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A B S T R A C T

Osteoporosis is a disease that leads to a loss of bone mass and to alterations in the bone microarchitecture that
occur in a site-specific manner; however it remains controversial in the jaw. The involvement of bone marrow
adipose tissue (BMAT) in the bone metabolism has been suggested in several physiopathological contexts, such
as in aging and osteoporosis. To test whether the BMAT content is related to mandibular bone loss, this study
aimed to investigate the potential correlations between the trabecular bone microarchitecture on one hand and
BMAT content and its spatial distribution in relation to bone surface on the other hand during aging and
ovariectomy (OVX) during a long-term follow-up in a mature rat model.

No age-related microarchitectural or BMAT changes were observed in the mandible. The OVX-induced bone
loss was three-fold lower in the mandible than in the tibia and was observed only in the alveolar bone (not in the
condyle). We also report a delayed increase in the mandibular BMAT content that remained 4–6-fold lower
compared to tibia. This low BMAT content in the mandible was located at a distance from the trabecular bone
surface (only 5% in contact with the bone surface versus 87% in the tibia). These findings highlight a specific
mandibular response to OVX, in particular fewer microarchitectural alterations compared to that in the tibia. For
the latter, the trabecular bone thickness and surface were correlated with the BMAT content. Oral functions may
have a protective effect on the mandibular BMAT conversion in an OVX context.

1. Introduction

Osteoporosis is a common and widespread skeletal disease that is
characterized by an imbalance of bone remodeling that leads to a sys-
temic loss of bone mass and in changes to the bone microarchitecture
that occur in a site-specific manner [1]. The loss of gonadal function
and aging are the two most important factors contributing to the de-
velopment of the structural decay of the trabecular and cortical bone
[2]. These skeletal alterations, which are both quantitative and quali-
tative, are most often described at the skeletal sites of fractures, such as
the long bones of the appendicular skeleton (the epiphyses of the femur
and the tibia in particular) and at the bones of the axial skeleton
(vertebrae) [3]. Although several clinical studies have reported corre-
lations between the changes in the bone mineral density (BMD) at the

hip or spine, and in the changes in the alveolar and basal BMD in the
mandible, other studies have shown conflicting results in an osteo-
porosis context [4,5]. In an ovariectomized rat model (mostly in young
animals), a lower response to estrogen deficiency has been reported in
the mandibular alveolar bone compared to that in the proximal meta-
physis of the tibia, especially in the trabecular bone compartment [6,7].
Hence, the existence of osteoporosis of the cranio-facial skeleton and its
impact on the teeth-bearing areas (alveolar bone) are still debated
today [8,9]. In particular, there is still a lack of information on the bony
changes in aged animals (mature skeleton) [10] and their relationships
with local factors, such as bone marrow adipose tissue (BMAT) content
and spatial distribution, whose potential regulatory roles in bone me-
tabolism have been paid progressively more attention in the field [11].

We previously showed that the mandibular trabecular bone had a

https://doi.org/10.1016/j.bone.2019.06.031
Received 28 March 2019; Received in revised form 2 June 2019; Accepted 29 June 2019

⁎ Corresponding author.
E-mail address: xavier.coutel@univ-lille.fr (X. Coutel).

Bone 127 (2019) 343–352

Available online 02 July 2019
8756-3282/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2019.06.031
https://doi.org/10.1016/j.bone.2019.06.031
mailto:xavier.coutel@univ-lille.fr
https://doi.org/10.1016/j.bone.2019.06.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2019.06.031&domain=pdf


high density compared to that of the tibia which, in contrast, has a large
surface area that is in contact with the bone marrow [12]. In addition to
their close anatomical vicinity, the cells of the bone and the BMAT are
critical for each other's functions that ensure bone homeostasis [13].
Bone marrow adipocytes (BMAds) are the most abundant differentiated
stromal cells in human adult bone marrow, representing up to 70% of
the marrow volume or 5–10% of the total weight of the whole body fat
mass [14]. The hematopoietic cellularity of bone marrow decreases
with age with a corresponding increase in the fat fraction [15]. Bone
marrow adipose conversion, resulting from the differentiation of ske-
letal stem cells (SSCs), appears to be a tightly regulated process [16].
The BMAT content has been reported to vary in several physiopatho-
logical contexts, such as aging [17] or postmenopausal osteoporosis
[18,19], and it has also been reported to be inversely correlated to the
trabecular bone volume and resorption surface in iliac crest bone
biopsies, thus playing a key role in the regulation of bone turnover
[20,21]. Several magnetic resonance imaging (MRI) studies have re-
ported, in osteoporotic women, a higher bone marrow fat fraction
(BMFF), mainly in the vertebrae and the long bones [17,22]. This in-
crease was found to be inversely related to bone formation (osteoblastic
activity) during osteoporosis, supporting the hypothesis that a pre-
ferential differentiation of SSCs toward the adipogenic pathway occurs
at the expense of the osteogenic pathway [18]. In addition, a decrease
in the unsaturation index of the BMFF has also been reported [19], as
well as an increase in the content of pro-inflammatory cytokines (i.e.,
IL-6 and TNFα) and adipogenic markers (i.e., adiponectin and soluble
RANKL) within the bone marrow supernatant fluid of osteoporotic
patients, leading to increased bone fragility [23]. The bone marrow
adiposity (BMA) is thus recognized as a major metabolic actor in the
pathophysiology of osteoporosis [24,25].

The distribution of BMAT in the skeleton reveals site specificities
[26–30]. In rodents, the content and composition of BMAT have been
reported to be distributed differently between the distal and proximal
metaphysis of the tibia [31] and also between the lumbar and caudal
vertebrae [32]. In addition, a preferential location of BMAds has been
reported among human iliac crest bone biopsies in different physio-
pathological contexts: stacked in the paratrabecular areas in osteo-
porosis and in the central bone marrow areas in plasmocytoma [33].
Moreover, bone marrow stromal cell (BMSC) progenitors residing close
to the bone surface in long bones (tibiae) have been reported to be
functionally distinct from those in the central bone marrow, suggesting
a differential metabolic activity according to the distribution pattern of
the BMAds [34]. In preclinical osteoporosis models, ovariectomy-in-
duced trabecular bone loss was observed with distinct patterns ac-
cording to the location within the tibia [29]. In addition, BMAT in-
creased with osteoporosis, while the trabecular bone volume decreased,
suggesting an inverse relationship between osteogenesis and adipo-
genesis [16,18] and arguing for an involvement of BMAT in the im-
pairment in the osteoresorption-osteoformation balance [35,36].

Mandibular bone loss remains understudied and could be triggered,
during aging and osteoporosis, by variations in the BMAT content and
composition [37]. BMAT could represent an early biomarker of the
occurrence and progression of the osteoporotic status, and it has been
insufficiently explored clinically [22,37,38]. In the present study, we
used an original methodology for the simultaneous 3D assessment of
the bone microarchitecture [39] BMAT content and spatial distribution
[12]. The objectives of the present study were as follows: i) to assess the
long-term changes in the mandibular bone microarchitecture, BMAT
content and spatial distribution during aging and after ovariectomy in a
mature rat model and to compare these parameters with the proximal
metaphysis of the tibia, and ii) to analyze whether these parameters are
correlated within the functional alveolar and condylar areas of the
mandible. In addition, differences in the masticatory activity between
the experimental and control groups were taken into account by stan-
dardizing the food intake. This standardization was achieved by cor-
recting of the transient hyperphagia in the ovariectomized animals by

setting a long-term pair-feeding protocol consisting of providing equal
food intake with that of the SHAM groups. Thus, the specificities be-
tween the alveolar bone and condylar regions within the mandible were
explored in conditions where the diet was controlled (OVX _PF groups)
or not (OVX_AL groups).

2. Material and methods

2.1. Animal procedures

Six-month-old female Sprague-Dawley rats (Rattus norvegicus,
n= 69) were used in this study (Janvier Lab, Laval, France). The pro-
vider reported that the rats were free of known viral, bacterial and
parasitic pathogens. Animals were randomly assigned prior to the op-
eration by the provider in three distinct groups: the OVX_AL (n=20),
OVX_PF (n= 20) and SHAM groups (n=29). OVX_AL and SHAM
groups were fed ad libitum (free access to tap water and a standard
diet). A pair-feeding protocol was maintained until the sacrifice of the
animals. All experiments on animals were carried out with the approval
of the French Ministry of Research and Innovation (approval no.
APAFIS#4197-2015091514435707). Animal procedures were per-
formed in an accredited animal facility (authorization no. B5935010) at
the University of Lille with the approval of the Animal Ethics
Committee and in accordance with the directive 2010/63/EU and the
“Principles of Laboratory Animal Care” recommended by the National
Society for Biomedical Research in France. Rats (n= 3/cage according
to the EU laws) were housed in type 4 cages filled with Lignocel®
(hygiene animal bedding) enriched with horizontal tubes for climbing
and were kept under controlled conditions at 22 ± 2 °C on a 12 h light/
12 h dark cycle with lights on from 07.00 a.m. to 7.00 p.m. Rats were
euthanized by exsanguination under anesthesia at 6months (baseline,
n= 9), 10months (M4 post-OVX, n= 9) and 15months of age (M9
post-OVX, n=11). At sacrifice, the right hemimandibles and tibias
were harvested, immediately fixed for 48 h in 10% neutral-buffered
formalin and stored in phosphate buffered saline prior to further micro-
CT analyses.

2.2. Micro-CT image acquisition and reconstruction: SCAN1

To simultaneously assess the bone microarchitecture and the BMAT
content, the trabecular area was investigated in three skeletal locations:
(i) the intraradicular alveolar bone of the first molar; (ii) the central
area of the mandibular condyle in the mandibles and (iii) the secondary
spongiosa of the tibial metaphysis. All bone samples were scanned for
the first time (i.e., SCAN1) to allow the analysis of the trabecular bone
morphometric parameters. Specimens (mandibles and tibiae) were
placed in a plastic sample holder and were scanned using a Skyscan
1172 micro-CT device (BRUKER, Kontich, Belgium) with the software
suite provided by the manufacturer. Scan settings were as follows:
isotropic voxel size 10 μm3, 80 kVp, 100 μA, AleCu filter, 2400ms in-
tegration time, and 0.5° rotation step over 180°. For the reconstruction,
the following settings were applied: Gaussian smoothing, ring artifact
reduction 6, and beam hardening correction 50%. After the first ac-
quisition, the samples were prepared for BMAT analysis [12] and were
scanned a second time (SCAN2) to allow the analysis of the BMAT
parameters using the same acquisition settings as the first scan. Briefly,
each sample was decalcified and stained in a 1% osmium tetroxide
solution (stabilized with a 2.5% potassium dichromate solution).

2.3. Osmium tetroxide staining protocol

After SCAN1, the samples were prepared for BMAT analysis. Thus,
all the bone samples were decalcified under controlled slow oscillations
in 4% formic acid/10% NBF (1:1), pH 7.4, for 4 days. Once the bones
were demineralized, they were rinsed in distilled water. Each dec-
alcified bone was then stained in the fume hood for 48 h in an aqueous
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staining solution that was composed of a 1% osmium tetroxide solution
that was stabilized in a 2.5% dichromate potassium solution at room
temperature. Then, the stained bones were rinsed twice in PBS for 3 h
each at room temperature and a last wash was performed in the hood
overnight. Osmium stained bones were then moved to a fresh set of
50 ml falcon tubes containing 45ml of PBS each and were stored at 4 °C
until the micro-CT acquisition.

2.4. Micro-CT image acquisition and reconstruction: SCAN 2

After osmium tetroxide staining, the decalcified and stained bone
samples were scanned a second time (i.e., SCAN2) to allow the analysis
of the BMAT. Samples were scanned using the same acquisition settings
as the first scan. For the reconstruction of the SCAN2 datasets, the
following settings were applied to reveal the osmium-stained BMAT:
Gaussian smoothing, ring artifact reduction 3, and beam hardening
correction 30%.

2.5. Image datasets alignment (SCAN1 and SCAN2 registration)

The SCAN1 and SCAN2 datasets were rotated to obtain the same
orientation, which was specific for each skeletal location (the long-
itudinal axis of the proximal metaphysis in the tibia and the mandibular
condyle and the first molar in the alveolar ridge for the mandible).
Then, the reoriented datasets of each sample (SCAN1 as the reference,
SCAN2 as the target) were manually registered using the Dataviewer
software (v. 1.5.2.4) following these critical steps: (i) the coregistration
of the global outlines; (ii) the adjustment of the enamel of the rodent
incisor (in the case of the alveolar ridge) and (iii) the progressive ad-
justment of the trabecular network and bone marrow space using the
profile scale diagram and different angles of view.

2.6. Determination of the regions of interest (ROI)

After registration, the regions of interest (ROI) were drawn in the
SCAN1 datasets that delineated the trabecular area of the samples using
CTAn. For the alveolar ridge, the ROIs were selected as the in-
traradicular bone of the first molar from the furcation to the apex roots,
as adapted from the protocol of Du et al. (modification: an oval shape
was used instead of a circular one) [40]. In the condyle, the ROI was
selected according to the method described by Jiao et al., as a rectangle
shape (1mm length, and 0,5 mm height) in the central compartment
[41]. In the proximal tibia, 200 cross-sections (2 mm height) were se-
lected 1.5mm under the growth plate, and the trabecular area was
isolated from the cortical area by a semiautomated protocol in CTAn©
[42].

2.7. Micro-CT image analysis - trabecular bone microarchitecture

In the ROIs of the SCAN1 datasets, a one-level Otsu's method was
used to determine the threshold between the mineralized tissue and the
bone marrow compartment (and vice versa) [43], and the following
bone microarchitectural parameters, reflecting the morphology of the
trabecular network for each skeletal location, were measured using
CTAn©: percent bone volume (BV/TV, %), trabecular bone surface/
volume ratio (BS/TV, mm−1), trabecular number (Tb.N, mm−1), tra-
becular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm) and
trabecular pattern factor (Tb.Pf, mm−1).

2.8. Micro-CT image analysis – BMAT content and distribution

For the quantification of the BMAT content, each defined ROI of the
SCAN1 datasets was reused on the coregistered SCAN2 dataset to de-
termine the BMAT content in the same area that the bone micro-
architecture was assessed. For the mandibular bone, a fixed-threshold
value (between 110 and 255 grayscale levels) was used for both skeletal

locations. In the tibia, the BMAT was segmented using a multilevel Otsu
algorithm (3 levels). The following BMAT parameters were measured
for each skeletal location: the percentage of adipocyte volume in the
total volume of the ROI (Ad.V/TV, %) and, in using an original method,
the ratio adipocyte volume/marrow volume (Ad.V/Ma.V, %). To assess
the spatial distribution profile of BMAT in relation to the bone surface,
a customized stepwise process was created in CTAn© to plot the per-
centage of BMAT vs the distance from the trabecular bone surface. After
uploading the segmented osmium-stained BMAT from the SCAN2 da-
tasets as ‘the image” and the binarized-trabecular network of the
SCAN1 datasets as “ROI”, this task list combines the repetition of the
following tasks 5 times: a one-level Otsu thresholding, a morphological
operation (20 μm 3D dilatation step= 2 pixels), a saving image and a
3D morphological analysis to determine the percentage of BMAT in
each volume.

2.9. Statistical analyses

All statistical analyses were performed with the SAS package soft-
ware©, release 9.4 (SAS Institute, Cary, NC). Continuous variables are
described by the mean and standard deviation, or the median and in-
terquartile range. The normality of the distributions was evaluated
graphically and using the Shapiro-Wilk test. Animal body weight was
compared between the groups, week by week, using a linear mixed
model to account for the correlation between the repeated measures
within subjects by including a random subject effect.

The parameters of the trabecular bone microarchitecture and BMAT
content were compared among the three time points (baseline, M4, M9)
in the SHAM group for each skeletal location (the proximal metaphysis
of the tibia, alveolar bone and condyle) with a linear mixed model with
a random subject effect.

The parameters of the bone microarchitecture and BMAT were
compared among the three groups (SHAM, OVX_AL, OVX_PF) within
each skeletal location and at M4 and M9 with a linear mixed model
with a random subject effect. In the case of significant results, post hoc
comparisons between the groups were performed.

Associations between the trabecular bone microarchitectural para-
meters and BMAT parameters were assessed for each skeletal location
using the Spearman correlation coefficient in the SHAM group and in
the pooled OVX groups.

The spatial distribution of the BMAT content was compared among
the groups by localization and time (M4 and M9) using an analysis of
covariance model adjusted for the animal's weight. In the case of sig-
nificant results, post hoc comparisons between the groups were per-
formed. The statistical significance for all tests was set at p < 0.05.

2.10. Principal Component Analysis

The micro-CT data were processed with Principal Component
Analysis (PCA) [44]. PCA is described as a “unsupervised” method that
explores the variability within a dataset. This statistical multivariate
analysis tool allows for the study of the relationships among the vari-
ables (BV/TV, Ad.V/Ma.V etc.) and the samples of the groups (SHAM
and OVX) at the different postsurgery observational times (baseline,
M4, and M9). PCA was performed with the PLS Toolbox v. 6.7 (Ei-
genvector Research Inc., West Eaglerock Drive, Wenatchee, WA, 98801)
operating in the MATLAB R2010a environment (Mathworks Inc., Na-
tick, MA, USA). Prior to PCA, the autoscale function was applied to the
dataset.

3. Results

3.1. Animal body weight

The average weight of the animals before surgery was 346.3 ± 9 g
(Fig. 1). From the second week after OVX, a weight difference of
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approximately 10% was observed between the animals of the OVX_AL
group and those of the SHAM group (403.6 ± 19 g vs 363.9 ± 12 g,
p < 0.001), highlighting a rapid weight gain after OVX. This was fol-
lowed by a slower weight gain from week 8 to week 40 (after transient
hyperphagia, which was observed until 8 weeks post-surgery). This
weight difference was not found between the OVX_PF and the SHAM
group at 2 weeks post-OVX (382.4 ± 10 g vs 363.9 ± 12 g, p= 0.10).

3.2. Trabecular bone microarchitecture

In the SHAM group, no significant differences related to aging were
observed in the trabecular bone microarchitectural parameters re-
gardless of the skeletal location (alveolar bone, condyle, and tibia –
Fig. 2).

The trabecular bone microarchitectural parameters were sig-
nificantly modified between the SHAM and OVX groups according to
the skeletal locations. However, no differences were observed in the
trabecular bone microarchitectural parameters between the OVX_AL
and OVX_PF groups at M4 and M9, regardless of the skeletal location
(Fig. 3-Additional Fig. 8). In the tibia, at M4, significant modifications
in both of the OVX groups were observed compared to those of their
SHAM counterparts: the trabecular BV/TV was 62% lower, Tb.N was
64% lower and both Tb.Th. (+10%, p < 0.0001) and Tb.Sp. were
higher (+65%, p < 0.001) in the OVX groups compared to those of the
SHAM group. In addition, the Tb.Pf. was approximately 10-fold higher
(p < 0.0001) in the OVX group compared to that of the SHAM group.
No changes in the microarchitectural parameters were observed be-
tween M4 and M9 (see Additional Fig. 8).

In the alveolar bone (Fig. 3), significant modifications in both of the
OVX groups were observed compared to those of their SHAM coun-
terparts: BV/TV was 15% lower at M4 and 20% lower at M9
(p < 0.0001), Tb.N. was 19% lower at M4 post-OVX (p < 0.0001) in
the OVX groups compared to that of the SHAM group. The Tb.Th. did
not change regardless of the time post-OVX. The OVX groups were also
characterized by a higher Tb.Sp. (+10% at M4, p < 0.0001 and
+28.5% at M9, p < 0.0001) compared to that of the SHAM group.

In the condyle (Fig. 3), no significant changes in the trabecular BV/
TV were observed at M4 or M9 post-OVX. However, the OVX groups
were characterized by a lower Tb.N. (up to −35% at M9, p < 0.001)

compared to that of the SHAM group. In addition, when comparing the
OVX groups to the SHAM group, we observed a higher Tb.Th. (+26% at
M9, p=0.027), which was associated with a> 6-fold increase in the
Tb.Pf. (p= 0.002) and a higher Tb.Sp. at M9 (+40%, p=0.040).

3.3. BMAT content

In the SHAM group (Fig. 4), no age-related changes in the BMAT
content (Ad.V/Ma.V, %) were observed in both mandibular sites, but
there was a 2-fold significant increase in the BMAT content in the tibia
at M4 post-OVX compared to that at baseline and a significant decrease
of −30% at M9 compared to that at M4 post-OVX.

In the mandible, no BMAT content was found in the condyle re-
gardless of the age of the animals in the SHAM group. Interestingly, at
baseline, the BMAT content in the tibia exhibited a significantly 10-fold
increase compared to that of the alveolar bone.

After OVX (Fig. 4), the bone loss observed in the tibia was accom-
panied by an increase in the BMAT content at M4 and M9 compared to
that of the SHAM group. Indeed, there was a significant increase in the
Ad.V/Ma.V compared to that of the age-matched SHAM group (+51%
at M4, p < 0.0001 and +337% at M9, p < 0.0001). In the alveolar
bone, bone loss was accompanied by a significant increase in the Ad.V/
Ma.V compared to that of the age-matched SHAM group, but this effect
was only observed in the OVX_PF group (+1908% at M4, p < 0.0001,
and +1256% at M9, p < 0.0001). In the condyle, no bone loss was
found, but small amounts of adipose content appeared at M4 post-OVX
(approximately 1% of the available marrow volume) and reached 10%
at M9 post-OVX. The micro-CT 3D renderings of the alignment of the
bone microarchitecture and BMAT content are illustrated at each ske-
letal site during aging and OVX in Additional Figs. 9–11.

3.4. BMAT spatial distribution

Fig. 5 illustrates the spatial distribution of BMAT within the prox-
imal tibia, alveolar bone and condyle, which was calculated as the
distance from the trabecular bone surface, up to 100 μm away [12]. In
the tibia, BMAT was preferentially in contact with the trabecular bone
surface after ovariectomy. Indeed, 87% of the trabecular bone surface
was covered by BMAds at M4 in OVX_AL group versus 40% in the

Fig. 1. Animal body weight differences from week 0 to week 40 in SHAM, OVX_AL and OVX_PF rats. Values are means± SD. Differences between groups are shown:
**p < 0.01, ***p < 0.0001.
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SHAM group (p=0.008). A higher BMAT content was found in contact
with the trabecular bone surface at M9 in both OVX_PF group (48%)
and OVX_AL group (52%) compared to the SHAM group (13%,
p < 0.0001). In contrast, in both mandibular sites, the small amount of
BMAT remained distributed within the entire marrow spaces with<
5% of the trabecular bone surface covered by BMAds whatever the time
post-OVX.

3.5. Relationship between bone microarchitecture and BMAT variables

The global relationship among the micro-CT variables and groups
(SHAM and OVX) was explored with Principal Component Analysis
(PCA). In the tibia, the score plot (Fig. 6A) shows two clusters that were
formed by the SHAM group (right) and the OVX groups (left). This
separation was made along PC1 (72.26%). No PCA-based separations
between the OVX groups were observed. The loading plots (Fig. 6B)
show that the BV/TV, BS/TV and Tb.N were higher in the SHAM group
than in the OVX groups. The values of the Tb.Pf, Tb.Sp, Tb.Th, and
Ad.V/Ma.V were higher in the OVX groups than in the SHAM group.

The PCA was also conducted on the datasets related to the man-
dibular variables. However, no clear and distinct separation was

observed at either mandibular site.
Linear regression analysis (bivariate approach) was then carried out

to explore the correlations between the microarchitectural and BMAT
variables in the OVX and SHAM groups, at the various time-points
postsurgery. No correlations among the bone microarchitectural and
BMAT parameters were found in the SHAM group (data not shown).
However, in the OVX groups, for the tibia only, significant correlations
were found between the Ad.V/Ma.V and Tb.Th (r=−0.55,
p=0.0003) and between the Ad.V/Ma.V and BS/BV (r= 0.52,
p=0.0006) (Fig. 7).

4. Discussion

The ovariectomized (OVX) rat model is now largely recognized as a
suitable osteoporosis preclinical model for the assessment of man-
dibular bone microarchitecture [45]. In the rat mandible, the effects of
OVX (estrogen depletion) on the alterations of the microarchitectural
parameters in the alveolar bone and the condyle have been studied with
various experimental conditions that make the interpretation of the
existing data complex and incomplete, including the use of different rat
strains, different areas of analysis in the mandible, different OVX delays

Fig. 2. No age-related effects on trabecular bone microarchitecture whatever skeletal sites (alveolar bone, condyle, tibia) in the SHAM groups respectively at
baseline, M4 and M9. Values are means± SD.
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and time post-OVX analyses. These studies also report contradictory
data, making the analysis of the effects of aging, on the one hand, and
OVX, on the other hand, unclear in the mandible [46–49]. With the use
of our 3D micro-CT approach allowing alignment of the bone and the
BMAT, the present study reports a comprehensive investigation in adult

rats that simultaneously studied changes in the bone microarchitectural
and BMAT content and its spatial distribution in the alveolar bone and
the condyle in a controlled-diet condition, with a clear distinction of
age and OVX status. Here, we show that once the rat skeleton is mature
[10] (at 15months of age), (i) aging does not impact the trabecular
bone microarchitecture in both mandibular sites (the alveolar bone and
condyle) nor in the tibiae in rats and (ii) OVX has a distinct skeletal
impact not only on the mandibular bone microarchitecture but also on
the mandibular BMAT content (4–6-fold lower compared to that of the
metaphyseal tibial area) and spatial distribution (BMAT remained at a
further distance from the trabecular bone surface compared to that of
tibia).

The absence of microarchitectural differences may be due to the
advanced age reached by the animals at baseline (6months) and by a
slower remodeling rate that has been reported with advanced age.
These hypotheses are consistent with a study of Kribbs et al. showing
that the decrease in the mandibular bone mass was not correlated with
age [50]. Although some authors reported a lower proliferative capa-
city and a lower osteogenic differentiation of skeletal stem cells (SSCs)
with age [51–53], other data indicate that there are no changes in the
differentiation capacities of SSCs with age in rats [54], suggesting that
the effect of aging may not be synchronized through the whole skeleton.
Previous data show that the remodeling activity becomes predominant
in rat trabecular bone areas after 6months of age, suggesting that the
skeletal dynamics of rodents may be more relevant to those in the adult
human situation than it was previously thought [55,56]. Indeed, it has
been shown that, similar to higher mammals, the prevailing activity in
the tibial trabecular bone of aged (12-month-old) rats is remodeling and
not modeling [57].

We also show that, in rats of 10months of age, OVX-induced
mandibular bone loss was three-fold lower than the proximal meta-
physeal bone loss in the tibia and was observed only in the alveolar
bone (not in the condyle). In Wronski's work, osteopenia was detected
in OVX rats as early as 14-days post-OVX in the tibia and became
progressively more pronounced up to 100 days [2]. Afterwards, the ti-
bial trabecular bone volume appeared to stabilize (decreased bone loss
and bone formation/resorption indices that were only marginally en-
hanced). In the present study, no OVX-induced microarchitectural
changes were observed between M4 and M9; hence, we mainly ob-
served an “early” and “fast” reaction of the body to the surgery (es-
trogen deficiency) in rats [58,59]. In addition, consistent with previous
findings, our data show that mandibular bone loss is significantly less
important than that in the proximal tibia in response to OVX [6,8,60],
suggesting that oral functions may induce stress on mandibular bone
cells and prevent oral bone loss. Interestingly, OVX also induced a
smaller Tb.N and Tb.Th decrease in both mandibular sites compared to
that in the tibia. This small mandibular response to OVX in rodents can
be partially explained by the dense trabecular bone network (at base-
line) in the mandible [12]. The small response may also be attributed to
the unique skeletal characteristics of the mandible, both morphologi-
cally and functionally (with the presence of masticatory activity and a
10-fold higher remodeling activity in the alveolar and condylar regions
compared to that in the tibia [61,62]) and embryologically (with the
profile of mandibular skeletal stem cells described as being pre-
ferentially osteogenic [52,63]). In the present study, transitory hyper-
phagia was reported after OVX, but it did not induce any changes in the
bone microarchitectural parameters in rats, which is in accordance with
Jiang's findings, who also reported that there was no impact on the
bone strength [64]. Bearing in mind that the mandible does not re-
present a typical fracture site in the skeleton, these observations could
explain its resistant behavior even in an estrogen-depletion context.

In addition to the specific mandibular response to OVX, we reported
distinct changes in the BMAT content and spatial distribution in the
alveolar bone and condyle sites during OVX compared to that in the
proximal tibial metaphysis. Indeed, the mandible exhibited a delayed
increase in the BMAT content compared to that in the tibia, with a 4–6-

Fig. 3. OVX-related effects on trabecular bone microarchitecture in the alveolar
bone (left) and in the condyle (right) respectively at M4 and M9. Values are
means± SD. Differences between groups are shown: *p < 0.05, **p < 0.01,
***p < 0.0001.
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fold lower BMAT content, suggesting a slower BMAT conversion rate in
the mandible than in the tibia. Interestingly, an alveolar BMAT increase
was observed only in the pair-feeding OVX groups, highlighting, for the
first time, a protective effect of oral functions on the alveolar BMAT
conversion. No age-related BMAT differences were observed at either
mandibular site. In the tibia, age-related changes were observed and we
believe that the 30% decrease in BMAT content at M9 compared to that
at baseline may be due to the diaphyseal growth in the proximal di-
rection that crosses the volume of interest (mainly hematopoietic bone
marrow in the central trabecular areas) in aged animals. With the use of
our 3D micro-CT approach that allowed us to align the bone and the
BMAT [12], the present study highlights the features of the alveolar and
condylar BMAT content and their spatial distribution after OVX in a rat
model. Indeed, the spatial distribution of the mandibular BMAT was
homogeneously distributed in the first 100 μm from the trabecular bone
surface, whereas it was clearly preferentially distributed close to the
trabecular bone surface in the tibia (87% of the trabecular bone surface
covered by bone marrow adipocytes in the tibia vs approximately 5% in
both mandibular sites). Bearing in mind the potential role of BMAT in
bone metabolism, the distinct metabolic function of the mesenchymal
progenitors that are located close to the bone surface and the bone
formation areas (the superior proliferative ability and reduced expres-
sion of cell cycle inhibitors) reported by Siclari et al. may explain the
differences in the BMAT content measured in the different skeletal

locations in the present study and could provide support for a more
metabolically active role of the BMAds in the tibia [34]. Our data
highlight the importance of investigating not only the BMAT content
but also the BMAT spatial distribution in relation to the bone surface
and support the hypothesis of a potential role of the BMAds in bone
metabolism.

The micro-CT variables provide biological information that de-
monstrates the effect of OVX, as shown by PCA (Fig. 6A–B). These re-
sults show that the SHAM and OVX groups do not share the same mi-
croarchitectural characteristics. The OVX groups were characterized by
a high BMAT content (Ad.V/Ma.V), larger trabecular thickness and
trabecular separation as well as a more disconnected trabecular net-
work compared to those of the SHAM group. The SHAM group was
characterized by a high trabecular bone volume and number compared
to those of the OVX group. Interestingly, bivariate statistical analyses
(linear regression) showed only correlations in the OVX groups in the
tibia between the bone microarchitectural and BMAT parameters. The
negative correlation that was found between the Ad.V/Ma.V and Tb.Th
may suggest the involvement of the BMAT content in the trabecular
bone thinning in an OVX context. In addition, the positive correlation
between the Ad.V/Ma.V and BS/BV has been reported as an excellent
predictor of bone loss. No correlations were found in the OVX groups at
the mandibular sites, suggesting that BMAT has a smaller impact on
trabecular bone loss than that at other sites. The differences in the

Fig. 4. Age and OVX-related effects on BMAT content (Ad.V/Ma.V: adipose volume/marrow volume, %) respectively at baseline, M4 and M9 in the 3 skeletal
locations (tibia, alveolar bone, condyle). Values are means± SD. Differences between groups are shown: *p < 0.05, **p < 0.01, ***p < 0.0001.
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BMAT content, which were only observed after OVX in the pair-fed
group, demonstrate a probable protective role of oral functions in al-
veolar BMAT conversion.

The investigation and understanding of the relationship between
BMAT and the bone quality has emerged as an exciting challenge in
research in recent years (70–85% of the trabecular bone surface is in
contact with the bone marrow). It now appears evident that BMAT
should be kept in mind and considered when assessing the bone quality
parameters [65]. By measuring the bone and BMAT within the same
region of interest, our data highlight the specific response of the man-
dibular microarchitecture, BMAT content and spatial distribution
during OVX. The distribution pattern of BMAT in the three skeletal
locations demonstrates the importance of local factors in the regulation
of bone metabolism, in particular BMAT. It would be of great interest to
precise the impact of these BMAT changes on the bone quality at the

tissue level.
In summary, OVX was characterized by marked microarchitectural

and BMAT changes in the tibia with significant correlation between the
BMAT content and trabecular bone thickness as well as clustering of
BMAT close to the trabecular bone surface. By contrast, OVX was
characterized by few microarchitectural and BMAT content changes in
both mandibular sites, without any correlations between micro-
architectural and BMAT variables. According to these data, oral func-
tions may have a protective effect on the BMAT conversion in the al-
veolar bone in a context of estrogen depletion. These highlights
underline the importance of clarifying the long-term effects of local
factors, such as the specific BMAT distribution on the mandibular bone
quality at the molecular level.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.06.031.

Fig. 5. BMAT spatial distribution at M4 (left) and M9 (right) for each skeletal locations. Values are means± SD. Differences between groups are shown: *p < 0.05,
**p < 0.001, ***p < 0.0001.
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