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“Por si s0, o tempo nao é nada.
A idade de nada é nada.
A eternidade ndo existe.

No entanto, a eternidade existe.”

José Luis Peixoto
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Abstract

Introduction: The alveolar bone is, like the remaining bones in the human
organism, a labile structure that continues to remodel itself throughout one’s life
and plays a fundamental role in dental therapeutic approaches, such as in the
placement of osseointegrated implants. There appears to exist some evidence
that points towards the connection between hyperlipidaemia — a disease
characterized by an imbalance between the circulating low-density lipoproteins
and the high-density lipoproteins — and the altered bone metabolism, leading to
osteopenia/osteoporosis. Bone marrow adipocytes produce large amounts of
fatty acids, especially palmitic acid, which may display a local modulatory activity.
Besides, this fatty acid is particularly abundant in bone marrow from patients
diagnosed with osteoporosis, suggesting that it may have a role in the
pathogenesis of this condition.

Objective: This study aims to address the biological effects of palmitic acid, at
different concentrations, in the bone development process, in an embryonic chick

femoral ex vivo model.

Methodology: Fertilized chick eggs were sacrificed at day 11. The femora were
isolated and cultured in the air/liquid interface with medium containing bovine
serum albumin and palmitic acid at 0, 50, 200 and 500 yM concentrations, for 11
days. Samples were characterized by microtomography and the morphological
analysis was carried out to evaluate parameters as tissue volume, bone volume,
tissue surface, bone surface and the bone mineral density. Samples were
following characterized by histological assessment, with Alcian blue and Sirius

red histochemical staining.

Results: Microtomographic analysis revealed that samples grown in the
presence of 50 and 200 pM of palmitic acid exhibited an increased calcified
sagittal section, as well as a thicker and more trabeculated transversal section,
as compared to control and the 500 yM of palmitic acid. In addition, the 200 uM
of palmitic acid condition exhibited significantly higher histomorphometric

indexes. Histochemical analysis revealed no significant tissue organizational



differences between conditions, whether a thicker osteoid was verified for the 200
MM of palmitic acid condition.

Conclusion: Gathered evidence suggests that palmitic acid may be deposited in
the embryonic femur organotypic model, and that mild and intermediate
concentrations (50-200 pM) may stimulate the bone remodelling/growth cycle.
Attained data indicates that the exposure to fatty acid may modify osteoblasts’
functionality and induce morphological alterations and alter bone deposition and
calcification. Therefore, the present work suggests that the biological functionality
of the bone tissue in hyperlipidaemic conditions may lead to structural and
functional differences on the tissue’s architecture and have a clinically relevant

impact on bone functionality.

Keywords: Fatty acids; Palmitic acid; Osteoblast; Osteoclast; Bone turnover;

Osteopenia; Osteoporosis; Bone mineralization.



Resumo

Introducdo: O osso alveolar €, a semelhanca dos restantes 0ssos do corpo
humano, uma estrutura labil que permanece em remodela¢éo ao longo da vida
e que desempenha um papel fundamental de suporte e na efetivacdo de
diferentes abordagens terapéuticas médico-dentarias, como a colocacdo de
implantes osteointegrados. Existem indicios que apontam para uma conexao
entre a hiperlipidemia (uma doenca caracterizada pelo desequilibrio entre as
lipoproteinas de baixa e alta densidades, circulantes) e o metabolismo 6sseo
desregulado, o que podera levar, em Ultima instancia a osteopenia/osteoporose.
Os adipocitos da medula 6ssea produzem grandes quantidades de acidos
gordos, especialmente de acido palmitico, que podera exercer uma funcao
reguladora local. Além disso, este acido gordo é particularmente abundante na
medula éssea de doentes com osteoporose, 0 que sugere uma ligacdo uma

ligacéo entre este acido gordo e a etiologia desta patologia.

Objetivo: O objetivo deste estudo assenta na avaliagcdo dos efeitos biolégicos
do acido palmitico, em diferentes concentracbes, no processo de

desenvolvimento 6sseo, num modelo ex vivo de fémur de galinha embrionaria.

Metodologia: Ovos de galinha fecundados foram sacrificados ao 11° dia de
desenvolvimento embrionario. Os fémures foram isolados e cultivados numa
interface ar/liquido num meio de cultura com acido palmitico, nas concentracdes
de 0, 50, 200 e 500 uM, por 11 dias. As amostras foram estudadas atraveés de
microtomografia e de andlise histolégica, com o objetivo de avaliar parametros
como o volume de tecido total, o volume 0sseo, a superficie de tecido total, a
superficie do osso e a densidade mineral O6ssea. As amostras foram,
posteriormente, caracterizadas através de técnicas histoldégicas, com o0s

corantes histoguimicos Alcian blue e Sirius red.

Resultados: A analise microtomografica revelou que as amostras que
cresceram na presenca de acido palmitico nas concentracdes de 50 e de 200
MM apresentaram uma secc¢ao sagital mais calcificada, assim como uma secc¢éo
transversal mais espessa e trabeculada, comparativamente as amostras que

cresceram nas condi¢des controlo, ou na presenca de acido palmitico a 500 yM.

Xl



Além disso, a condicdo dos 200 yM de &cido palmitico apresentou indices
histomorfométricos mais elevados, com diferencas estatisticamente
significativas, comparativamente a condi¢éo de controlo. A analise histoquimica
ndo revelou diferengas significativas relativamente a organizacao do tecido entre
as varias condicdes, exceto na condicdo de 200 uM, em que se observou uma
matriz ostedide mais espessa.

Concluséo: As evidéncias recolhidas sugerem que o &cido palmitico se possa
ter depositado no modelo organotipico de fémur embrionario e que, em
concentracbes baixas a intermédias (50-200 uM) possa estimular o ciclo de
crescimento e remodelacao 6ssea. Os dados obtidos indicam que a exposicao
ao acido gordo podera modificar a funcionalidade dos osteoblastos e induzir
alteracdoes morfoldgicas, o que se ira traduzir numa alteragdo na deposicao
0ssea e na sua calcificacdo. Assim, este trabalho sugere que a funcionalidade
biologica do tecido 0sseo em condi¢cbes hiperlipidémicas poder apresentar
diferencas estruturais e funcionais na arquitetura do tecido, o que podera ter um

impacto clinicamente relevante na funcéo ossea.

Palavras-chave: Acidos gordos; Acido palmitico; Osteoblasto; Osteoclasto;

Renovacao 0ssea; Osteopenia; Osteoporose; Mineralizagdo 6ssea.
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Introduction

1.Introduction
1.1 Bone

1.1.1 Bone constitution and function

It is well-known that the alveolar bone plays a fundamental role in dental
therapeutic approaches, such as osseointegrated implants!. The alveolar bone
is, like the remaining bones in the human organism, a labile structure that
continues to remodel itself throughout one’s life'3. It is composed of a mineralized
matrix and specialized cells that produce and maintain this same matrix. It
consists of an organic component (osteoid) and a mineral component. The
osteoid is made up specially of type | collagen, glycosaminoglycans and other
proteins, while the inorganic bone matrix contains a highly substituted
hydroxyapatite, with a generic chemical formulation of (Ca1o[POa4]s[OH]2)*.

The bone exhibits three different cell lines: the osteocytes, the osteoblasts and
the osteoclasts. The osteocytes are flat cells found within the bone, in the
lacunae*®. They connect with one another through a complex series of canaliculi
and control the calcium (Ca?*) and phosphate (PO.*) levels* ©. These cells’ death
is followed by bone reabsorption® 6. The osteoblasts are mesenchymal derived
cells specialized in synthesizing, transporting and assembling the bone matrix
along with regulating its mineralization®. These cells produce the organic
component of the bone matrix by synthesizing many proteoglycans, glycoproteins
and type | collagen. On the other hand, the bone matrix’s mineralization is
regulated by distinctive proteins, such as osteonectin (another osteoblast
synthesized protein) which modulates Ca?* deposition. Osteoblasts have also the
ability to modulate other cell populations, through the production and release of
osteocalcin into the blood stream. Osteoblasts deposit osteoid until they are fully
trapped within. When this happens, osteoblasts enhance the mineralization
process, becoming embedded into the mineralized matrix, becoming osteocytes®
/. The osteoclasts are monocyte-derived specialized multinucleated cells
responsible for reabsorbing bone and are usually found on the bone surface. The
osteoclasts reabsorb bone by releasing acidic components and proteases into
previously sealed locations (resorption pits/Howship lacunae), thus degrading

inorganic and organic components* °.



Hyperlipidaemia’s impact on bone remodelling and development:
Assessment in the ex vivo organotypic embryonic chick femora model

The bone’s main functions are to provide a mechanical support, to ensure mineral
homeostasis, to produce blood cells (via bone marrow), to protect the viscera and

to transfer the forces generated by the muscles®.
1.1.2 Bone physiology

During childhood and adolescence, the bone, including the alveolar section, goes
under a phase of quick bone formation until it reaches its peak, being
continuously associated with the remodelling process, needed to maintain the
bone integrity and functionality? 4.

Bone formation may occur either through two different pathways, the
intramembranous or the endochondral. The intramembranous pathway is
mediated by mesenchymal stem cells differentiated into the osteoblastic lineage,
while in the endochondral pathway, a transitory cartilage formation — formed by
chondrocytes, occurs* > 8, There are several transcription factors that determine
the mesenchymal stem cell’'s fate, some of them being the runt-related
transcription factor 2 (Runx2) and osterix (Osx). While Runx2 serves as a
regulatory switch to form osteoblast precursor cells, Osx helps, not only to
terminally differentiate the cells into the osteoblastic pathway, but also assisting
on granting phenotypic features associated with the matrix formation and

mineralization®.

Bone remodelling is the name given to the process mediated by the conjoining
activity of bone-reabsorbing cells (osteoclasts) and the bone-forming cells
(osteoblasts)? 2 8 7910 This process begins with the establishment of a bone
multicellular unit (BMU) formed by a group of osteoblasts and osteoclasts on the
bone surface. All the events that occur in the BMU are regulated by cytokines

and cell-cell interactions* 19,

The osteoclast signalling pathway of bone remodelling regulation includes
receptor activator of nuclear factor kB (RANK) expressed on osteoclast
precursors, the RANK ligand (RANKL) expressed on osteoblasts and marrow
stromal cells and the osteoprotegerin (OPG) secreted by osteoblasts* 6 & 10-12,
When the RANK receptors are activated by the RANKL, the transcription factor

NF-kB is activated. This is of vital importance for the differentiation from
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osteoclast precursors into osteoclasts, and their subsequent survival. However,
this process may be interrupted by the production of OPG, triggered by the
binding of WNT proteins to the low-density lipoprotein receptor-related protein 5
(LRP5) and 6 (LRP6) receptors, on osteoblasts. The OPG molecule acts as a
“decoy” receptor and binds to the RANKL, thus turning impossible its connection

with RANK receptor, which will ultimately lead to a decreasing bone resorption*
6, 8, 10-12

It is the balance between the RANK and the OPG activity that regulates both bone
formation and resorption* & 10.12_ Distinct factors can impair the stated equilibrium
in bone formation/bone resorption, causing cellular dysfunction and abnormal
bone deposition, ultimately leading to either bone fragility and/or fracture, or

excessive bone density (for example osteopetrosis)* 6 810,
1.2. Lipids

1.2.1.Biochemistry and biological role

Lipids are one of the many chemical compounds of food and, as such, they are
divided into triglycerides, phospholipids and cholesterol. These substances are
made of fatty acids, non-polar molecules composed of a long chain of
hydrocarbons linked to a carboxylic acid functional group. The fatty acids more
commonly present in the human body are either the stearic acid (18-carbon fully
saturated chain), the oleic acid (18-carbon with one double bond in the middle of
the chain) or the palmitic acid (16-carbon fully saturated chain)'® 4, Saturated
chain is the name given to a single-bonded hydrocarbon chain while non-
saturated chain is the denomination for chains which have a double bond
somewhere in between the single bonds!3. Usually, the three fatty acid chain
molecules are united by one glycerol molecule, forming the triglyceride structure.
Phospholipids are polar molecules composed of two fatty acid chains (one
saturated and one non-saturated) and a phosphate group that is usually esterified
to a polar amino compound?3. Although cholesterol doesn’t have fatty acids, it still

retains the physical and chemical properties of other lipids®® 14,

After being absorbed by the intestinal epithelium, the monoglycerides and fatty

acids merge to form new triglycerides which enter the lymph as chylomicrons.
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The chylomicrons are the least dense and the biggest of all the lipoproteins
present in the blood stream?®3. Almost all the cholesterol and phospholipids that
are absorbed also join the chylomicrons. The chylomicrons, then, enter the
venous circulation at the junction of the jugular and subclavian veins. However,
the chylomicrons do not last in the circulation as they are hydrolysed by the
lipoprotein lipase, synthesized specially by the heart, the skeletal muscle and the
adipose tissue, present in the surface of the endothelium. The fatty acids will
diffuse into the adipose or muscle tissue and be either stored or used as fuel. The

chylomicron remnants are then cleared from the blood stream?*3 4,

When the stored fatty acids are needed elsewhere in the human body, the
triglycerides are hydrolysed into fatty acids and glycerol once again. Then, the
fatty acids connect with serum albumin molecules and are distributed through the
bloodstream. Fatty acids transported this way are called free fatty acids or non-
esterified fatty acids35. During a post absorptive context, around 95% of all the
lipids present in the blood stream are in the form of lipoproteins. These particles
are smaller than the chylomicrons but have a similar composition. They can be
divided into very low-density lipoproteins (VLDL), that present a high
concentrations of triglycerides and moderate concentrations of cholesterol and
phospholipids; intermediate-density lipoproteins (IDL), which are made from
VLDL which cholesterol and phospholipids concentrations have risen because of
the loss of some of the triglycerides; low-density lipoproteins (LDL), IDL that have
lost all the triglycerides and thus have high cholesterol and phospholipid
concentrations; and high-density lipoproteins (HDL), which are composed by
around 50% of proteins and have a much reduced cholesterol and phospholipid
concentration. VLDL’s main task is to transport triglycerides from the liver mainly
to the adipose tissue, while the remaining lipoproteins are used to transport

cholesterol from the liver to the peripheral tissues (LDL) and backwords (HDL)**
14

1.2.2.Hyperlipidaemia

Hyperlipidaemia is characterized by a disequilibrium between the LDL and the
HDL in the blood stream?®. It may be divided into two etiological entities: primary
(familial) and secondary (acquired) hyperlipidaemia. The first type is caused by

genetic disorders that the patient probably inherited from the progenitors. On the
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other hand, the second type can be caused by many lifestyle connected factors
such as an unhealthy diet, some medications (e.g. glucocorticoids or
amiodarone), hypothyroidism or uncontrolled diabetes'’. The major complication
associated with hyperlipidaemia is atherosclerosis. This condition is caused by
the accumulation of inner vase lesions called atheromas or atherosclerotic
plaques. Atheromas are formed upon the interaction of distinct factors, including
endothelium injury, inflammation and hyperlipidaemia, with the later playing a key
role in this pathological cascade. Since the hyperlipidaemic patient's LDL
concentration is much higher than that of the HDL, it is expected that the fatty
acids’ accumulation on endothelium will be more probable and, thus, favour

atherosclerosis occurance® 14 17,

There appears to exist some evidence that points towards the connection
between hyperlipidaemia and altered bone metabolism, leading to
osteopenia/osteoporosis® 8. In fact, cholesterol stimulates osteoclastogenesis,
thus decreasing the bone mass*®. Therefore, cholesterol’s lipoprotein regulation
seems to be a key factor on what it counts to osteoclast differentiation. If the LDL
concentration increases, so will cholesterol, and more osteoclasts will be formed
and activated, promoting bone resorption. Osteopenia/osteoporosis will be more
likely to occur. With the depletion of the LDL concentration (or the rising of the
HDL), the opposite scenario will be more probable to happen?'®. Regarding the
osteoblasts, some studies show that cholesterol inhibits both their proliferation
and differentiation by reducing the expression of osteoblastic genes (such as
Runx2) while others defend that cholesterol is a key factor in osteoblast
differentiation through hedgehog-dependent and independent mechanisms’. In
fact, cholesterol’s role in osteoblast differentiation is rather complex and cannot
be easily classified as either beneficial or deleterious’ since it is not completely

understood.

The marrow adipocytes produce large amounts of fatty acids, especially palmitic
acid. Besides, this fatty acid is particularly abundant in bone marrow from patients
diagnosed with osteoporosis, suggesting that it has a role in the pathogenesis of
this illness'®. On the other hand, this fatty acid seems to induce osteoblastic
differentiation and bone mineralization by activating both long-chain acyl-CoA

synthetase 3 (ACSL3) and NF-kB transcription factor?. It is also shown that fatty
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acids share an important role in osteoblastogenesis as they are an important fuel

source this whole process? 2%,

1.3. Study models

Scientific development is highly dependent on experimentation models, such as
in vitro, ex vivo and in vivo models. However, in vitro models rely on the use of a
single or a low number of cell populations, and cannot perfectly mimic in vivo
spatial arrangements or the native cell-cell or cell-matrix interactions??. The in
vivo models, on the other hand, are expensive, demanding and broadly
associated with ethical issues?? 23. To overcome all these adversities, ex vivo
models have been developed, aiming to solve inherent limitations of both in vitro
and in vivo systems. In this regard, the chick embryonic femora model has been
established, allowing the characterization of the bone growth and development,
on a native three-dimensional organization, mimicking the native biological
interactions. Additionally, the ex vivo grown of this tissue in the absence of the
immune response and accessibility for manipulation in ovo, further enhances
experimental possibilities?3. In this study’s case, the immune cells’ absence is
extremely relevant since the osteoclasts are monocyte derived macrophages
and, therefore, we can focus on studying hyperlipidaemia’s impact on bone
formation rather than bone resorption. The ex vivo embryonic chick long bone
and limb bud models have been used to understand skeletal development for

many years, with high translational data with in vivo settings?.

1.4. Current scenario and aim of the study

In the United States of America (USA), roughly 53% of the adults have increased
LDL levels, and therefore, hyperlipidaemia. These individuals exhibit a risk two
times higher to develop cardiovascular diseases'®. As said before, evidence
linking the hyperlipidaemic condition and abnormal bone metabolism seems to
be present, however, when it comes to hyperlipidaemia’s impact on bone
formation, it is difficult to find a conclusion as if higher cholesterol concentrations
will stimulate or inhibit bone deposition’. As described before, palmitic acid is
produced and stored by marrow adipocytes. Consequently, palmitic acid was the

selected fatty acid for this study. For it to be soluble in the culture media, bovine
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serum albumin (BSA) was added?*, since it mimics the physiological albumin

transportation system?®°.

Therefore, the aim of this study is to determine whether hyperlipidaemia
influences the bone development process, in an embryonic chick femoral ex vivo

model.
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2. Materials and Methods

2.1. Preparation of the culture media

The regular culture medium was compound by a-Minimal Essential Medium (a-
MEM, Gibco, 11900-073) along with 1% (v/v) 2-phospho-L-ascorbic acid (Sigma-
Aldrich, 49752-10G) and 1% penicillin/streptomycin (Gibco, 15240-062).

In order to obtain the experimental culture media, two stock solutions were
prepared with and without palmitic acid (PA) (Sigma-Aldrich, P0500), using
ethanol, bovine serum albumin (BSA, Sigma-Aldrich, A7906) and distilled water
(dH20). In the first place, 140 mg of BSA were solubilized into 10 mL of dH20,
while 51 mg of PA were solubilized into 1 mL of ethanol 100%. The BSA/dH-0
solution was filtered using a 0.2 pm filter (Sarstedt, 83.1826.102). This resulted
into a 0.2 M PA solution and a 0.002 M BSA solution. The control stock solution
was prepared by adding 0.25 mL of ethanol 100% to 4.75 mL of the BSA solution,
while the hyperlipidaemic stock solution was prepared by adding 0.25 mL of the
PA solution to 4.75 mL of the BSA solution (5:1 molar ratio*®). Finally, different
amounts of these stock solutions were added into the regular culture medium to

achieve the hyperlipidaemic experimental media, as described in table I.

Table I. The detailed composition of hyperlipidaemic experimental media®®.

Control Stock Solution Hyperlipidaemic Stock Solution  Regular Medium (a-MEM)

C- (PA free) 50 pL O pL 950 L
PA 50 uM 45 uL 5 pL 950 uL
PA 200 uM 30 L 20 pL 950 L
PA 500 uM 0pL 50 pL 950 L

2.2. Organotypic cultures of embryonic chick

femora

All animal procedures were carried out in accordance with the local and national
regulatory entity — Direcdo Geral de Alimentacdo e Veterinaria (DGAV) and the
Portuguese legislation regarding the technical standards of protection for
experimental animals, according to both policies and principles of laboratory

animal care and with the European Union guidelines (European Directive

13
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2010/63/EU and National Decree-Law 113/2013). Fertilized chick eggs (Gallus
domesticus) were kept at 37 °C and 50% humidity in an incubator (Octagon
Advance, Brinsea) and were later sacrificed at day 11 of incubation by
decapitation. All the soft tissues were carefully removed, and the femora were
completely dissected. The femora were then carefully positioned on Netwell®
inserts (Costar 3480, 440 um of pore diameter) placed into six-well plates (2
femora per well) along with 1 mL of regular culture medium. Femurs were grown
at the air/liquid interface, with the culture media being changed once a day, for a
total period of 11 days. After 6 days, femora were positioned on a graph paper,
photographed and measured using ImageJ software, version 1.53c for Windows.
Besides, the regular medium was replaced by medium containing PA at different
concentrations (50 uM, 200 uM and 500 pM), along with the negative control
(absent of PA). All the media were replaced once a day for the remaining 5 days.
At the end of the experiment, femora were photographed and measured again
and prepared for either histology or microtomographic evaluation. Femora
samples were fixed with ethanol 70% for pCT scanning, or in 4%

paraformaldehyde (PFA) for histochemical staining?°.

2.3. Microtomography evaluation (UCT)

Fixed samples were scanned at 40 kV, 100 yA, an exposure time of 800 ms and
a voxel size of 4.5 ym using a Skyscan 1276 System (Brucker, version 1.0.11).
The obtained projection images were reconstructed with the aid of NRecon
software (Brucker, version 1.7.4.2) after setting the fine-tuning (ring reduction —
11, beam hardening — 40% and smoothening — 2) and the grayscale (0-0.18).
Then, samples were aligned along the sagittal axis using DataViewer software
(Brucker, version 1.5.6.2). The morphological analysis of the compact bone was
carried out in between 900 slices (4 mm) from the centre of the diaphysis using
CTAnalyser software (Brucker, version 1.17.7.2). The parameters calculated
included were the tissue volume (TV), the bone volume (BV), the percentage of
bone volume (BV/TV), the tissue surface (TS), the bone surface (BS), the bone
surface/volume ratio (BS/BV), the bone surface density (BS/TV) and the bone

mineral density (BMD). Three-dimensional images were generated using CTVox
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software (Brucker, version 3.3.0)%°. Four independent experiences were
conducted.

2.4. Histological staining

The previously fixed femora were treated accordingly to Gruber et al. (2001)?’.
Samples were embedded in paraffin blocks that were later cut in 5 um-thick
sections. After rinsing in tap water for 10 minutes, the samples were stained in
alcian blue solution, pH 2.5 (1 g alcian blue 8GX, Sigma-Aldrich, A-5268, CI
74240), 3 mL glacial acetic acid (Fisher) and 97 mL distilled water for 30 minutes
at room temperature. Samples were, then, rinsed in tap water for 2 minutes and
stained in picrosirius red solution (0.1 g sirius red F3B direct red, Cl 35780,
Sigma-Aldrich, 36554-8) mixed with 100 mL saturated aqueous picric acid, Cl
10305 (Sigma-Aldrich, 925-40) for 1 hour at room temperature. After rinsing in
0.01 N HCI for 2 min, the specimens were dehydrated, cleared and mounted?’.
Images were captured using a Zeiss Axiolab 5 microscope coupled with an
Axiocam 5 Colour Camera. Three independent experiments were performed. It
is expected for the Sirius red solution to stain the collagenous matrix in red, while

Alcian blue solution was used to stain the glycosaminoglycans in blue?.
2.5. Statistical analysis

The statistical analysis was performed using the IBM SPSS program, version 27
for Windows (IBM Corp. Released 2020). The normality of the data was assessed
using the Shapiro-Wilk test. For variables where normality was demonstrated,
one-way ANOVA and Tukey's multiple comparison test or paired-samples T-test
were used. On the other hand, for non-parametric datasets, Kruskal-Wallis or
Wilcoxon tests were applied. The level of significance was set at p < 0.05 for all

tests.
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3. Results

In the present study, embryonic chick femora (E11) were cultured for 11 days in
the air/culture medium interface, through ex vivo techniques. Grown femora

revealed a great capability to undergo bone formation and growth processes, as
shown by the following evidence.

3.1. Macroscopic Measurements

Grown femora were measured regarding length and thickness, at both the initial
and final period of the ex vivo culture.

Regarding length, it is possible to understand that, although the differences are
not statistically significant, there is a trend for reduced bone growth, proportional
to the increase of the PA concentration (Fig. 1). Therefore, the more PA was

present in the media, the less the bones grew in length.

Regarding bone thickness, a reduction of this measurement was verified for all
experimental conditions grown in the presence of PA, in contrast to control. The

decrease in thickness was not found to be concentration-dependent (Fig. 2).
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Figure 1. Length of the cultured femora. (A) Initial and final measurement of bones’ length. Wilcoxon’s
test was carried to address potential correlations between the initial and final length, for each condition
(p>0,05). (B) Length variation between the final and initial length measurement. Kruskal-Wallis’ test was

used to address potential differences on the A Length, between experimental conditions (p>0,05, see
Attachments, tables Ill and V).
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Figure 2. Thickness of the cultured femora. (A) Initial and final measurement of bones’ length. Paired-
Samples T-test was carried to address potential correlations between the initial and final thickness, for
each condition (p>0,05). (B) Length variation between the final and initial length measurement. One-way
ANOVA test was used to address potential differences on the A Thickness, between experimental

conditions (p>0,05, (see Attachments, tables VII and I1X).

3.2. Microtomographic evaluation (UCT)

Through macroscopical measurements, it is possible to acquire some information
about the evolution and growth of the chick embryonic femora in ex vivo
conditions. In addition, a microtomographic analysis assessment was performed
in order to detail the morphometric parameters of the trabecular structure of the
diaphysis. In the following table, data regarding some histomorphometric indexes

are discriminated.

Table Il. Microtomography measurements of organotypic cultured embryonic femora in regular medium

and medium containing different concentrations of PA.

Sample C-(xtS) 50 uM (x + S) 200 M (X = S) 500 M (x £ S)
Tissue Volume (TV) / mm3 43.06 £ 3.51 31.69+8.94 23.65+6.80 27.57 +9.57
Bone Volume (BV) / mm3 0.30£0.04 0.49 £ 0.09 0.52 £ 0.07 0.52+0.18
BVITV (%) 0.72+0.14 1.64 +0.63 2.32+0.70 1.96 £ 0.56
Tissue Surface (TS) / mm?2 74.2£10.3 63.44+11.25 51.39+9.16 56.13+12.64
Bone Surface (BS) / mm? 11.02 +1.66 16.30 + 2.43 24.70+12.76 30.49 +19.48
BS/BV (1/mm) 35.86+0.79 33.96 + 7.47 46.30 + 18.50 53.74 £ 19.83
BS/TV (1/mm) 0.28 +0.08 0.55+0.21 1.01+0.26 1.07 £ 0.61
Bone Mineral Density (BMD) 1 1.39+0.63 1.77+0.84 1.34+0.32

Through a deep analysis of the microtomographic images (Fig. 3), it is possible
to notice that the Control samples exhibited a small calcified diaphyseal section
and a big epiphyseal area. Samples grown in the presence of 50 yM and 200 uM

PA presented a longer calcified diaphyseal section, as well as a thicker and more
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developed trabeculae transversal section when compared to control. Samples

grown in the presence of 500 uM PA presented a mineralized diaphyseal section

PA 50 uM

PA200 pM PA 500 pM

Figure 3. Representative images of the microtomographic reconstructions of femora
grown in the distinct experimental conditions. Images from the left to the right, whole
femur at maximum intensity projection, sagittal section, segmented mineralized bone
and cross section of the central diaphysis region (n=4, scale 500 pym).

similar to control, that is, with a smaller and thinness calcified area. As in
accordance with the macroscopic dimensional analysis, with the addition of PA,
the femora growth tended to decrease, namely regarding thickness. However, a
deeper study of both Tissue Volume and Bone Volume variables shows that,
although the samples’ growth rate depleted, they appear to exhibit an increased
calcified portion when cultured with PA (Fig. 4A and 4B). In addition, bone surface
was further found to have increased progressively (Fig.4E and Table II), with the

increase of PA concentration.

In figure 4C it is observed the ratio of bone volume and tissue volume. Samples
grown in the presence of PA presented values higher than control samples,
attaining statistical significance at the 200 uM conditions. Among the
experimental samples, 200 uM presented the highest values, followed by the 500
MM group. Therefore, by adding PA, it is possible to increase the ratio of calcified
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tissue volume by the sample’s total tissue volume. Interestingly, control samples
presented a higher tissue volume and surface values, which can be correlated to
the differences in size, observed in figures 1 and 2. Moreover, control samples

presented the lowest amount of mineralized tissue, in alignment to figure 3.

Regarding the Bone Mineral Density, it seems that all the samples grown in the
presence of PA show higher values than those of Control, with the highest values

attained with the 200 uM concentration.
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Figure 4. Microtomographic indexes. (A) Tissue Volume. (B) Bone Volume. (C) Division from Bone
Volume to Tissue Volume (BV/TV). (D) Tissue Surface. (E) Bone Surface. (F) Normalized Bone Mineral
Density. One-way ANOVA test was used in (A), (B), (C), (E) while Kruskal-Wallis’ test was carried in (D)
and (F). Control group’s value is 1 since it has been normalized by this number (see Attachments, tables
X1, X, XV, XVIII, XX and XXII).

*Control sample’s differences are statistically significant from the 200 uM (p<0.05).
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3.3. Histochemical staining

Regarding the histochemical analysis (Fig. 5), it is possible to observe the
matrix’s organization — the inner layer of the bone structure. The blue area,
stained for the proteoglycan-rich matrix corresponds to cartilaginous tissue,
stained by Alcian blue, while the surrounding layer was stained by Sirius red,
showing the presence of collagen. No differences regarding the organization can
be observed, however, 200 uM samples were shown to be the ones with the
thickest collagen positive portion. The areas identified by the arrows in the 500
MM sample’s show possible palmitic acid incorporation zones, due to differences

in colour in comparison to control samples.

PA 0 uM PASO UM W PA200 UM PA 500 M

S Pasopm

Figure 5. Histochemical staining with Alcian blue 8GX and Sirius red solutions for proteoglycans and
collagen labelling, respectively. Scale bar corresponds to 100 um for the upper portions and 200 pum for the
lower portion of the image. Arrows point out a possible PA’ incorporation into the tissues.
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4. Discussion

As previously mentioned, lipids play an important role in bone turnover as they
influence both the functionality of osteoclasts and osteoblasts® 8. The influence
of the lipid biomolecules on osteoclasts-related pathways is well studied and
documented?®, while the modulation in osteoblasts-related pathways remains
controversial’. Some studies suggest that the lipids represent a harmful factor
that may inhibit osteoblast differentiation and proliferation’. On the other hand,
other studies show that some lipidic components are key factors in osteoblast
differentiation’. In the present study, PA was chosen due to fact that is the most

prevalent fatty acid secreted by adipocytes?.

In the obtained results, it is possible to understand from the macroscopic
measurements that, with the gradual addition of PA, all samples manifested a
tendency to both length and thickness reduction (Fig. 1 and 2). However, through
microtomographic assessment, it was shown that the samples’ calcified portion’s
ratio exhibited statistically significant differences (Fig. 4). In this context, the null
hypothesis is rejected and, therefore, PA seems to influence positively the bone
deposition since the samples displayed less non-calcified tissue (hence the
length and thickness reduction) along with more and denser (higher bone mineral
density values) calcified tissue. However, from one point onward, PA starts to
present a negative influence rather than a positive one, as seen with the 500 uM
group, throughout all the assessments. On what it counts to the histochemical
staining, no major architecture changes were found besides the thicker calcified
portion stained by the Sirius Red solution in the 200 uM group, which supports
the idea that at high concentrations, PA may induce harmful effects on the
osteoblastic functionality (Fig. 5). The probable PA incorporation sites may
suggest higher osteoblast differentiation rates and, therefore, bone deposition in

those specific places.

In vitro studies proved to be rather controversial as both harmful and beneficial
outcomes could be demonstrated’. For instance, in the study of Gunaratnam et
al. (2014), human osteoblasts cultured with 100 to 500 uM PA presented a
significant reduction in differentiation, bone nodule formation and mineralization,

including a significant reduction in the transcriptional activities of Runx2 — the
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major osteogenic regulator transcription factor?®. In addition, Kim et al. (2008)
demonstrated that PA induced apoptosis in human osteoblasts by impairing the
activation of Mitogen-activated protein kinase (MAPK/ERK), which contributes to
the reduction in bone mineral density?®. Further, osteoblasts cultured with 250 pM
PA presented a dysfunctional autophagy and apoptosis, in the study of Saedi et
al. (2020)*°. On the other hand, some studies described positive effects in the
presence of PA and other fatty acids on osteoblastic differentiation - the study of
Rendina-Ruedy et al. (2017) found that bone marrow stromal cells cultured under
osteogenic conditions presented intracellular lipid droplets and these droplets
supported the osteoblast differentiation®. Furthermore, the study of Kageyama et
al. (2013) described that PA can differentiate other cells into osteoblasts -
vascular smooth muscle cells cultured with 250 uM of PA presented osteoblastic
differentiation and mineralization by activating NF-kB signalling®°. As described
before in our results, mild cytotoxic effects were observed only at 500 uM of PA,
suggesting that osteoblasts within the extracellular matrix can resist higher
concentrations of PA in comparison to cellular monoculture. In addition, the 200
MM group presented higher mineral content, a concentration that is clearly

cytotoxic for cultured osteoblasts.

In vivo studies suggest that higher PA levels may decrease circulating bone
formation markers which affect osteoblast differentiation, as shown in Alsahli et
al. (2015)%. In this study, male mice’s diet was altered with growing fatty acid
concentrations. Mice fed with higher PA concentrations, in their diets, displayed
a diminished mineralization activity®C. In addition, Muluke et al. (2016) had mice
divided into 4 groups from which the fat percentage present in the diet of each
group varied from one another. It was discovered that PA might accelerate bone
loss through the enhancement of the inflammatory response in a periodontal
disease obese mice model3!. Being the in vivo models more complex and
complete (i.e. presence of osteoclasts and potential systemic modulatory
activities — as compared to the present ex vivo femur model), it is difficult to isolate

the osteoblast’s reaction from the complex in vivo response.

In this context, ex vivo studies proved to be of vital importance when variable
control is needed without losing the 3D matrix architecture. Therefore, this study

model may bring new insight into the detailed activity of PA on osteoblasts and
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shed some light into new information of the potential modulatory activity of PA
within the bone modelling, remodelling and regeneration.
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5. Conclusion

The evidence gathered in this experimental work suggests that mild and
intermediate PA concentrations (50 and 200 pM) may stimulate the bone
remodelling cycle in the assayed ex vivo organotypic embryonic chick femora
model. In addition, higher concentrations (500 uM) seem to induce deleterious
effects, which indicates that the exposure to high PA levels may cause
morphological alterations and compromise bone deposition and calcification, due
to detrimental effects on osteoblasts’ activity, aside from the increased

osteoclastogenesis, described in the literature, within different models.

Therefore, the present work suggests that high hyperlipidaemic conditions may
lead to bone fragility and bone development disruption. More studies are required
to determine whether PA has a clinically relevant impact on bone functionality, as
well as its potential modulation in the osteogenic differentiation process. Overall,
the ex vivo organotypic embryonic chick femora study model proved to be a
balanced alternative when compared to both in vitro and in vivo experimental

models for studying hyperlipidaemic conditions.
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7. Attachments

7.1. Data measurement tables

Table Il. Shapiro-Wilk test for normality for the A Length variable.

Attachments

) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o . o .
Statistic df Sig. Statistic df Sig.
50 pM 0.238 6 0.200 0.928 6 0.566
A Length 200 UM 0.216 6 0.200 0.937 6 0.632
500 pM 0.360 6 0.015 0.748 6 0.019*
a. Lilliefors Significance Correction
Table Ill. Kruskal-Wallis test for the A Length variable.
BMD
Kruskal-Wallis H  2.807
df 3
Asymp. Sig. 0.422
Table IV. Shapiro-Wilk test for normality for both Initial and Final Length variables.
_ Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o ) o )
Statistic df Sig. Statistic df Sig.
Control 0.143 6 0.200 0.965 6 0.858
3 50 pM 0.348 6 0.022 0.765 6 0.028*
Initial Length 200yM  0.291 5 0123  0.832 5 0.112
500 pM 0.174 6 0.200 0.965 6 0.858
Control 0.180 6 0.200 0.965 6 0.858
_ 50 pM 0.235 6 0.200 0.926 6 0.549
Final Length 200 UM 0.252 6 0200  0.850 6 0.158
500 pM 0.325 6 0.046 0.854 6 0.170

a. Lilliefors Significance Correction
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Table V. Wilcoxon test for the Initial and Final Length variables.

Final Length - Initial Length

z -0.371°
Asymp. Sig. (2-
tailed) 0.710

a. Wilcoxon Signed Ranks Test
b. Based on negative ranks

Table VI. Shapiro-Wilk test for normality for the A Thickness variable.

) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental . . o .
Statistic df Sig. Statistic df Sig.
Control 0.212 6 0.200 0.920 6 0.508
. 50 pM 0.193 6 0.200 0.921 6 0.512
AThickness uM 0.159 6 0.200 0.959 6 0.812
500 pM 0.204 6 0.200 0.939 6 0.655
a. Lilliefors Significance Correction
Table VII. One-way ANOVA test for the A Thickness variable.
Sum of Mean .
Squares df Square F Sig.
Between groups 0.081 3 0.027 2.295 0.109
Total 0.315 23
Table VIII. Shapiro-Wilk test for normality for both Initial and Final Thickness variables.
. Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o ] o )
Statistic df Sig. Statistic df Sig.
Control 0.218 6 0.200 0.859 6 0.186
Initial 50 uM 0.204 6 0.200 0.875 6 0.248
Thickness 200 uM 0.263 6 0.200 0.820 6 0.089
500 pM 0.181 6 0.200 0.956 6 0.792
Final 50 uM 0.235 6 0.200 0.957 6 0.799
Thickness 200 M 0.209 6 0.200 0.968 6 0.879
500 uM 0.195 6 0.200 0.971 6 0.901

a. Lilliefors Significance Correction
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Table IX. Paired-Samples T-test for the Initial and Final Thickness variables.

Paired Differences

95% Confidence

Std. Std. Error Interval of the t df  Sig. (2-tailed)
Mean  nhoviation  Mean Difference
Lower Upper
Initial Thickness - Final
Thickness 0.02533 0.11697 0.02388 -0.02406 0.07473 1.061 23 0.300
Table X. Shapiro-Wilk test for normality for the Tissue Volume variable.
) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental . . . .
Statistic df Sig. Statistic df Sig.
Control 0.348 3 0.834 3 0.199
50 uM 0.233 3 0.979 3 0.725
BoneVolume — ,oum  0.175 3 1.000 3 1.000
500 pM 0.181 3 0.999 3 0.939
a. Lilliefors Significance Correction
Table XI. One-way ANOVA test for the Tissue Volume variable.
Sum of .
Squares df Mean Square F Sig.
Between groups 0.96 3 0.032 2.636 0.121
Within groups 0.097 8 0.012
Total 0.193 11
Table XII. Shapiro-Wilk test for normality for the Bone Volume variable.
) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o ) o )
Statistic df Sig. Statistic df Sig.
50 uM 0.233 3 0.979 3 0.725
Bone Volume 00 um 0.175 3 1.000 3 1.000
500 uM 0.181 3 0.999 3 0.939

a. Lilliefors Significance Correction

Table XlIl. One-way ANOVA test for the Bone Volume variable.

Sum of

Squares df Mean Square F Sig.
Between groups 0.096 3 0.032 2.636 0.121
Within groups 0.097 8 0.012
Total 0.193 11
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Table XIV. Shapiro-Wilk test for normality for the BV/TV variable.

) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental . . o .
Statistic df Sig. Statistic df Sig.
Control 0.184 3 0.999 3 0.927
50 uM 0.293 3 0.922 3 0.459
BVITV 200 pM 0.365 3 0.798 3 0.109
500 pM 0.175 3 1.000 3 0.990
a. Lilliefors Significance Correction
Table XV. One-way ANOVA test for the BV/TV variable.
SSq uurgrgl df Mean Square F Sig.
Between groups 4.154 3 1.385 4.509 0.039*
Within groups 2.457 8 0.307
Total 6.611 11
Table XVI. Tukey test for the BV/TV variable.
Mean 95% Confidence Interval
() Experimental Difference  Std. Error Sig. Lower Upper
(I-9) Bound Bound
50 uM -0.90667 0.45248 0.263 -2.3557 0.5423
Control 200 uM -1.58667" 0.45248 0.033 -3.0357 -0.1377
500 M -1.22667 0.45248 0.100 -2.6757 0.2223
Control 0.90667 0.45248 0.263 -0.5423 2.3557
50 uM 200 pM -0.68000 0.45248 0.479 -2.1290 0.7690
500 M -0.32000 0.45248 0.891 -1.7690 1.1290
Control 1.58667" 0.45248 0.033 0.1377 3.0357
200 pM 50 uM 0.68000 0.45248 0.479 -0.7690 2.1290
500 M 0.36000 0.45248 0.855 -1.0890 1.8090
Control 1.22667 0.45248 0.100 -0.2223 2.6757
500 M 50 uM 0.32000 0.45248 0.891 -1.1290 1.7690
200 pM -0.36000 0.45248 0.855 -1.8090 1.0890

*. The mean difference is significant at the .05 level.

46



Table XVII. Shapiro-Wilk test for normality for the Tissue Surface variable.

Attachments

) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental . . o .
Statistic df Sig. Statistic df Sig.
Control 0.378 3 0.766 3 0.036*
_ 50 M 0.341 3 0.847 3 0.233
Tissue Surface uM 0.221 3 0.986 3 0.772
500 uM 0.216 3 0.989 3 0.795
a. Lilliefors Significance Correction
Table XVIII. Kruskal-Wallis test for the Tissue Surface variable.
Tissue Surface
Kruskal-Wallis H 5.564
df 3
Asymp. Sig. 0.135
Table XIX. Shapiro-Wilk test for normality for the Bone Surface variable.
_ Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o ] o )
Statistic df Sig. Statistic df Sig.
Control 0.337 3 0.855 3 0.254
50 uM 0.318 3 0.886 3 0.343
Bone Surface
200 uM 0.330 3 0.867 3 0.286
500 uM 0.176 3 1.000 3 0.986
a. Lilliefors Significance Correction
Table XX. One-way ANOVA test for the Bone Surface variable.
Sum of .
Squares df Mean Square F Sig.
Between
groups 674.184 3 224.728 1.631 0.258
Within groups 1102.191 8 137.774
Total 1776.374 11
Table XXI. Shapiro-Wilk test for normality for the Bone Mineral Density variable.
) Kolmogorov-Smirnov? Shapiro-Wilk
Experimental o ) o )
Statistic df Sig. Statistic df Sig.
Control . 3 . 3 .
Bone Mineral 50 uM 0.361 3 0.807 3 0.131
Density 200 pM 0.372 3 0.783 3 0.073
500 pM 0.381 3 0.760 3 0.021*

a. Lilliefors Significance Correction
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Table XXII. Kruskal-Wallis test for the Bone Mineral Density variable.

BMD
Kruskal-Wallis H 3.979
df 3
Asymp. Sig. 0.264
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