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A B S T R A C T   

Osteopontin (OPN) and Bone Sialoprotein (BSP) are co-expressed in bone and display overlapping and com-
plementary physiological properties. Both genes show a rapid expression response to mechanical stimulation. We 
used mice with single and double deletions (DKO) of BSP and OPN to assess the specificity of their roles in 
skeletal adaptation to loading. Two-month-old Wild-Type (WT), BSP knockout (BSP− /− ), OPN− /− and DKO male 
mice were submitted to two mechanical stimulation regimen (n = 10 mice/group) respectively impacting 
trabecular bone (Hypergravity, HG) and cortical bone (Whole Body Vibration, WBV). HG increased trabecular 
bone volume (BV/TV) in WT femur through reduced resorption, and in BSP− /− mice femur and vertebra through 
increased bone formation. In contrast, HG increased the turnover of OPN− /− bone, resulting in reduced femur 
and vertebra BV/TV. HG did not affect DKO bones. Similarly, WBV increased cortical thickness in BSP− /− mice 
and decreased it in OPN− /− , without affecting structurally WT and DKO bone. Vibrated BSP− /− mice displayed 
increased endocortical bone formation with a drop in Sclerostin expression, and reduced periosteal osteoclasts 
with lower Rankl and Cathepsin K expression. In contrast, vibrated OPN− /− endocortical bone displayed 
decreased formation and increased osteoclast coverage. Therefore, under two regimen (HG and WBV) targeting 
distinct bone compartments, absence of OPN resulted in bone loss while lack of BSP induced bone gain, reflecting 
divergent structural adaptations. Strikingly, absence of both proteins led to a relative insensitivity to either 
mechanical challenge. Interplay between OPN and BSP thus appears as a key element of skeletal response to 
mechanical stimulation.   

1. Introduction 

Osteopontin (OPN) and Bone Sialoprotein (BSP) are two non- 
collagenous proteins present in the bone matrix and involved in bone 
formation, resorption and mineralization processes (Ganss et al., 1999; 
Sodek et al., 2000). Together with Matrix Extracellular Phosphoglyco-
protein (MEPE), Dentin Matrix Protein-1 (DMP1) and Dentin Sialo-
phosphoprotein (DSPP), OPN and BSP form the SIBLING (Small Integrin 
Binding Ligand N-linked Glycoproteins), a family of phylogenetically 
related extracellular matrix components whose genes are aligned on the 
same chromosome (4 in human, 5 in mouse) (Fisher and Fedarko, 2003; 

Staines et al., 2012). In a 129sv/CD1 mouse genetic background (wild- 
type, WT) single gene knockouts of BSP (BSP− /− , (Malaval et al., 2008)), 
OPN (OPN− /− ), as well as a double knockout (BSP− /− + OPN− /− = DKO, 
(Bouleftour et al., 2019)) have been developed and/or characterized in 
our group. We generated DKO mice because of the evidence of a func-
tional compensation between BSP and OPN in the anabolic bone 
response to Parathyroid Hormone (PTH) (Bouleftour et al., 2015) and 
because BSP− /− mice over-express OPN protein in bone tissue and in 
blood (Granito et al., 2015). Interestingly, all three genetic conditions 
(BSP− /− , OPN− /− and DKO) affect trabecular and cortical bone archi-
tecture and dynamics in distinct ways (Bouleftour et al., 2019). 
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OPN and BSP have been shown in many in vitro and in vivo models to 
be rapidly and temporarily (hours or days) expressed by bone cells in 
response to mechanical stimulation (Kreke et al., 2005; Mitsui et al., 
2005; Terai et al., 1999; Yu et al., 2009; Zhou et al., 2015), which makes 
them early markers of bone's perception of loading. To our knowledge, 
only one study reported the effect of increased mechanical loading on 
OPN− /− mice and showed in calvaria sutures a delay in formation ac-
tivity under tensile mechanical stress (Morinobu et al., 2003). No study 
to date has investigated the effects of loading on other bone compart-
ments of OPN− /− , BSP− /− or DKO mice. To evaluate the role of these 
proteins and their interactions under mechanical challenge, we tested 
WT, BSP− /− , OPN− /− and DKO mice in two different mechanical stim-
ulation challenges: hypergravity (HG) and whole body vibration (WBV). 
Our laboratory has previously described the impact of HG and WBV on 
the skeleton of seven-week-old C57Bl/6 mice. In these studies, each 
challenge displayed structural effects targeting a specific bone 
compartment. Under a 2G acceleration, HG increased trabecular bone 
mass (Gnyubkin et al., 2015) whereas WBV (at 2G and 90 Hz) acceler-
ated cortical bone accrual (Gnyubkin et al., 2016). In the present study, 
this compartment specificity allowed us to assess the impact of me-
chanical stimulation on mice with mutations affecting both trabecular 
and cortical bone (Bouleftour et al., 2019). 

Since OPN and BSP exhibit overlapping and complementary bone 
physiological properties and both genes are rapidly overexpressed under 
mechanical stress, we hypothesized that these proteins may have critical 
and interactive roles in the skeletal response to mechanical stress. 

2. Materials & methods 

2.1. Animal care 

WT 129sv/CD1 mice, along with BSP− /− , OPN− /− and DKO mice in 
the same genetic background were used in these experiments. BSP− /−

mice have been generated by homologous recombination, as described 
(Malaval et al., 2008). OPN− /− and DKO mice were engineered through 
targeted deletion, using the Transcription Activator-Like Effector 
Nuclease (TALEN) technique on a BSP+/− background, as described 
(Bouleftour et al., 2019). For line maintenance and experimentation, the 
animals were housed and bred in the PLEXAN facility (Platform for 
Experiments and Analysis, Faculty of Medicine, University Jean Monnet, 
Saint-Etienne, France). Mice were kept at standard temperature (23 ±
2 ◦C), in a light-controlled environment (12 h light/12 h dark cycle) and 
were fed a standard pellet diet (SAFE A03, Safe, Augy, France) with 
water ad libitum. All animal experiments have been approved by the 
local ethical committee (Comité d'Ethique en Experimentation Animale 
de la Loire CEEAL-UJM, agreement Nr◦98) and the Animal Welfare 
Committee of the PLEXAN. After screening by the CEEAL-UJM, HG ex-
periments received approval from the national authority (Ministère de 
l'Enseignement Supérieur, de la Recherche et de l'Innovation, APAFIS Nr 
8160-2016112415129882 v6). The procedures for the care and eutha-
nizing of the animals were in accordance with the European Community 
Standards on the care and use of laboratory animals (Ministère de 
l'Agriculture, France, Authorization Nr◦42-18-0801). 

2.2. Hypergravity regimen 

The 1.4 m radius centrifuge with four peripheral gondolas associated 
with an electronic control system (COMAT Aérospace, Flourens, France) 
is housed in the PLEXAN site ((Gnyubkin et al., 2015), Fig. 1A). All 
gondolas are equipped with a camera-based monitoring system to track 
the behavior of the animals and the food/water stocks (Fig. 1B). Two- 
month-old male mice of all 4 genotypes were separated between con-
trols, kept at normal gravity (1G), and a centrifuged group (2G) (n = 10 
mice/genotype/group). Cages of the 2G groups were transferred into the 
gondolas (10 mice/cage/gondola, Fig. 1B) and the centrifuge was run at 
2G acceleration for 3 weeks, with a weekly 5-min stop to weigh the mice 

and renew food and water. Control cages were kept in the centrifuge 
room to homogenize environmental factors. 

2.3. Whole body vibration regimen 

Shaker platforms (TIRA Vibration Test Systems TV 52120, Schalkau, 
Germany) on which aluminum discs (30 cm diameter, 4 mm thickness) 
are attached were used to generate vibrations ((Gnyubkin et al., 2016), 
Fig. 1C). The G-level was controlled by an accelerometer (PBB Piezo-
tronics, 100 mV/g, ref. 352C33). Two-month-old male mice of all 4 
genotypes were separated between controls (CT) and vibrated (VB) (n =
10 mice/genotype/group). During each WBV session, all mice from the 
same cage were put on the shaker's disc and left free to move (Fig. 1C). 
For VB mice, the plates were accelerated at 2G, at a 90 Hz frequency 
(sinusoidal signal) for 15 min/day, 5 day/week (Monday to Friday) 
during 6 weeks. CT mice were put on an inactive shaker for 15 min 
during the vibration sessions, alternating with the VB. 

2.4. Tetracycline labelling and sample collection 

In order to label bone formation surfaces, all mice were injected with 
30 mg/kg tetracycline (TTC, Sigma-Aldrich) in saline solution, seven 
days and three days before euthanasia. At the respective ends of HG and 
WBV experiments, all mice were euthanized and femora, vertebrae and 
tibiae were collected. 

Fig. 1. Hypergravity and whole body vibration apparatus used for mechanical 
stimulation on mice. (A) For hypergravity experiment the centrifuge is 
composed of a central disc and four arms holding peripheral swinging gondolas. 
(B) The gondolas are designed to hold rodent cages and are equipped with a 
video monitoring system. (C) For whole body vibration experiments, the mice 
are placed on an aluminum disk that is attached to a shaker platform during the 
vibration session. 
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2.5. Microtomography 

For microtomographic (μCT) analysis, formalin-fixed and ethanol 
dehydrated femur and second lumbar (L2) vertebra were scanned with a 
Viva CT40 tomograph (Scanco Medical, Bassersdorf, Switzerland) 
following standard guidelines (Bouxsein et al., 2010). Data were ac-
quired at 55 keV with a 145 mA current and a 10 μm isotropic voxel size. 
Three-dimensional reconstructions were generated using the following 
parameters: σ = 1.2; support = 2; threshold = 245 for trabecular bone 
and 280 for cortical bone. 

The structural parameters of trabecular bone, bone volume/trabec-
ular volume (BV/TV), trabecular thickness (Tb.Th), trabecular number 
(Tb.N), trabecular separation (Tb.Sp), structure model index (SMI) and 
density of connections (Conn.D) were measured in a set of 150 sections 
above the distal growth plate of the femur and from all sections between 
the two growth plates of the L2 vertebra. Measurements were done 
within Regions of Interest (ROI) excluding primary trabecular bone and 
cortical bone, which had been manually defined by the same operator on 
transversal 2D images. The structural parameters of the femur midshaft, 
cortical thickness (Ct.Th), total cross sectional area (Tt.Ar), cortical area 
(Ct.Ar), marrow area (Ma.Ar), cortical porosity (Ct.Po), maximal (Imax) 
and minimal areal moment of inertia (Imin), polar moment of inertia 
(pMOI = Imax + Imin), maximal radius perpendicular to Imax direction 
(Cmax), minimal radius perpendicular to Imin direction (Cmin), section 
module (Imax/Cmax and Imin/Cmin) and tissue mineral density (TMD), 
as calibrated with an HAP phantom, were calculated by integration of 
the value on each transverse section of a set of 60, starting 500 sections 
(5 mm) above the distal growth plate. ROI for cortical bone were 
automatically contoured using an edge detection software tool. On the 
30th section of each image stack, the cortical bone was compartmen-
talized into radial sectors separated by 45 degrees and the cortical 
thickness was manually measured in each sector with the μCT software. 

2.6. Histomorphometry 

After μCT analysis, femur bones were cut in two with a Dremel model 
395 electric drill fitted with a diamond blade (Dremel Multipro, Breda, 
Netherlands) at the lower two-thirds of their length. Both parts were 
embedded separately in methyl-methacrylate. 

The distal metaphysis was cut longitudinally with a tungsten- 
carbide-bladed microtome (Leica SM2500E, Wetzlar, Germany) to 
obtain 9 μm slices. Sections were stained with modified Goldner's tri-
chrome or with tartrate-resistant acid phosphatase (TRAcP) histo-
chemistry for osteoclasts with Light-Green counterstain, or were left 
unstained. Bone formation was assessed on unstained sections by 
measuring single (sLs/BS) and double TTC labeled surfaces per bone 
surface (dLs/BS) and derive mineralizing surfaces per bone surface (MS/ 
BS, in %, with MS = 0.5*sLs + dLs). The mineral apposition rate (MAR, 
in μm/day) was assessed as the distance between double labels. The 
bone formation rate per bone surface (BFR/BS, in μm3/μm2/day) was 
calculated as (MS/BS)*MAR. Osteoclast surfaces per bone surface (Oc.S/ 
BS, in %), osteoclast number per bone perimeter (N.Oc/B⋅Pm) and 
osteoclast mean length (Oc.Le) were measured on TRAcP stained sec-
tions. Measurements excluded primary bone to fit with the ROI of μCT 
analysis. Results for each mouse are averages of 5 non-successive sec-
tions. Femur midshaft was cut transversely with a diamond-coated wire 
(Escil, Precision Diamond Wire Saw, Chassieu, France) into 300 μm 
slices. The bone formation parameters, mineralized perimeter per bone 
perimeter (MPm/BPm, in %), MAR and BFR per bone perimeter (BFR/ 
BPm, μm2/μm/d) were measured on one slice per mouse, taken within 
the μCT ROI. Measurements were made on the unstained and un-
mounted section, kept flat on a slide in a few drops of alcohol during 
analysis. The section was then gradually rehydrated, TRAcP-stained 
without counter-staining, mounted and re-analyzed for osteoclast 
perimeter per bone perimeter (Oc.Pm/BPm, %). Measurements were 
done on endocortical (Ec.) and periosteal surfaces (Ps.) separately, and 

on both sides of each slice, whose values were averaged. 

2.7. Real-Time PCR 

For quantitative real-time PCR analysis (RT-qPCR) of WBV cortical 
bone, collected tibiae were cleaned from connective tissue, their shafts 
were cut-out and flushed with sterile PBS to restrict the sampling to 
cortical bone, then crushed in liquid nitrogen with steel balls in a mixer 
mill (Sartorius, Gottingen, Germany) before extraction with Tri-Reagent 
(Sigma-Aldrich). For HG experiment, the tibia shafts were flushed with 
Tri-Reagent in order to best sample the trabecular compartment. RNA 
harvested with Tri-Reagent was purified on columns (Rneasy Plus Mini 
Kit, Qiagen, Hilden, Germany), quantified with the Ribogreen kit 
(Invitrogen, Life Technologies, Eugene, OR, USA) and quality checked 
with an Experion automated electrophoresis station (Bio Rad, Hercules, 
CA, USA). Messenger RNA was reverse transcribed (iScript cDNA syn-
thesis Kit, Biorad) and 400 ng of cDNA were amplified using the SYBR 
Green I dye (Lightcycler faststart DNA masterSYBR green I, Roche, 
Germany). Names and primer sequences of the genes of interest are 
given in Table S1. Expression of the housekeeping gene glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) did not vary significantly within 
or between groups (not shown). 

2.8. Statistics 

The conditions of normality (Shapiro-Francia test) and homosce-
dasticity (equality of variances, F-test) were verified only in a subset of 
our data, to which Fisher's t-test could therefore be applied for inter- 
group comparisons (Figs. 2C, 4B, vertebrae in Table S2). The non- 
parametric Wilcoxon-Mann-Whitney U test was used for the rest 
(Figs. 2, 3, 4A and 5, femora in Tables S2, S3, S4 and S5). Analysis of 
variance was not used as it demands normality and homoscedasticity of 
the data, and because the phenotypes of the different mutant lines are 
independent from each other. We did not adjust for multiple hypotheses 
testing given the exploratory character of this study, whose goal is to 
draw a picture of phenotypic adjustment to mechanical signals in the 
four mouse genotypes. 

3. Results 

3.1. Hypergravity induces trabecular bone loss in OPN− /− mice, in 
contrast to bone gain in WT and BSP− /− mice 

Only WT mice showed a (~10 %) reduction of their final weight 
under HG (Table S2). At 2G, WT and BSP− /− mice increased their 
trabecular BV/TV (+27 % for both, Fig. 2B) and Tb.Th (+11 % for WT 
and + 9 % for BSP− /− , Fig. 2D) in the distal femoral metaphysis with the 
addition of an increase of Conn.D only for BSP− /− mice (+23 %, Fig. 2E). 
Strikingly, OPN− /− mice lost femoral trabecular BV/TV (− 27 %) and 
Conn.D (− 20 %) under HG, with no change for the DKO (Fig. 2B, D, E). 
Similar effects of HG were observed in L2 vertebra for all genotypes 
except the WT, which showed no bone gain under HG, highlighting the 
greater overall response of BSP− /− mice (Fig. 2C, Table S2). No effect of 
HG on cortical parameters was observed for any genotype (Table S2). 

3.2. Hypergravity effects on bone cellular activities are genotype-specific 

In WT trabecular bone, HG decreased significantly Oc.S/BS with no 
significant change in BFR/BS (Fig. 3A, C). Nonetheless, RT-qPCR anal-
ysis of the tibial trabecular compartment of WT mice showed increased 
Osterix (OSX), Osteocalcin (OCN) and Alkaline phosphatase (ALP) 
expression under 2G (Fig. 3D, Table S3). HG increased trabecular bone 
remodeling in OPN− /− mice, with higher BFR/BS and Oc.S/BS (Fig. 3A, 
C) as well as increased OSX, ALP, OCN and TRAcP expression (Fig. 3D, 
Table S3). BSP− /− mice showed a specific increase in BFR/BS with no 
change in Oc.S/BS (Fig. 3A, B) with an increased expression of Estrogen 
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receptor alpha (ERα) (Fig. 3D). DKO mice showed no significant change 
in bone cellular activity or mRNA expression under HG (Fig. 3A, D, 
Tables S2, S3). 

3.3. Whole body vibration induces cortical bone loss in OPN− /− mice, in 
contrast to bone gain in BSP− /− mice 

WBV did not affect body weight in any genotype (Table S4). No 
structural change was observed in the cortical bone of VB WT and DKO 
mice (Fig. 4, Table S4). VB OPN− /− mice displayed significant decrease 
of Ct.Th, Ct.Ar and Tt.Ar (− 9 %, − 13 % and − 9 % respectively, Fig. 4A). 
In contrast, BSP− /− mice showed a significant increase in Ct.Th (+7 %) 
under WBV (Fig. 4A), with a trend towards a decrease of the Ma.Ar/Tt. 
Ar ratio (p = 0.061, Table S4) and no change in Tt.Ar (Fig. 4A), 

indicative of a narrowing medullary space under WBV. VB OPN− /− mice 
showed a reduction in pMOI (Fig. 4A), Imax/Cmax and Imin/Cmin 
(Table S4), reflecting a modification of bone mass distribution likely to 
impact biomechanical properties. The local cortical thicknesses analysis 
showed an uneven thinning of cortical bone in VB OPN− /− mice, mostly 
located in the anterolateral and posterolateral sectors, while cortical 
thickening in VB BSP− /− mice occurred in all sectors except the lateral 
(Fig. 4B). 

Of note, OPN− /− was the only genotype to show a structural effect on 
trabecular bone under WBV, with a reduction of BV/TV (vertebra) and/ 
or trabecular quality (smaller Tb.N, higher Tb.Sp, smaller Conn.D in VB 
femur, Table S4). 

Fig. 2. Effect of 2G hypergravity on the trabecular bone of the femoral distal metaphysis and the L2-vertebra of WT, OPN− /− , BSP− /− and DKO mice. (A) 3D 
reconstruction images of femoral trabecular bone. (B) Femoral and (C) vertebral BV/TV, (D) femoral Tb.Th and (E) Conn.D. The graph gives p-values between 
genotype-matched 1G and 2G, Fisher t-test (for C) or Mann-Whitney U test, N = 9–10 mice/group. See also Table S2. 
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Fig. 3. Effect of 2G hypergravity on trabecular 
cellular activities and molecular markers in long 
bones of WT, OPN− /− , BSP− /− and DKO mice. (A) 
Bone formation activity (BFR/BS) and osteoclast 
surfaces (Oc.S/BS), (B) Tetracyclin labelling and (C) 
TRAcP staining of the femur distal metaphysis at the 
end-point of the experiment, white arrows indicate 
trabecular double labeling surfaces in BSP− /− mice. 
(D) Marker mRNA expression in the tibial bone shaft, 
given as ratio to the housekeeping gene GAPDH. The 
graphs gives p values between genotype-matched 1G 
and 2G, Mann-Whitney U test, N = 5–10 mice/group. 
See also Tables S2 and S3.   
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3.4. Whole body vibration induces opposite cellular responses in OPN− /−

and BSP− /− cortical bones 

WBV did not affect significantly formation and resorption parame-
ters in endocortical and periosteal surfaces of WT and DKO mice 
(Fig. 5A). Vibrated OPN− /− mice showed a decrease in endocortical 
formation (Ec.BFR/BPm: − 54 %, Figs. 5A, 6; Table S4) and in periosteal 
MAR (− 21 %, Figs. 5B, 6), in line with a trend towards decreased OCN 
expression (p = 0.062, Table S5). This went with an increase of endo-
cortical resorption in OPN− /− mice under WBV (Ec.Oc.Pm/BPm: +95 %, 
Figs. 5A, 6). Vibrated BSP− /− mice increased bone formation activity 

both on the endocortical (Figs. 5A, 6) and periosteal surfaces (Figs. 5B, 
6) with additionally a drop in sclerostin (SCLN) expression (Fig. 5C). 
BSP− /− mice also showed a decrease in periosteal Oc.Pm/BPm (− 68 %, 
Figs. 5B, 6A) with a drop in Receptor activator of nuclear factor kappa-B 
ligand (RANKL) and Cathepsin K (CATH-K) expression in cortical bone 
under WBV (Fig. 5C). 

4. Discussion 

The rapid and transient increase in gene expression of OPN and BSP 
under mechanical stimulation has been amply documented (Kreke et al., 

Fig. 4. Effect of WBV on the femoral cortical bone of 
WT, OPN− /− , BSP− /− and DKO mice. (A) Cortical 
thickness (Ct.Th), cortical area (Ct.Ar), total area (Tt. 
Ar) and polar moment of inertia (pMOI) of control 
(CT) and vibrated (VB) mice. The graph gives p- 
values between genotype-matched CT and VB, in bold 
when <0.05, Mann-Whitney U test, N = 9–10 mice/ 
group. See also Table S4. (B) Effect of WBV on local 
femoral cortical bone thickness in OPN− /− and BSP− / 

− mice. The graphs show the percent variation of VB 
vs CT in each sector (mean ± SD), for OPN− /− (yel-
low bars) and BSP− /− mice (red bars). *: p < 0.05, **: 
p < 0.01, ***: p < 0.001 vs CT, Fisher's t-test, N =
9–10 mice/group. The schematics on the right sum-
marize the targeted effects of WBV on OPN− /− (loss 
in yellow areas) and BSP− /− cortical bone (gain in red 
areas).   
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2005; Mitsui et al., 2005; Terai et al., 1999; Yu et al., 2009; Zhou et al., 
2015). The variations in expression of either protein observed in the 
different genotypes under both challenges (Tables S3, S5) reflect here 
long term temporal kinetics, independent of this early response. As far as 
we know, no studies to date tested BSP-deficient mice under mechanical 
stimulation. Moreover, due to the complex functional interactions be-
tween OPN and BSP that we highlighted in previous studies (Bouleftour 
et al., 2015, 2019; Granito et al., 2015), the DKO model was critical here 
to assess the interplay between OPN and BSP under mechanical 
challenge. 

The bone phenotypes of the 4 mouse lines used in this study has been 
extensively described (Bouleftour et al., 2016, 2019; Malaval et al., 
2008). Briefly, the trabecular BV/TV of the distal femur in BSP− /− and 
OPN− /− mice is similar to WT at 2 months (the start of our experiments) 
and increases to values higher than WT (~+25 %) in mature, 4 month- 
old mice. DKO mice have lower values (− 30 %) at 2 months that reach 
WT values by 4 months (Bouleftour et al., 2019). At the end of our ex-
periments (3.5 months of age), OPN− /− and BSP− /− values were already 
higher than WT (only in trend for BSP− /− femur in the 1G group, 
Tables S2, S4). BSP− /− mice are characterized by thinner cortices than 
WT, while OPN− /− cortical bone is thicker (Bouleftour et al., 2019). 
DKO cortical bone has the same average Ct.Th as WT in the midshaft 

area assessed, but presents remarkable macro-porosities in the posterior 
part of the midshaft (Bouleftour et al., 2019). This was observed at the 
end of our experiments (Tables S2, S4) with, in addition, no difference 
between genotypes in biomechanically relevant parameters such as 
pMOI, Imax, Imin, Imax/Cmax and Imin/Cmin (Table S4). 

The present study shows that the single extinction of OPN or BSP 
affects the response of bone to mechanical stimulation in opposite ways, 
while their concomitant absence results in no structural effects. These 
findings were made with two different mechanical stress protocols, 
which mainly affect trabecular bone (HG, (Gnyubkin et al., 2015)) or 
mainly target cortical bone (WBV, (Gnyubkin et al., 2016)). 

Our group previously reported an increase of trabecular BV/TV 
under HG in C57Bl/6 mice, associated with a drop of osteoclast surfaces 
(Gnyubkin et al., 2015), that we confirm here on WT 129sv/CD1 
outbred mice, in which increased bone formation marker expression also 
suggests a stimulation of osteogenesis (Fig. 3D). This contrasts with the 
response of OPN− /− mice which show a drop in trabecular BV/TV with 
increased turnover under HG. Intriguingly, OPN− /− was the only ge-
notype to increase osteoclast surfaces under both protocols (HG and 
WBV) in all the bone compartments investigated by histomorphometry. 
Historically, OPN− /− mice have been shown to be resistant to bone loss 
induced by hindlimb unloading (tail suspension) or ovariectomy, in part 

Fig. 5. Effect of WBV on cortical cellular activities in the femur of WT, OPN− /− , BSP− /− and DKO mice. (A) endocortical and (B) persioteal MAR, BFR/BPm and Oc. 
Pm/BPm in the cortical bone of control (CT) and vibrated (VB) mice. (C) Marker mRNA expression in femur cortical bone of WT, OPN− /− , BSP− /− and DKO mice. 
Values are given as ratio to GAPDH. The graphs gives p values between genotype-matched CT and VB, in bold when <0.05, Mann-Whitney U test, N = 4–10 mice/ 
group. See also Table S4. 
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due to impaired stimulation of osteoclast activity (Ishijima et al., 2001; 
Yoshitake et al., 1999). Our results indicate that the defect in OPN− /−

osteoclast sensitivity can be rescued by mechanical stress. All this sug-
gests that OPN has a pivotal role in the sensitivity and/or response of 
osteoclasts to variations in the mechanical environment. That OPN− /−

mice also display a decrease of bone formation parameters in the cortical 
compartment under WBV indicates that the mutation also affects the 
osteoblast response. In line with the delayed formation activity under 
tensile mechanical stress in OPN− /− calvarial sutures reported by 
(Morinobu et al., 2003), our results suggest a mechanoprotective func-
tion for OPN in bone. Interestingly such a role has been described in the 
kidney, where OPN protects against the deleterious mechanical effects 
of glomerular hypertension on podocytes through its attachment to the 
αV integrin (Endlich et al., 2002; Schordan et al., 2011). Similarly, bone 
cells grown from OPN− /− long bones display a defective production of 
nitric oxide (NO), a mediator of osteoblast mechanotransduction (Qin 
et al., 2020), under pulsatile fluid flow (Denhardt et al., 2001). 

In BSP− /− mice, the increase in trabecular BV/TV under HG con-
cerned both femur and vertebra. Of note, trabecular BV/TV is higher 
than WT at both sites in 1G BSP− /− mice, indicating that the response to 
HG is not a mere adjustment of bone mass to the new mechanical 
environment. Under HG, BSP− /− mice increased their trabecular BFR/ 
BS, and molecular data from the endosteal (including the trabecular) 
compartment showed a higher ERα expression. ERα role in mechano-
transduction has been described as pro-osteogenic (Khalid and Krum, 
2016), inducing osteoblastic maturation through the upregulation of 
mitochondrial cytochrome c oxidase (COX) 1 mRNA and more globally 
by improving cellular ATP synthesis (Galea et al., 2013; Wu et al., 2020). 

WBV did not accelerate the cortical growth of our WT mice, in 
contrast to (Gnyubkin et al., 2016), likely because of the different age of 
the animals at the start of the experiment (2 months vs 7 weeks in 

(Gnyubkin et al., 2016)), as well as the different genetic backgrounds. 
However, and in contrast to OPN− /− , BSP− /− mice under WBV did show 
an increase in cortical thickness. Surprisingly, VB BSP− /− mice, in 
addition to an increased global bone formation in cortical bone, asso-
ciated with a drop of sclerostin expression, also decreased their perios-
teal resorption activity, which at baseline (in BSP− /− CT) is the highest 
of all 4 genotypes. This correlated with decreased cortical expression of 
RANKL and CathK. We have previously shown that in contrast to WT, 
BSP− /− mice do not increase cortical thickness under intermittent 
Parathyroid Hormone (iPTH) administration (Wade-Gueye et al., 2010). 
WBV is indeed the only known experimental challenge to increase Ct.Th 
in BSP− /− mice, suggesting a specific role of BSP in the skeletal response 
to mechanical stimuli. 

Taking into account all the data obtained in HG and WBV, the 
contrast between OPN− /− mice losing and BSP− /− mice gaining bone is 
further emphasized by the fact that DKO mice did not display any sig-
nificant structural change under either protocol. Also, DKO mice showed 
little or no change in cellular parameters, suggesting that the concom-
itant absence of OPN and BSP induces a relative insensitivity of osteo-
blast and osteoclast responses under mechanical stimulation. Clearly, 
the interactions between OPN and BSP appear to be a key element in the 
skeletal response to mechanical stress. 

We used only young male mice in this work, and extending the ex-
periments to females would be required to assess a sex bias in the effect 
of OPN and BSP deletion during mechanical stress. Also the effect of 
mouse aging on the bone response of the different genotypes remains to 
be evaluated. Similar experiments on mice with deletions targeted to 
specific cell types (osteoblasts via Ocn-cre, osteoclasts via Cath-K-cre or 
osteocytes via DMP1-cre) would be a logical follow-up to our observa-
tions and may advance the unraveling of the cellular mechanisms 
involved. 

In summary, under two different whole body mechanical stress 
protocols, targeting distinct bone compartments, BSP− /− mice gain bone 
mass while OPN− /− mice lose bone. Absence of both proteins (DKO) 
leads to insensitivity to mechanical stress, at least in terms of final 
outcome and with the challenges used in this work. These results suggest 
that interplay between OPN and BSP is a key element of skeletal adap-
tation to mechanical stimulation. 
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