figura 2)
(WHO, 2018).

Semdados 0% 5% 10% 15% 20% 25% 30% 35% >40%
I — ]

Figura 2: Porcentagem de adultos acima dos 18 anos que sao definidos como
obesos baseados no indice de massa corporal (IMC = 30). Fonte: OMS, 2016
13



A expansdo crescente da obesidade reflete um grave problema de
saude publica com implicagbes para a sociedade e para os sistemas de saude
(Mazzoccante et al., 2013). A obesidade e doencas associadas tem
implicacbes econdmicas que estdo associadas a custos médicos diretos e
também com custos indiretos ou sociais, tais como reducao da qualidade de
vida, diminuicdo da produtividade, incapacidade com aposentadorias precoces
e morte (Mazzoccante et al., 2013)

1.3. Modelos animais de obesidade

Modelos animais de obesidade induzida por dieta s&o alternativas
importantes para o estudo desta condigao clinica em 6rgaos e tecidos. Estes
modelos também mostram-se eficientes para o estudo da fisiopatologia das
complicagdes associadas a obesidade, visto que € o modelo mais proximo da
génese da obesidade em humanos (Rosini et al., 2012). Entre as vantagens
desses modelos animais destaca-se a possibilidade de estudos em periodo de
tempo considerado curto, isso € benéfico tanto financeiramente quanto em
relacdo aos aspectos éticos da utilizagdo de animais de experimentacao.
Oferece ainda meios para o desenvolvimento de estudos relacionados ao
tratamento da obesidade e suas comorbidades que compdem a sindrome
metabdlica (White et al., 2013).

Entre as véarias vantagens em usar os roedores como modelo de
pesquisa, 0 mais importante € a grande semelhanga com os humanos em
aspectos da anatomia, fisiologia e genética. Destaca-se a presenca de
similaridade em mais de 95% do genoma humano. Adicionalmente é
considerado vantajoso: a disponibilidade de um numero de ferramentas
genéticas / moleculares eficientes; o pequeno tamanho do animal que propicia
uma redugao na quantidade de farmacos e tempos experimentais, tornando-o
um modelo eficiente em termos de custo, espago e tempo necessarios para

realizar a pesquisa (Roth et al., 2004; Vandamme, 2015).
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Como muitos dos genes responsaveis por doengas complexas, como
cancer, disfungdo metabdlica, doencas genéticas, asma etc., sao
compartilhados entre roedores e humanos, pesquisas em roedores e
especialmente em camundongos C57BL/6 sao cruciais para a identificacdo de

fatores de risco genéticos na populagdo humana (Vandamme, 2015).

1.4 Obesidade e o tecido 6sseo

Estudos em roedores demonstraram que a adiposidade em excesso e
uma dieta com alto teor de gordura podem ser particularmente prejudiciais para
a qualidade da densidade mineral 0ssea. Estas alteragbes parecem ter efeitos
mais severos quando a dieta é oferecida a animais jovens sem o processo de
maturacao tecidual 6ssea consolidado (Cao; Gregoire; Gao, 2009; Patsch et
al., 2011).

Uma série de trabalhos aponta que a obesidade esta relacionada com
alteracbes no metabolismo 6sseo. Apesar de um numero consideravel de
estudos relacionados a este tema, ainda existem uma série de efeitos da
obesidade no tecido 6sseo que ainda nao estdo compreendidos (Shapses and
Sukumar, 2012). A obesidade parece afetar o metabolismo 6sseo de uma
forma complexa. Se por um lado algumas pesquisas apontam que o aumento
do IMC promove aumento da densidade mineral, outro conjunto de pesquisas
indicam que a obesidade pode promover reducdo a atividade de formacao
Ossea (osteoblastogénese) e aumento da atividade osteoclastica.
Considerando que a obesidade estd associada com aumento nos niveis
circulantes de citocinas inflamatérias e no estresse oxidativo e que esses
fatores também podem regular os processos de regulacdo da formagao 6ssea,
fica evidente uma possivel relacdo sistémica com efeitos diretos no tecido
0sseo. (Cao, 2011).

Esta bem estabelecido que o peso corporal ou indice de massa
corporal (IMC) esta positivamente correlacionado com densidade mineral 6ssea
ou massa 6ssea (Felson et al., 2009). O baixo peso corporal € um fator de risco
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para densidade mineral 6ssea e aumento da perda éssea em humanos (Ravn
et al., 1999). Apesar dos efeitos positivos da carga mecénica, conferida pelo
aumento do peso corporal com a obesidade nos ossos, algumas pesquisas
sugerem que a obesidade é prejudicial a saude 6ssea. Estudos indicam que
tais efeitos positivos do peso corporal ndo compensariam completamente os
efeitos prejudiciais da obesidade nos o0ssos, pelo menos em modelos animais
obesos (Cao, 2011).

Além dos efeitos sobre as taxas de formagédo 6ssea, osteoporose
ou densidade O6ssea mineral, a obesidade também esta associada a fraturas.
Destaca-se que a presenca destas alteracées ndao ocorre somente em idosos.
Pesquisas demonstraram aumento da prevaléncia de fraturas de antebraco em
adultos jovens obesos e também uma reducdo da massa 6ssea em criancas
obesas (Flynn et al.,, 2007; Goulding et al., 2005). Vale ressaltar, que a
estrutura éssea é prejudicada em adultos com maior adiposidade visceral
(Gilsanz et al., 2009; von Muhlen et al., 2007)

Tanto a obesidade quanto a osteoporose apresentam alteracdes
hormonais em comum e estdo associadas com aumento de citocinas pro-
inflamatérias e o estresse oxidativo. Esses fatores contribuem para a maior
aquisicdo de gordura e a perda de massa 0Ossea (Shapses and Sukumar,
2012). Ha indicios de que a maior adiposidade na obesidade esta associada a
uma menor taxa de formacgao éssea (Papachristou et al., 2018).

O tipo de dieta também é capaz de perturbar o metabolismo
0sseo de forma indireta. Dietas com alto teor de gordura tem a capacidade de
interferir desfavoravelmente na absorcdo intestinal de calcio, levando a
diminuicdo da biodisponibilidade desse elemento no organismo, cujo

suprimento adequado é indispensavel a formacao 6ssea (Nelson et al., 1998).

A obesidade também oferece riscos para tecidos diretamente
relacionados com a atuacao da Odontologia. Foi demonstrado que o consumo
prolongado de dieta hiperlipidica (dieta rica em gordura) causou resisténcia a
insulina, obesidade e também promoveu osteoporose nos 0ssos maxilares

(Pramojanee et al., 2013). A obesidade induzida por dietas com alto teor de
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gordura durante os estagios de crescimento também promoveu osteoporose no
0sso mandibular associado com aumento do risco de doenca periodontal
espontanea (Fujita & Maki, 2015). Alguns estudos epidemiol6gicos
caracterizaram a associacao entre doenca periodontal e obesidade (Chaffee &
Weston, 2010; Suvan et al., 2011) e indicaram que a obesidade perde apenas
para o tabagismo como fator de risco para destruicdo de tecido periodontal
inflamatério (Nishida et al., 2005).

Considerando que o efeito da obesidade induzida por dieta rica
em gordura na microarquitetura do osso cortical permanece em debate e sua
capacidade de modular os parametros histomorfométricos, a composicao
molecular 6ssea e a topografia da superficie ndo foram consideradas, o
objetivo do presente estudo foi avaliar os efeitos da obesidade induzida por
dieta rica em gordura na microarquitetura, parametros histomorfométricos,

composicao molecular e rugosidade superficial do tecido 6sseo cortical.
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Abstract

The simultaneous increases in obesity around the world seem to be
driven mainly by changes in the global food system. Obesity has complex
effects on bone metabolism. It is associated with greater bone mineral content
which can protect against fracture. Paradoxically, the obesity is related with
reduced mechanical properties as a result of high-fat diet (HFD). Micro-CT
system, Fourier-transform infrared spectroscopy (FTIR) and Atomic Force
Microscopy (AFM) analysis were employed to characterize the
microarchitecture, molecular composition and rugosity of cortical bone in a
mouse model of High-fat diet-induced obesity. For this, C57BL/6 mice were
randomly assigned for 13 weeks to either a control diet-fed (Control) or HFD-
fed. HFD mice showed higher body weight (P <0.05) and Lee obesity index
(P <0.05) compared to control. No significant differences in histomorphometric
analysis and microarchitecture compartments of the cortical tibia were observed
in HFD and control mice. Besides, HFD promoted reduction (P < 0.05) in
surface roughness of cortical tibia compared with control. HFD also induced a
decrease (P < 0.05) in levels of amide Il, collagen and carbonate in cortical
tibia. In summary, we showed that HFD promotes reduction of surface
roughness associated with reduction of organic/inorganic components as amide
Il, collagen and phosphate, which suggests that both unprecedented ultra-
characterizations can provide novel insight into the HFD/obesity-related

compromised bone molecular composition and surface roughness.

Keywords: obesity, bone, HFD diet, collagen, Fourier-transform infrared
spectroscopy (FTIR), and Atomic Force Microscopy (AFM) analysis, carbonate,

amide.
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1. Introduction

The rising prevalence of obesity in almost all countries has been
described as a global pandemic [1]. It seem to be related mainly by alteration in
the global food system, which is producing more processed, low-cost, and
effectively marketed food than ever before [1]. The high-fat diet consumption
promotes the development of obesity, which are related with implications in
several physiological systems [2]. Body mass index frequently correlates
positively with bone density in humans [3], mainly because occur increasing in
mechanical loading on weight bearing bones of obese subjects [4]. Considering
that the skeleton adapts most closely to lean body mass, such that subjects with
high percent body fat may have lower bone mineral density than expected for
their total body mass, other studies have challenged the notion that high body
mass is unequivocally beneficial to bone [5], [6], [7]-

It has been suggested that HFD initially increases bone deposition
followed by impairs bone formation and turnover due to metabolic dysregulation
[8]. Some studies indicate that diet-induced obesity in mice may deteriorate
trabecular bone volume and architecture without significant impact on the
cortical compartment measured by microarchitecture analysis [9], [10], [11].
Furthermore, no significant high-fat diet effects were described on mature
cortical bone mechanical properties, geometric structure and mineral content of
roosters [12]. On the other hand, diet-induced obesity in mice increases bone
size associated with decreasing of mechanical properties in cortical bone [13].
The maximum loads that the bones can sustain, however, remain essentially
unchanged with the implication that the quality and quantity of bone act in a
compensatory manner to optimize the load-bearing behavior of bone [13].

Considering that the effect of HFD-induced obesity in cortical bone
microarchitecture remain in debate and its capacity to modulate
histomorphometric parameters, bone molecular composition and surface

topography were not considered, the aim of the present study was to evaluate
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the effects of HFD diet-induced obesity on bone tissue by microarchitecture,

histomorphometric parameters, molecular composition and surface roughness.

2. Methods

2.1. Experimental design

Animal procedures were approved by the Ethics Committee for Animal
Research of the Federal University of Uberlandia (Proposal #128/2015) and
performed according to federal guidelines for the care and use of animals in
research. All procedures were carried out in strict accordance with the
recommendations in the Guide for the National Institutes of Health guide for the
care and use of Laboratory animals.

Ten-week old C57BL/6 male mice were fed a high-fat diet (Research
Diets High-Fat Diet 37,5% fat, protein 20%, carbohydrate 42,2%; HFD: n=7); or
standard laboratory chow (Nuvilab CR-1 Diet 4% fat, protein 14%, carbohydrate
77%; control: n=9) for a diet duration of 13 weeks. All rats, grouped in cages of
four animals each, were maintained under controlled temperature and
photoperiod (12 hr light, 12 hr dark) with food provided ad libitum. All mice also
allowed free access to water. The animals were individually placed in a
container to be weighed once weekly during the protocol. After euthanasia
(Ketamine 80 mg/kg and Xilasine 10 mg/kg), were measured the nasoanal
lengths, the body weight and calculated the Lee index in both control and HFD
mice. This index was calculated by dividing the cube root of body weight (g) by
nasoanal length (cm) and multiplying the result by 1000 [14]. After that, tibias
were dissected and removed. Rights tibiae were frozen in PBS in freezer -20°C
to be used in micro-CT, ATR-FTIR spectroscopy and AFM analysis. In contrast,
the left side were fixed in formalin and underwent histological processing
(Figure 1). All efforts were made to minimize animal suffering. The methods
were carried out in accordance with approved guidelines.
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Figure 1: Experimental model of bone analysis in HFD and control mice.

2.2. H&E analysis

The distal mid-diaphysis were decalcified in 4.13% EDTA for 5 weeks,
dehydrated with graded ethanol and embedded in paraffin. From each tibia
were obtained 4 semi-serial transversal histological sections (5um) that were
stain in Hematoxylin-Eosin (H&E) for qualitative and quantitative bone matrix
evaluations. The histological images of the cortical bone were scanned, using a
digital scanner ScanScope AT Turbo® (Leica Biosystems Nussloch, Shinjuku-
ku, NuBloch/Germany) [15]. In qualitative histological analysis, the

characteristics of cortical bone matrix were evaluated.

In histomorphometric analysis, the software Aperio ImageScope® (Leica
Biosystems Nussloch, Shinjuku-ku, NuBloch/Alemanha) was used to capture 4
images (20x magnification) of cortical bone, to obtain representative fields of
osteocyte distribution over the bone matrix in each histological section. The
images were evaluated by the point counting method in Image-Pro Plus®
software (Media Cybernetics, Rockville, Maryland, USA). A grid was created on
image and counted the number of points (intercession between two lines) that
touched bone matrix and osteocytes lacuna, empty or with the cells. Thus, there
was calculated a percentage of proportion of total number points in image
relative to the number of points that touched the assessed structures.
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2.3.  Micro-Computed Tomography Analyses (micro-CT)

The tibial diaphysis was scanned to obtain high-quality images, and the
cortical bone was selected as the region of interest (ROI). All scans were
performed using a micro-CT scanner (Sky-Scan 1272, Bruker, Kontich,
Belgium), and the images were obtained under the following conditions: 70 kV
voltage; 142 pA tube current; 0.5 mm aluminum filter; 180° rotation; and 5 ym
resolution pixel size. All of the resulting images were reconstructed using
NRecon software (v.1.6.9.10, Bruker, Kontich, Belgium). For all reconstructed
images, the ROl was defined as tibial diaphysis. The trabecular and cortical
bone were distinguished and separated by automatic processes, and only
cortical bone was used (CT Analyzer, v. 1.14.4.1+(64-bit), SkyScan, Bruker,
Kontich, Belgium). The global threshold used for bone segmentation (68 down
and 255 upper) was chosen to differentiate the pores from bone tissue. The
following parameters were measured in the cortical ROI: thickness (Ct.Th, mm);
porosity (Ct.Po, %); total closed porosity (Po.cl, %); bone surface by bone
volume (BS/BV, mm-1); degree of anisotropy (Ct.DA, #); fractal dimension
(Ct.FD, #); closed pore number (Po.n(cl), [16, 17].

2.4  Analysis by Atomic Force Microscopy (AFM)

The surface roughness (um) of cortical tibial diaphysis was analyzed with
a scanning probe atomic force microscopy (AFM) (SPM-9600; Shimadzu,
Tokyo, Japan). The images were recorded in tapping mode with a silicium
cantilever (tip curvature radius of < 10nm, Bruker, Billerica, Massachusetts,
USA) at room temperature. Randomly selected sites of samples were scanned
with rate of 200 kHz and 3-dimensional images were obtained and analyzed
with AFM systemic software (Gwyddion) [24].

2.5 ATR-FTIR spectroscopy
FTIR spectroscopy is used to evaluate chemical fingerprints of samples.
For this, the tibial diaphysis were stored — 20 °C and macerated with a sterile
mortar and pestle to obtain sample spectra. Chemical profile in bone by FTIR
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spectra were recorded in 4000-400 cm™' region using FTIR spectrophotometer
Vertex 70 (Bruker, Billerica, Massachusetts, USA) attached to a micro-
attenuated total reflectance (ATR) accessory. All spectra were recorded at room
temperature (231 °C). The crystal material unit of ATR unit was a diamond
disc as internal-reflection element. The sample penetration depth ranges
between 0.1 and 2 ym and depends on the wavelength, the refractive index of
ATR-crystal material and the incidence beam angle. The infrared beam was
reflected at interface toward the sample. The air spectrum was considered as a
background in FTIR analysis. Samples spectrum were taken with 4 cm™ of
resolution and 32 scans were performed to each analysis. FTIR spectra were
normalized and baselines were corrected using OPUS 6.5 software (Bruker,
Billerica, Massachusetts, USA) [18]. None noise removal techniques were
applied. Briefly, in original spectra the vibrational mode ~1643 cm! is identified
as UNH (amide 1) bending vibrations [18, 19]; 8NH (amide Il) (bending vibration
~1550 cm™) [18, 20]; Carbonate (vibrational mode ~1410 cm™ and ~870 cm’)
[19, 21]; uCOO (amide Ill) (vibrational mode ~1242) [20, 21]; Collagen
(vibrational mode 1338 cm') [19, 22]; Phosphate (vibrational mode ~1012 cm!
[21]; Mineral phase by carbonate substitution parameters (Area of 850-890 cm-
! band/area of phosphate band); Mineralization degree (area of 900-1200 cm -
phosphate band/area of amide | band (1585-1720 cm -'); Mineral cristallinity
(area of 1030 cm ~' subband/area of 1020 cm ~' subband); Collagen maturity
(area of 1660 cm™' subband/area of 1690 cm™' subband); Collagen integrity
(area of 1338cm' subband/ area of 1550cm' subband) [21, 23, 24]. The
second derivative was obtained by applying Savitzky-Golay algorithm with
polynomial order 5 and 20 points of the window. The normalization of second
derivatives was made by mean, and the peak heights indicated the intensity of
each bone component. The vibrational mode ~1336 cm™ is identified as
collagen and vibrational mode ~1404cm' as carbonate [19, 22].

2.6  Statistical analysis
The data from all measured parameters were tested for normal

distribution (Shapiro-Wilk and D’Agostino-Pearson tests) and the equality of
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variances (Levene’s test). The data passed in those tests were submitted to
Student t-test and values were showed as mean + SEM. However, the data no
passed in those tests were submitted to Mann-Whitney non-parametric test and
values were showed in Median and Quartile (25% - 75%). All tests employed a
level of significance of a=0.05 and all statistical analyses were carried out with
GraphPad Prism version 5.00 (GraphPad Software, San Diego, CA, USA).

3. Results

As expected, the body weight, body weight gain, and Lee Index, were
increased (P < 0.05) in HFD than control mice (Figure 2 a-c), confirming that
HFD induced obesity. Glycemia was similar in control and HFD mice (Figure
2d). As expected, the relative weight of adipose tissue by body weight was
increased (P < 0.05) in HFD than control mice (Figure 2e).
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and (d) Glycemia (e) Relative weight of adipose tissue per body weight.
Analyzed by t-Student parametric test, results are Mean £+ SEM (* P < 0.05).
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3.1 H&E analysis

Bone specimens stained with H & E had similar bone tissues in the
qualitative analysis of the cortical bone in the HFD and control mice. The
histological analysis also showed cortical bone with Haversian channels and
osteocytes included in bone matrix in HFD and control mice. Channels
containing blood vessels were noted, spatially distributed throughout the entire
cortex with similar distribution in HFD and control mice (Figure 3 a-b). The
histomorphometric analyses showed similar (P > 0.05) number of osteocytes,
osteocyte lacunar density and bone matrix area in HFD and control mice

(Figure 3 c-e).
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Figure 3 (a-b) Histological images representative of the cortical bone,
osteocytes (black arrow) included in the bone matrix observed in the groups. (c)
osteocytes, (d) bone matrix (e) empty lacunae. Analyzed by t-Student
parametric test, results are Mean £ SEM (*P > 0.05).

3.2 Micro-Computed Tomography Analyses
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Furthermore, supplementary figure 1 shows the axial sections
reconstructed by the computerized micro-tomography of the cortical tibia
evidencing similar porous bone in control and HFD mice. The percent of cortical
thickness (Ct.th, mm), cortical porosity (Ct.Po, %), total closed porosity (po.cl,
%), bone surface by bone volume (BS/BV, mm-), degree of anisotropy (Ct.DA,
#), fractal dimension (Ct.FD, #) and closed pore number (Po.n #) also remained

unaltered (P > 0.05) between control and HFD mice (Table 1).

Table 1: The median and quartile (25% - 75%) values of all parameters

calculated by micro-CT analysis..

Parameter Control HFD p-value
Ct.Th (mm) 0.07/0.045-0.12 0.05/0.04-0.105 0.67
Ct.Po (%) 5.2/1.61-8.195 5.36/3.05-13.22 0.40
Po.cl (%) 1.22/0.44/2-205 1.39/0.69-2.085 0.87
BS/BV(mm') 28.55/14.41-38.55 31.81/19.4-51.57 0.44
Ct.DA (#) 0.445/0.3775-0.535 0.4/0.34-/0.575 0.55
Ct.FD (#) 2.44/2.385-2.46 2.46/2.375-2.465  0.89

Po.n(cl) (n) 12357/7126-15256  14733/6528-18158 0.69

Figure 1 supplementary: micro-CT 3D rendering images. (a) Image of control

mice. (b) Images of HFD mice.
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3.3  Analysis by Atomic Force Microscopy (AFM)

AFM measurement was implemented to examine the difference of
surface roughness of cortical bone in control and HFD mice. As shown in Figure
4, the cortical bone of the control mice clearly shows a surface roughness
(Figure 4a). On the other hand, cortical bone in HFD rats present smoother
surfaces (Figure 4b). The surface roughness was reduced (~40%, P < 0.05) in
HFD than control mice (Figure 4c).

> Q
cP(‘\é N

Figure 4 Topographic images of the bone surface by atomic force microscopy
(AFM): (a) Represent the surface roughness in Control group. (b) Represent a
decrease in surface roughness in HFD mice. (c) Analyzed by t-Student
parametric test, results are Mean + SEM (*P < 0,05)

3.4 Analysis by FITR spectroscopy
The infrared spectrum obtained in tibia of control and HFD mice are

represented in Figure 5a. The analysis of bone spectrum showed clearly
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changes in amide Il (1550 cm), and similar spectra to amide | (~1643 cm™),
carbonate (~1410 cm™ and ~870 cm™), collagen (~1338 cm™'), amide Il (~1242
cm') and phosphate (~1012 cm™') between control and HFD mice. Figure 5b-c
emphasize the reduction (P < 0.05) of amide Il (~1550 cm™ ) in HFD than
control mice.
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Figure 5 Representative FTIR spectrum of bone. (a) Mean spectrum of
bone components obtained by FTIR analysis (b) Approximate image of band
area Amide Il (~1550 cm™) (c) Analyzed by t-Student parametric test, results
are Mean = SEM (*P < 0.05)
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Collagen integrity, mineralization degree, collagen maturity, mineral
crystallinity and carbonate substitution were unchanged in tibia of control and
HFD mice (Figure 6).
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Figure 6 Level of bone parameters measured by FTIR spectroscopy. (a-d)
Analyzed by t-Student parametric test, results are Mean £ SEM (*P < 0.05). (e)
Analyzed by Mann-Whitney test, results are Median + SEM (*P < 0.05).
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We also carried out the second derivative of ATR-FTIR spectrum to
depicts vibrational modes overlapped in the raw spectra of control and HFD
mice (Figure 7a). Both control and HFD mice presented similar vibrational
modes with subtle differences in amplitude of second derivatives (P < 0.05; data
not shown), however two vibrational modes identified as collagen at ~1336 cm™'
(Figure 7b-c) and carbonate at ~1404 cm™' (Figure 7d-e) were reduced (P <

0.05) in the bone of HFD compared to control mice.
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Figure 7 The mean second derivative spectra of bone. (a) Mean spectrum of

bone components obtained by second derived FTIR analysis (b) Higher

magnification of ~1336 cm™ band (d) Approximate image of band intensity

~1404 cm™ (c) and (e) Analyzed by Mann-Whitney test, results are Median +

SEM (*P< 0.05).
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Discussion

Herein, we have investigated microarchitecture, molecular composition
and rugosity of cortical bone in tibia of High-fat diet-induced obesity mice using
Micro-CT system, Fourier-transform infrared spectroscopy (FTIR) and Atomic
Force Microscopy (AFM). This study clearly demonstrates that HFD-induced
obesity may promote reduction in the organic (amide Il and collagen) and
inorganic (carbonate) components associated with reduction in surface
roughness of in the cortical bone of HFD mice than controls. However, these
changes are accompanied by maintenance of bone 3-D microarchitecture and

histological properties.

As expected in High-fat diet-induced obesity state, body mass, Lee
index, are increased in HFD compared to control mice. These findings are
consistent with other studies [25-28]. Development of obesity requires
expanding adipose tissue by hyperplasia (cell number increase), hypertrophy
(cell size increase) or a combination of the two. A previous study proves that
HFD induced adiposity in outbred female CD-1 mice was primarily contributed
by adipocyte hypertrophy and to a lesser degree by adipose hyperplasia [25].
Here, the changes in cortical bone composition and surface roughness of

cortical bone were unveiled in a classic obesity model.

In analysis with micro-computed tomography, obesity induced by HFD-
diet is strongly related with decreases in trabecular bone mass, however, it has
no effect on cortical bone of tibia in mice [9]. Besides, it was indicated that
immature mice (5 weeks) have a significantly greater reduction in femoral
metaphyseal trabecular bone volume than mature (20 weeks) mice when fed a
HFD for 12 weeks. The normalized cortical thickness was similar in both
immature and mature HFD mice compared to control mice [29, 30]. Calculated
total mineral density (TMD) was no different in cortical bone of midshaft tibia
between HFD and control mice [8]. In a similar micro-architectural analysis of
bones, HFD did not change cortical bone in both gender, although it was
demonstrated that HFD aggravates bone loss in trabecular bone in males
compared to female C57BL/6 mice [31]. Furthermore, it was indicated that
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TNF-a gene knockout retained HFD-induced femoral trabecular bone loss
mainly by suppressing osteoclastogenesis, which suggests that TNF-a plays a
critical role in the development of HFD-related bone metabolic disorders. The
effects of TNF-a was not considered in cortical bone [32]. In the present study,
there was no significant difference in 3-D Micro-CT reconstruction analysis in
cortical tibial shaft of HFD rats, which corroborate with published data as cited
above. On the other hand, cortical bone structure of tibia was increased in HFD
than control mice [8]. The tibial cortical bone mass was also increased in HFD
mice compared to matched controls, which can be involved with anabolic effect
during feeding period [8]. In another study Ct.Th was higher in HFD than control
mice. However, the vascular canal system (averaged by average vascular canal
porosity) in the cortical bone was no similar in both control and HFD mice [33].
Although the present study and others may suggest that cortical 3-D
microarchitecture are maintained by HFD, changes in age, gender, the duration
of HFD and intensity of HFD-induced obesity could promote significant changes
in these parameters.

The decrease in collagen fibers, amide |l and carbonate assessed by
FTIR clearly demonstrate that high-fat diet-induced obesity can promote
changes in organic and inorganic content of cortical bone. It is important to note
that in the present study the mice fed HFD (for 13 weeks) are normoglycemic.
Considering that reduction of collagen and carbonate contents can negatively
affect mechanical properties of bone and increase the fracture susceptibility,
this result indicates that prolonged exposure with HFD may even be key
molecular event for damage in bone functions [34]. In other study with Swiss
mice, HFD for 21 weeks promoted a type 2 diabetic model with hyperglicemia.
This animal model associated with HFD reduced collagen maturity, pentosidine
content, mineral/matrix ratio, mineral crystallinity, and carbonate/phosphate
ratio were reduced in high-fat-fed Swiss mice [35]. It is important point out that
present data can indicate that HFD can promote reduction in collagen and
carbonate isolately and independently of blood glucose levels. May it possible
that reduction in collagen levels in cortical bone of HFD mice are related with
increased levels of the plasma biomarker for type 1 collagen degradation (CTX-
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1), an marker for bone resorption increased in HFD animals [36]. Furthermore,
Amide Il is a mixed C—N stretch associated with N—H in plane bend. Changes in

amide |l could indicate changes in protein secondary structure [37].

The present study showed decreased of surface texture in cortical bone
shaft of HFD mice compared to controls. Bearing in mind that osteoblast
attachment and differentiation were higher on micro-rough (Ra ~2um) than on
smoother surfaces (Ra ~1um) of hydroxyapatite [38]. On the other side, the
osteoclast marker tartrate-resistant acid phosphatase activity was increased on
smoother than on micro-rough surfaces [38]. Although, the functions of bone
cells on different topographies has already been described in in vitro studies
[38] and to the best of our knowledge, this is the first in vivo study evaluating

surface roughnessin cortical bone of animal models with HFD-induced obesity.

In summary, we showed that HFD promotes reduction of surface
roughness associated with reduction of organic components as amide Il and
collagen and reduction in carbonate (an inorganic component), which suggests
that both unprecedented ultra-characterizations can provide novel insight into
the HFD/obesity-related compromised cortical surface roughness and bone

molecular composition.
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