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Summary:

Objectives: Mechanobiology phenomena constitute a major element of the cellular and tissue
response during orthodontic treatment and the implantation of a biomaterial. Better
understanding these phenomena will improve the effectiveness of our treatments. The
objective of this work is to validate a model of three-dimensional (3D) culture of osteoblasts
to study mechanobiology.

Materials/Methods: The hFOB 1.19 cell line was cultured either traditionally on a flat surface
or in aggregates called spheroids. They were embedded in 0.8% low melting agarose type VII
and placed in a PET transwell insert. Compressive forces of 1 g/cm? and 4 g/cm? were applied
with an adjustable weight. Proliferation was evaluated by measuring diameters, monitoring
glucose levels and conducting Hoechst/propidium iodide staining. ELISAs focusing on the pro-
inflammatory mediators IL-6 and IL-8 and bone remodelling factor osteoprotegerin (OPG)
were performed to evaluate soluble factor synthesis. qRT-PCR was performed to evaluate
bone marker transcription.

Results: The 3D model shows good cell viability and permits interleukin dosing. Additionally,
three gene expression profiles are analysable.

Limitations: The model allows analysis of conventional markers; larger exploration is needed
for better understanding osteoblast mechanobiology. However, it only allows an analysis over
3 days.

Conclusion: The results obtained by applying constant compressive forces to 3D osteoblastic
cultures validate this model system for exploring biomolecule release and analysing gene
transcription. In particular, it highlights a disturbance in the expression of markers of
osteogenesis.
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Introduction

Orthodontic tooth movement (OTM) is initiated by the interaction of cellular and molecular
components of the periodontal ligament and alveolar bone (1). Conventional knowledge
dictates that during OTM, the applied force leads to the creation of a compression side and a
tension side. By convention, the tension side is marked by bone formation, whereas the
compression side is marked by bone resorption. The applied orthodontic forces are
transmitted via the stress of the extracellular matrix to the cells in alveolar bone and
periodontal ligament. The transmission of this mechanical signal alters the vascularization of
the periodontal ligament (2) and creates microcracks in bone (3). This leads to the local
release of various molecules, such as neurotransmitters, cytokines, growth factors, colony-
stimulating factors and arachidonic acid metabolites (4). The liberation of pro-inflammatory,
angiogenic and osteogenic mediators triggers ligament and bone remodelling prior to OTM
(5,6). The first phase during remodelling comprises the differentiation and activation of the
precursors of osteoblasts and osteoclasts and is mediated by the release of interleukins IL-1,
IL-6, IL-10, and IL-33; tumour necrosis factor alpha (TNFa) or the interferon IFNy (7). During
the second phase, the osteoclast differentiation is completed. It is controlled by the binding
of receptor activator of nuclear factor kappa-B ligand (RANKL) on the RANK membrane
receptor of pre-osteoclasts. In parallel, the decoy receptor to RANKL, called osteoprotegerin
(OPG), shows decreased expression. In fact, compressive forces upregulate the RANKL/OPG
ratio and promote osteoclast differentiation (8).

During bone remodelling, osteoblasts play a key role by regulating both resorption and
formation (9). Osteoblasts transduce mechanical stimuli into biochemical signals through
multiple mechanoreceptors, such as integrins, pericellular sensors, focal adhesions, ion
channels, cadherins, connexins, and lipidic rafts (10). These proteins activate intracellular
signalling cascades such as the MAPK, PI3K/Akt, GTPases, Wnt and calcium pathways to
modulate osteoblastic differentiation by up- or downregulating gene expression (11). There is
a need to better understand how all these mechanisms function. Osteoblasts also secrete
bone matrix components before mineralization. The synthesized proteins reflect the stage of
osteoblast differentiation, thus serving as phenotypic markers. Alkaline phosphatase (ALP)
and collagen | (Coll) are commonly used as markers of phenotypes under mechanical stress
(12). Coll is a major structural protein of the bone matrix, whereas ALP is believed to reflect
the first step of bone mineralization. In addition, the sequential development of bone
depends on the transcription factor Runt-related transcription factor 2 (RunX2). Compressive
forces have been shown to increase RunX2 expression (13). Coll and ALP expression is
observed at an early stage of cell differentiation (14). As the cells progress to the
mineralization phase, peak levels of non-collagenous proteins are reached: osteopontin (OP)
and osteocalcin (OCN) are expressed (15).

To better understand the changes taking place in bone during OTM, it is important to
elucidate the cellular and molecular interactions within the bone tissue. The complexity of in



vivo studies makes analysing these communication channels difficult. As a result, models
using cells isolated from alveolar bone have been established to simulate the application of
orthodontic forces (16). Currently, cell culture is widely used in biomedical research to better
elucidate the physiology, pathology and therapy of many processes and diseases. Much of our
understanding of biological mechanisms such as migration, differentiation and force-sensing
has been acquired from 2D (also called monolayer) cell culture (17). Although conventional
2D cell culture has predominated research fields, recent advancements in tissue engineering
have allowed a shift towards culture using 3D structures (18). Regardless, the generic term
“3D cell culture” actually covers a profound number of models, all of which have the
characteristic of culturing cells within a matrix comprising poly-L-lactide acid, poly-lactic-co-
glycolic acid, collagen, agarose, etc. The majority of these constructs are in fact isolated cells
“standing up” in the scaffold (19). These authors suggest going further by integrating micro-
tissues in the form of so-called spheroid cellular aggregates in an agarose matrix. The use of
agarose matrices limits cellular attachment to the physiological extracellular matrix and
therefore allows a strict evaluation of the role of mechanical compression without
interference from the microenvironment.

In the field of orthodontics, the originally described 2D compression model (20) is still
considered the gold standard. It is a simple method for the application of a static,
compressive, unidirectional force on a cell layer. Conversely, 3D models are used to answer
guestions such as how do cells detect forces (mechano-sensing), how do cells convert
mechanical stress into molecular signals (mechano-transduction), and how do these
molecular signals influence the specific cellular response or to a specific force. Despite these
possibilities, this 3D culture model requires strong validation before being included as a
reference in the field.

The objective of this work was to validate a three-dimensional (3D) cell culture weight-based
model to elucidate the complex cascade of secondary events to the application of various
intensities of orthodontic forces.

1 Materials and methods

11 Cell culture

The human foetal osteoblastic cell line hFOB 1.19 (ATCC® CCL-11372™) was seeded at a
density of 6x10° cells/cm? in Dulbecco’s modified Eagle medium (DMEM, Lonza, Belgium)
mixed with Hams F12 (Lonza, Belgium) at a ratio of 1:1 and supplemented with 10% foetal
bovine serum (Gibco, Life Technologies, UK), 2 mmol/L glutamine (Lonza, Belgium) and
antibiotics (100 U/mL penicillin, 100 pug/mL streptomycin; Lonza, Belgium). The cells were
cultured in a humidified atmosphere containing 5% CO, at a temperature of 34°C, during
which time they were conditionally immortalized with a gene encoding a temperature-
sensitive mutant (tsA58) of SV40 large T antigen (21). Upon reaching confluence, cells were
passaged by trypsin/EDTA treatment (Lonza, Belgium).



111 2D model

Cells were resuspended in 0.8% low-melting agarose solution at a density of 4x10° cells/mL
for gene assays or 2x10° cells/mL for protein assays. One millilitre of the solution was added
into a 6-well transwell polyethylene terephthalate (PET) insert with a pore size 3 um and a
pore density of 8x10° pores/cm? (Corning, Lowell, MA); the total gel thickness was 2 mm. The
mixture was allowed to solidify for 20 min at room temperature. Then, 1.5 mL and 2.5 mL of
medium were added to the upper and lower chambers of the well, respectively. Finally, a thin
glass slide was placed on top of the agarose gel.

11.2  Spheroids

Flat-bottom 96-well microplates were treated with 50 plL of 1% agarose (Sigma-Aldrich, Saint-
Louis, MO, USA) prepared in phosphate-buffered saline (Lonza, Belgium) to form a thin non-
adhesive film to prevent cell adhesion (22). Cells were suspended at 1x10” cells/mL and
aliquots of 200 pL i.e. 2000 cells/well were seeded into individual wells to initiate spheroid
formation, and the microplates were incubated at 34°C in a 5% CO, atmosphere. Cells were
cultured in complete medium during spheroid growth that was not replaced. After 72 h of
spheroid formation, each aggregate was collected by aspiration with a 100 uL pipette. After
centrifugation at 800 rpm for 3 minutes, 96 or 192 spheroids were re-suspended in 1 mL of
0.8% agarose low melting solution type VII (Sigma-Aldrich, Saint Louis, MO, USA). Then, 1 mL
of the solution was added into a 6-well transwell polyethylene terephthalate (PET) insert with
a pore size of 3 um and a pore density of 8x10° pores/cm? in the membrane (Corning, Lowell,
MA); the total gel thickness was 2 mm. The spheroid-agarose mixture was allowed to solidify
for 20 min at room temperature. As previously described, 1.5 mL and 2.5 mL of medium were
added to the upper and lower chambers of the well, respectively. Finally, a thin 22 mm
diameter glass slide was placed on top of the spheroid-gel construct. Densities of 96
spheroids/mL for protein assays or 192 spheroids/mL for gene assays were used.

1.2 Static compressive force

In each of the two previous constructs, a static and unidirectional compressive force was
applied. A plastic test tube cap was filled with lead pellets to adjust the weights. Based on the
diameter of the glass slide that distributes the force over the agarose, the lead weight was
adjusted to deliver forces of 1 g/cm? or 4 g/cm? (Fig. 1 and 2).

1.3 Cell survival and proliferation
1.3.1 Spheroid diameters

The increase in spheroid diameter was monitored by obtaining photographs via optical
microscopy. The spheroids embedded in agarose were followed and compared to non-
embedded spheroids constituting the control group. Collection of images at the standard 4x
magnification allowed the use of a measurement layer in Photoshop CC software. Spheroids
appeared round or ovoid; in the latter case, the largest diameter was retained.
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1.3.2 Glucose consumption

The growth and vitality of the hFOB 1.19 cells embedded in an agarose matrix was assessed
by the indirect measurement of metabolic activity (23). Each day, glucose uptake of the cells
was measured in the medium with a cobas ¢ 111 analyser (Roche Diagnostics GmbH,
Allemagne). Based on the final volume of the solution, the cumulative amount of glucose
consumed was calculated. Fresh culture medium without cells was used as a reference. Each
test was done in triplicate.

1.3.3  Propidium iodide and Hoechst staining

Staining was performed using 5 ug/mL Hoechst 33258 and 1 pg/mL propidium iodide. The
ratio between viable and dead cells was established as the ratio of both channel intensities.
For the two-dimensional (2D) model, cells were incubated for 2 h at 34°C and analysed by
confocal microscopy. A total of 5 pictures of each condition was analysed. For the 3D model,
cells were incubated for 20 h incubation at 34°C with Hoechst, treated with propidium iodide
2 h before reading, and analysed by light sheet fluorescence microscopy. For each condition,
between 3 and 6 spheroids were imaged and analysed.

14  RNA extraction and real-time PCR

Total RNA was extracted from hFOB 1.19 osteoblasts at 24 h and 72 h using a Nucleospin RNA
extraction kit (Macherey Nagel, Germany), with some adaptations of the manufacturer’s
instructions with respect to the context of spheroids embedded in agarose matrix. The
volume of reagent RA1 was multiplied by 2, i.e., increased to 700 uL.

Quantitative real-time PCR was carried out with a SYBR Green PCR kit (Applied Biosystems,
Foster City, CA, USA) in an ABI Prism 7900 HT Fast system (Applied Biosystems) under the
following cycling conditions: 2 min at 50°C; 10 min at 95°C; 40 cycles of 15 s at 95°C and 1 min
at 60°C; and a final dissociation step. The primer sequences used in this experiment are listed
in Table 1. The transcripts of the 18S and HPRT housekeeping gene were used normalize the
MRNA levels (24,25).

t—Fa-neert-s—H-P-RLFeeu%—we#e—enW—s-hewed— The results were normalized using the geometrlc

mean Ct of HPRT and 18S. Quantitative results were analysed with SDS v2.3 software (Applied
-AAC

Biosystems). Relative gene expression was calculated with the 2 method (26). The assay
for each gene was carried out in triplicate. The validation of the primers, the purity and
integrity of the RNA, the amplification efficiency have been verified according to the

recommendations of Taylor and Mrkusich (27).
1.5  Enzyme-linked immunosorbent assay

To determine the IL-6, IL-8 and OPG concentrations produced by hFOB 1.19 cells in response
to mechanical compression, supernatants from 2D and 3D cell cultures were harvested, and
the concentrations were measured by ELISA (DuoSet ELISA Development System Human IL-6,
OPG and CXCL8, R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
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instructions. Supernatants were collected at 24 h and 72 h, and their absorbance at 450 nm
was read with a spectrophotometer. Concentrations were calculated from the standard
curves. Three independent experiments were performed for each condition.

1.6 Statistical analysis

Data analysis was performed with GraphPad Prism v6.0 (GraphPad Software, San Diego, CA,
USA). Two-way ANOVA and Tukey's post-hoc tests were used to determine significant
differences between groups. Data are expressed as the means = SD, and differences were
considered significant when p<0.05.

2 Results
2.1 Cell viability

Cell viability was checked in both models using two approaches. First, a metabolic- (glucose
consumption over time) and optic-based (spheroid diameters) method was used. Over a
period of 4 days, glucose consumption was maintained in both the 2D and 3D cultures
indicating cellular viability; furthermore, the spheroid diameters stabilised over time as there
was no statistically significant difference between the culture times for each stress intensity

(Fig. 3).

The second approach consisted of the measurement of Hoechst 33258 staining, which labels
viable cells, and propidium iodide staining, which labels dead cells. The Hoechst/IP ratio in the
2D model demonstrated constant viability at 24 h regardless of the compressive force exerted
and a slightly reduced viability of 15% at 72 h at the highest pressure applied. In the spheroid
model, at 24 h, the viability was significantly increased in response to the strongest
compressive force and was not significantly decreased at 72 h in response to a pressure of 1
g/cm? (Fig. 4) (Supplemental data).

2.2 Expression of osteogenic markers

In the 2D model, ALP gene expression dropped significantly between 24 h and 72 h (-50%)
(Fig. 5A), whereas in the 3D model, the opposite phenomenon was observed with a significant
increase (+250%) in gene expression over time (Fig. 5B). At 72 h, ALP increased by a factor of
4 to 10 between the 2D and 3D models depending on the compressive force. The influence of
the pressure exerted was more significant at 72 h in both cases. For the 2D model, the
increase was correlated with the applied pressure (+40% for 1 g/cm?® and +47% for 4 g/cm?),
but this increase was different for spheroids in which ALP expression peaked at 1 g/cm2
(+44% and +20% for 24 h and 72 h, respectively) but was negligible at 4 g/cm’4<16%).

In the 2D model, at 24 h, COL1 expression gradually decreased with increased pressure
exerted, whereas at 72 h, only the 4 g/cm? pressure caused a decrease of nearly 55% (Fig.
5C). In the 3D model, the expression remained constant regardless of the time under
pressure or the pressure exerted (Fig. 5D).



OCN expression was almost constant at 24 h and 72 h in the 2D model (Fig. 5E). In contrast, it
was significantly increased in the 3D model at 24 h and 72 h for the strongest pressure (>80%

compared to the control in both cases) ard-atF2-hinpropertiontotheappliedforces (Fig.
5F).

OP expression decreased with pressure and time in the 2D model (Fig. 5G), with the largest
decrease observed after the application of the largest force for three days (greater than 50%
decrease). This reduction in expression depending of the pressure was less marked in the 3D
model since the largest decrease recorded was only 23% at 24 h and no difference was
detected at 72 h (Fig. 5H).

In the 2D model, RunX2 expression was significantly modified erlyat+2+h in response to the
strongest pressure applied (>150% compared to the control) (Fig. 5I). In the spheroid model,
RunX2 expression was significantly increased with the applied pressure at 24 h (+36% and
+47%, respectively) and was significantly increased for the highest pressure at 72 h (+50%)
(Fig. 5J).

2.3 Quantification of soluble factors

The release of IL-6 in the 2D model was low, with a peak value of 500 ng/mL, while in the 3D
model, the release was 40 to 80 times higher. In the 2D model, the measured quantities were
independent of applied pressure at 24 h and had doubled at 72 h in a pressure-dependent
manner. In the 3D cultures, the IL-6 concentrations were very high and were proportional to
the pressure applied twofold at 24 h, with larger quantities released at 72 h (+200%) (Fig. 6A
and 6B).

Regarding the release of IL-8 in the 2D model, the measured quantities were low
(approximately 400 ng/mL). The only significant value was at 72 h with a pressure of 4 g/cm2,
where the amount of IL-8 was 10 times greater than that in the control. For spheroids, the
values were significantly higher than those in the 2D cultures (from 11- to 40-fold). Unlike
that observed with IL-6, there was no pressure-dependent effect, as no significant difference
was highlighted. There was a time-dependent effect since the amount of IL-8 increased 250%
at 72 h compared to the levels at 24 h (Fig. 6C and 6D).

For OPG, the difference was not marked as previously described in the 2D model and did not
exceed a factor of 5 for each condition tested with amounts ranging from 133 to 1042 ng/mL.
The quantity fluctuated little in response to pressure. Similarly, for the 3D culture, no
significant difference was observed in response to the forces applied for 24 h and 72 h. The
amount of protein was greater (+700%) after 3 days of pressure (Fig. 6E and 6F).

3 Discussion

Many cell lines are available to create culture models. However, we wanted to use a human
line, closer to the clinical context. The hFOB 1.19, a human osteoblastic cell line was
immortalized by transfected temperature sensitive SV40 T-antigen. This makes it possible to
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free of the inter-individual variability of the primo-cultures. This line is closer to the healthy
cell than the tumoral lines and allows suitable assays and comparison to others studies. In
addition, the selected line allows the formation of spheroids, their embedding in agarose and
mechanical stress application. We have control that the aggregates did not dissociate during
the mechanical stressing. The hFOB 1.19 line appeared to be the most appropriate since its
spheroids have a high rate of internal cohesion. Mechanical stress applied here were from
1g/cm? to 4g/cm?. This is in the range of the most commonly applied forces in orthodontic
weight-loaded approach models (16).

Micro-tissue constructs such as spheroids raise challenging questions such as control of the
spatio-temporal distribution of nutrients and oxygen, the primary basis for cell viability and
proliferation (18). Cell aggregates formed in a 3D culture create a gradient of nutrient access.
The first validation step of the model was to control the viability of cells embedded in the
agarose matrix. Conventional colorimetric methods based on the reduction of resazurin
(Alamar blue assay) or tetrazolium (MTT assay) are indeed frequently used to evaluate
viability in 2D cell culture. However, they are not applicable to spheroids. Tight cell-cell
junctions can affect the absorption and diffusion kinetics of the dyes, thus modifying the
reading of the test and making the results more difficult to interpret (28,29). To avoid the
problem, we evaluated viability by monitoring diameters of the spheroids and indirectly by
measuring the glucose uptake from the medium. In one hand, the diameter of the spheroids
was not changed for the lowest pressures. On the other hand, for the most important
pressure, the diameter increased strongly during the first hours then stabilized. This is
explained by the loss of the spherical aspect of the aggregates in this condition in favour of an
ogival aspect whose large diameter we have measured.

At the end of the 72 h compression period, glucose was still metabolized in both the 2D and
3D models. This result leads to the conclusion that hFOB 1.19 cells are still proliferating at this
time regardless of the model used. This behaviour also indicates that the pore sizes of the
insert membrane and matrix mesh are suitable for the exchange of nutrients and waste
products between the two compartments. The surface of the spheroid aggregates exhibit the
highest levels of proliferation, whereas the interior possesses the highest number of
quiescent or necrotic cells (30). These data were also supported on our micro-tissues by light
sheet fluorescence microscopy after labelling cells that had lost their membrane integrity
with propidium iodide and living cells with Hoechst. Globally, glucose consumption and the
use of fluorochromes confirmed preserved viability in spheroids compared to that of isolated
cells embedded in agarose. These results are in agreement with those of previous studies
(23,31).

A major limitation of culture in a matrix is the limited cell survival to 3 or 4 days. Only the
poly-I-lactide matrix allows a longer follow-up, although limited to 2 weeks (32). This is why
we did not carry out a follow-up on a longer term. In addition, our work focuses on the
induction of tooth movement which take place during the first hours of application of
orthodontic forces (3).



As several studies demonstrate their variation according to the mechanical stress imposed on
cells, markers of osteoblastic activity were analysed by gRT-PCR (16). We used two reference
genes according to the work of Vazquez and Rauh: 18S and HPRT (24,25). This is a different
choice from Kirschneck's study which compares thirteen reference genes for the study of the
consequences of dental movement on periodontal ligament fibroblasts (33). This is justified
by a different culture model (3D versus 2D) and different cell populations (osteoblasts versus
fibroblasts). The comparison of the gene expression between the 2D and 3D cell culture
models revealed three situations:

1) There was no variation in the gene expression profile between the two models.
2) The expression of the markers was increased in the 3D model.
3) The expression was decreased in the 2D model but was maintained in the 3D model.

For the first observation, there was no difference in the expression profile between the two
models with regard to RunX2, a master gene that transcriptionally promotes osteoblast
differentiation. Its expression is essential for the homeostasis of bone tissue. This
transcription factor has previously been shown to regulate the expression of various
osteoblastic genes (34). In both model systems, its expression was increased in relation to the
intensity and the duration of the pressure exerted. This confirms earlier works, such as Shen's
study, which used murine osteoblasts embedded in a collagen matrix and reported that
compressive stress ranging from 0 to 5 g/cm2 enhances osteoblastic differentiation (35).

In the case of ALP and OCN, the gene expression of both products was greatly increased in
the spheroids compared to the 2D model. ALP is a very early marker of osteoblast
differentiation and contributes to bone mineralization. Its expression was almost constant in
the 2D cultures (no significant variations as a function of time or compressive force). In the 3D
model, there was a difference between 24 h and 72 h of incubation with a maximum (x5
compared to the 24 h control) value observed at 1 g/cm?®. These results are consistent with
those of the Elashry study, which demonstrated that 10 days of mechano-stimulation were
needed to elicit a significant increase in ALP expression (30). Other studies confirm the
increase in the expression of ALP in the spheroid model (36). This increase is also observed in
saliva during orthodontic treatment (37). This expression is due to both mechanical and
genetic factors: the interaction of osteoblasts in 3D space and tension within the spheroids.

It is well known that the OCN gene, as a target of P-catenin, plays a decisive role in
osteogenesis. Therefore, the expression of genes involved in the Wnt/B-catenin pathway
contributes to spheroid formation (38,39). The expression of the OCN gene is characteristic of
the late stages of osteoblastic differentiation. Osteocalcin, the most abundant non-
collagenous protein in bone, can be considered a signal that recruits fuses osteoclastic
progenitors until they mature (40). Hoang demonstrated the ability of this protein to bind
hydroxyapatite crystals and to inhibit their growth (41). On the one hand, its expression is
almost constant in the 2D model regardless of the time and the compressive force applied.
On the other hand, its expression was clearly increased with time in the 3D model and peaked
in response to the highest compressive force. This is in agreement with results in the
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literature reporting that OCN is increased during orthodontic treatment in vivo (7) as well as
in vitro (42).

In the last experiment, Coll and OP gene expression levels decreased as a function of time
and pressure applied in the 2D model but were constant in the 3D model. Coll is a marker of
the later stages of osteoblastic differentiation. Its expression decreased proportionally to the
weight applied in the 2D model at 24 h and remained low at 72 h. Regarding spheroids,
neither time nor force applied had an impact on Coll expression. Many studies have
demonstrated the induction of collagen expression by mechanical forces (12,43). However,
Min reported that the mechano-response of fibroblasts varies according to the force applied:
gene induction with weak compression and deactivation with stronger forces (44). In
spheroids, the abundance of intercellular junctions allows the distribution of the force
exerted to all the cells, unlike the cells isolated in agarose matrix (39). This could explain the
decrease in collagen expression in the 2D model and the consistent gene expression in the 3D
model. OP gene expression was significantly diminished as a function of time and pressure
exerted in the 2D model, while its expression was almost constant in the 3D model. As
described by Singh, OP is a molecule released by osteoblasts and acts as a signal for the
recruitment, differentiation and attachment of osteoclasts (45). This phenomenon allows for
the degradation of the non-mineralized matrix and characterizes the later stages of
osteoblastic differentiation. OP has been shown to have a regulatory effect on hydroxyapatite
crystal growth and potently inhibits the mineralization of osteoblast cultures in a phosphate-
dependent manner. Bone remodelling is vital for OTM (46); thus, it is crucial that OP
expression be maintained regardless of the forces applied and the time of application (45).
Some authors showed the increase in its concentration on the compression side from the
initiation of the OTM in vivo with a peak reached on the second day after initiating pressure.
Following the increase in the expression of OPN, the number of osteoclasts increased 17-fold
compared to the control, and numerous resorption depressions were observed on the
pressure side of the alveolar bone (47).

Regarding the release of IL-6 and IL-8, in this study, a temporal effect between 24 h and 72 h
was observed in both models. These cytokines are characteristic of the inflammatory
response and osteoblastic activity. Moreover, these markers of osteoblast activity are usually
found in the crevicular fluid of teeth subjected to OTM (4).

IL-6, which is produced by various cells in the medullary microenvironment (including
monocytes, fibroblasts and T cells), is an important regulator of osteoclast formation in vivo
(48). It is also produced by osteoblasts and induces bone resorption both alone and in concert
with other bone resorption agents (49). Although one study found that compressive forces
have little impact on alveolar bone cells in 2D culture models (50), other studies
demonstrated that static compressive forces promote IL-6 release in similar models (51,52).
In our study, the quantities of IL-6 collected in the 3D model were 40 times higher than those
collected in the 2D model. The increase in IL-6 release in the 3D model could be explained by
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a model effect: spheroidal culture leads to increased transcription of interleukins (48), and IL-
6 expression is greatly enhanced by mechanical stimulation (53).

IL-8 stimulates both osteoclastogenesis and bone resorption in human osteoclasts derived
from peripheral blood mononuclear cells. It also regulates the expression of the essential
osteoclastogenic factor RANKL (54). Similar to IL-6, IL-8 was released in greater quantities in
the 3D model. In the 2D model, its release was very low at 24 h but had increased at 72 h.
These results agree with those of another study showing that IL-8 expression was only
modulated by the application of compressive forces ranging from 0.5 to 3 g/cm2 during the
first 24 h (55).

Finally, it has been shown that OPG plays a key role in RANK/RANKL coupling. OPG is a soluble
cytokine that inhibits osteoclastogenesis via its endogenous antagonist activity that
neutralizes the biological effects of RANKL and therefore acts as an inhibitor of bone
resorption. The biological effects of OPG on bone cells include inhibition of the terminal
stages of osteoclast differentiation, suppression of mature osteoclast activation and induction
of apoptosis. It is obvious that the RANKL/OPG interaction plays a crucial role during tooth
movement. An elevated RANKL/OPG ratio in the gingival fluid of displaced teeth has been
demonstrated (8). In this study, OPG expression in the 2D model was almost non-existent at
24 h and was weak at 72 h. In the 3D model, the released quantities at 72 h were seven times
higher than those at 24 h. The results showed that the quantities of OPG released were only
weakly dependent on the compressive forces applied in the two models and that in both
models, the strongest pressure induced a decrease in OPG release. These results are
consistent with those conducted on bone cell lines (56). However, other authors have shown
that OPG expression is clearly upregulated at both the mRNA and protein levels when cells
were exposed to mechanical stimuli (57). However, it should be noted that these studies used
mesenchymal stem cells and not osteoblasts.

Conclusion

In this study, a 3D model was developed to measure the impact of mechanical stress on
osteoblasts. The results showed that cell viability and metabolism were conserved; however,
differences in responses to mechanical stimuli were observed between 2D and 3D cultures.
Indeed, there is a proportionality in the responses in the spheroids that is a time- and
pressure-dependent in terms of the expression of osteogenesis markers and the release of
cytokines. Spheroids are comparable to micro-tissues, and the results obtained in this study
are more reminiscent to in vivo physiology than 2D models. It is therefore a seductive and
more realistic approach to studying bone mechanobiology.
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Figure legends:

Figure 1: lllustrations of the cell culture models for mechanical stress applications.

Figure 2: Clinical photo of the setup. General overview (A) and focus on the weight resting on
the agarose matrix placed at the bottom of the insert (B).

Figure 3: Cumulative glucose uptake of hFOB 1.19 cells cultivated for 96 h under various
compressive weights in a 2D culture (A) and a 3D spheroid culture (B). Monitoring of spheroid
diameters under compressive strain (C).

Figure 4: (A) Hoechst/PI ratio based on immunohistochemical staining as recorded by
confocal microscopy for 2D culture and (C) images of cells in the 2D model after 72 h of
compressive stress. (B) Light sheet fluorescence microscopy for 3D culture and (D) images of
spheroids after 72 h of compressive stress. (*p < 0.05 compared to 0 g/cm?).

Figure 5: qRT-PCR demonstrating the effect of different magnitudes of compressive force for
24 h or 72 h on the mRNA expression of ALP (A and B), Col1 (C and D), OCN (E and F), OP (G
and H) and Runx2 (I and J) relative to that of the endogenous control (HPRT). Numbers are
presented as the mean and SEM (*p < 0.05 compared to 0 g/cm?, # p < 0.05 compared to 1
g/cm?).

Figure 6: Effect of varying magnitudes of compressive force on the protein expression of IL-6
(A and B), IL-8 (C and D) and OPG (E and F) after 24 h or 72 h of compressive force. The
experiments were performed in triplicate. Numbers are presented as the mean and SEM.

Table 1: Description and characteristics of primers used for real-time PCR.

Supplemental data: Exploration by light sheet microscopy of a spheroid grown in an agarose
matrix and compressed by a force of 4 g/cm? for 72 hours. The staining performed here is
Hoechst 33258 (blue) and propidium iodide (red).
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