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Abstract  

One-third of postmenopausal women experience at least one osteoporotic bone 

fracture in their lifetime that occurs spontaneously or from low-impact events. However, 

osteoporosis-associated jaw bone fractures are extremely rare. It was also observed that 

jaw bone marrow stem cells (BMSCs) have a higher capacity to form mineralized tissues 

than limb BMSCs. At present, the underlying causes and mechanisms of variations 

between jaw bone and limb bone during postmenopause are largely unknown. Thus, the 

objective of the current study was to examine the site-specific effects of estrogen 

deficiency using comprehensive analysis of bone quantity and quality, and its association 

with characterization of cellular components of bone. Nine rats (female, 6 months old) 

for each bilateral sham and ovariectomy (OVX) surgery were obtained and maintained 

for 2 months after surgery. A hemi-mandible and a femur from each rat were 

characterized for parameters of volume, mineral density, cortical and trabecular 

morphology, and static and dynamic mechanical analysis. Another set of 5 rats (female, 9 

months old) was obtained for assays of BMSCs. Following cytometry to identify BMSCs, 

bioassays for proliferation, and osteogenic, adipogenic, chondrogenic differentiation, and 

cell mitochondrial stress tests were performed. In addition, mRNA expression of BMSCs 

was analyzed. OVX decreased bone quantity and quality (mineral content, morphology, 

and energy dissipation) of femur while those of mandible were not influenced. Cellular 

assays demonstrated that mandible BMSCs showed greater differentiation than femur 

BMSCs. Gene ontology pathway analysis indicated that the mandibular BMSCs showed 

most significant differential expression of genes in the regulatory pathways of osteoblast 

differentiation, SMAD signaling, cartilage development, and glucose transmembrane 
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transporter activity. These findings suggested that active mandibular BMSCs maintain 

bone formation and mineralization by balancing the rapid bone resorption caused by 

estrogen deficiency. These characteristics likely help reduce the risk of osteoporotic 

fracture in postmenopausal jawbone. 

 

Keywords:  Site-specific characteristics, OVX, Tissue mineral density, Dynamic 

mechanical analysis, Nanoindentation, Bone marrow stem cells 
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1. Introduction  

Osteoporosis is a common and severe metabolic bone disease, afflicting more than 10 

million individuals in the U.S, leading to about 1.5 million osteoporotic fractures per year 

1-3
. The postmenopausal female population is at a particularly higher risk for fracture than 

other age groups and the male population 
2,4,5

. Although bone mineral density (BMD) has 

been used to diagnose osteoporosis following World Health Organization (WHO) criteria 

6,7
, a direct evidence of osteoporosis is fracture without significant trauma 

3,8
. 

Postmenopausal women from 50 years of age onward have twice the lifetime risk of 

osteoporotic fracture in vertebrae and limbs compared with men at the same age 
3,9

. In 

contrast, atraumatic fracture of the jaw bone is extremely rare (about 2% of all 

mandibular fractures), and the majority of these can be attributed to underlying 

pathological conditions such as inflammation, cysts, benign tumors, or malignancies 
10

. 

These clinical observations indicate that postmenopausal osteoporosis may be a site-

specific bone disease affecting vertebral and limb bones more severely than jaw bone.  

Ovariectomized (OVX) animal models have been widely used to investigate the 

etiology of postmenopausal osteoporosis resulting from estrogen deficiency, and the 

OVX rat model in particular is approved by the Food and Drug Administration (FDA) for 

investigation of new therapeutic agents for osteoporosis 
8,11-13

. While a great volume of 

studies has shown the substantial effects of estrogen deficiency on vertebral and limb 

bones of the OVX rat model, its effects on jaw bone have not been fully clarified. There 

exist a few studies that compared the estrogen deficient effects on jaw bone with those on 

bones in other anatomical sites 
11,14-16

. These studies from different research groups 

consistently showed that BMD and trabecular morphology of jaw are significantly less 
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affected than those of vertebra and limb. In fact, all of the previous studies that 

investigated jaw BMD of OVX rat models showed no decrease or less than 10% decrease 

of mandibular BMD relative to the control sham group 
17

. However, at present, the 

underlying causes and mechanisms of variations between jaw bone and limb bone during 

postmenopause are largely unknown. 

The postmenopausal bone loss due to estrogen deficiency arising from menopause 

results in increased bone turnover in which bone resorption by osteoclasts outpaces bone 

formation by osteoblasts 3,4. While osteoclasts develop from the systemic hematopoietic 

lineage 
3,18

, osteoblasts arise from site-specific local bone marrow mesenchymal stem 

cells (BMSCs). In vitro, human and animal jaw BMSCs show significantly higher 

osteogenic potential than limb BMSCs, including amplified osteoblast gene expression, 

enhanced cell activities, and higher mineralization 
19-22

. Thus, we hypothesize that greater 

osteogenic differentiation of BMSCs in the jaw bone is responsible for its lower risk of 

fracture due to aging and estrogen deficiency-induced osteoporosis than in the limb bone. 

The objective of the current study was to examine the site-specific effects of estrogen 

deficiency using comprehensive analysis of bone quantity and quality, and its association 

with characterization of cellular components of bone. 

 

2. Materials and Methods  

2.1 Specimen preparation 

Eighteen Sprague-Dawley rats (female, 6 months old) were obtained following the 

protocol approved by the Institutional Animal Care and Use Committee (IACUC) of The 

Ohio State University. Nine rats were purchased for each bilateral sham and ovariectomy 
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(OVX) surgery, which were operated at Harlan Laboratories (Harlan Laboratories Inc, 

Indianapolis, IN, USA). The rats were transferred to OSU 5 days post-surgery, then were 

maintained with normal experimental animal care (12 hours dark-light cycles and 

standard rat chow) in ULAR (University Laboratory Animal Resources) for 2 months 

after surgery. The animals were euthanized by intraperitoneal injection of an overdose of 

pentobarbital sodium (100 mg/kg). A hemi-mandible and a femur were randomly 

dissected from each rat. After removal of soft tissues, the mandibles and femurs were 

wrapped in normal saline-soaked gauze and stored at -20˚C until use. Another set of 5 

Sprague-Dawley rats (female, 9 months old) was obtained from Charles River Laboratory 

(Wilmington, MA). After 7 days of acclimation under normal animal care, these rats were 

used for assays of BMSCs as described below. 

 

2.2 Micro-computed tomography (micro-CT) 

The specimens of mandible and femur (n=9 for each site) were thawed at a room 

temperature and scanned by micro-CT (Skyscan 1172-D, Kontich, Belgium) with 

202020 µm
3
 voxel size (70 kVp, 142 µA, 0.4º rotation per projection, 8 frames 

averaged per projection, and 40 ms exposure time) and with 27×27×27 µm
3
 voxel size 

(70 kVp, 142 A, 0.4º rotation per projection, 6 frames averaged per projection, and 210 

ms exposure time), respectively. The region of interest in the images of mandible were 

isolated by digitally cutting the mandible in the bucco-lingual direction using Image J 

software (NIH) (Supplementary Figs. 1-4). The teeth and periodontal ligament (PDL) 

were digitally extracted. Whole bone (WB) voxels in the images of mandible and femur 

were segmented from non-bone voxels using a heuristic algorithm as used in previous 
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studies (Supplementary Figs. 1 and 2) 
23-25

.  A bone volume (BV) of WB region was 

computed by multiplying the total count of segmented bone voxels by the voxel volume. 

A total volume (TV) was the sum of voxels inside bone surface including bone and 

marrow cavity after removing all non-bone voxels outside. A bone fraction (BV/TV) was 

also computed. Cortical bone (CB) regions were separated by subtracting masked regions 

of the trabeculae and marrow cavity from TV (Supplementary Figs. 1 and 2) using a 

compartmentalizing method 
23,24,26

. Trabecular bone (TB) regions were obtained by 

excluding the CB from the WB. 

  

Fig. 1 Mandibular tissue mineral density (TMD) parameters were determined in 

individual histograms of typical (A) whole bone (WB), (B) cortical bone (CB), (C) 

trabecular bone (TB), and (D) alveolar bone (AB) for sham and OVX groups.   

Mean                            

Low5                              High5                           

SD                            

A                           

C                           D                            

B                            
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A gray level of each bone voxel was converted to a value of tissue mineral density 

(TMD) using a calibration curve between the gray levels and known densities of 

commercial hydroxyapatite (HA) phantoms (1220 and 1540 mgHA/cm
3
 with the same 

dimension of Ø4 × 5.5 mm) that were provided by the micro-CT company. A total sum 

of TMDs in the WB was total mineral content (TMC). Then, bone mineral density (BMD) 

was obtained by dividing the TMC by the TV. A mean and a standard deviation (SD) of 

TMD histogram were computed for each region (Figs. 1 and 2A-D). Low and high TMD 

(Low5 and High5) values were determined using lower and upper 5th percentile values of 

TMD histogram, respectively (Fig. 1A).  

 

C                            D                            

B                            A                            
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Fig. 2 Femoral TMD parameters were determined in individual histograms of (A) typical 

whole bone (WB), (B) cortical bone (CB), (C) trabecular bone (TB), and (D) Marginal 

cortical bone (MCB) for sham and OVX groups.  

 

The femur image was rotated in the axial direction without disturbing gray levels of 

voxels using DataViewer software (Bruker, Kontich, Belgium). Then, a femoral length 

(Length) was measured by counting axial slices from femoral head to distal end. A region 

centered at 55% (CB55) of the femoral length from the head was digitally cut with 50 

voxels (1 mm) thickness. This region was the corresponding location at which 3-point 

bending load was applied in the previous and current studies 
24,27

. Thus, morphological 

parameters of CB, which are associated with bending, were assessed at CB55 

(Supplementary Table 1). The parameters of CB55 included cortex bone volume (BV55), 

total volume (TV55), fraction (BV55/TV55), thickness (Ct.Th), periosteal perimeter 

(Perimeter55), outer and inner diameters of anterior-posterior axis and medial-lateral axis 

(DAP_outer, DAP_inner, DML_outer, and DML_inner), outer diameter ratio (AP/ML), and minimum 

inertia (Imin).  

Architectural parameters of TB were determined at the region between molar roots and 

incisor of mandible and above growth plates at the distal condyle of femur. The 

dimension of the TB region of interest for mandible (0.64×0.64×0.64 mm
3
) and femur 

(0.97×0.97×2.03 mm
3
) were identical between rats. The traditional morphological 

parameters of TB were measured including trabecular bone fraction (BV/TVTB), surface-

to-volume ratio (BS/BV), number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp) 

using a morphological code (CTAn, Bruker, Kontich, Belgium). In addition, the PDL 
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between teeth and alveolar bone (AB) was isolated to measure the mean, standard 

deviation (SD), maximum (Max), and minimum (Min) of PDL thickness using the local 

thickness function of Image J software (NIH).  

As parts of the CB in the mandible and femur, the AB was identified up to 100 µm 

from the PDL and marginal cortical bone (MCB) was isolated within 162 µm (6 voxels) 

from both endosteal and periosteal surfaces at CB55 (Supplementary Figs. 1 and 2). For 

the AB region, bone voxel layers were determined with one-voxel thickness at 0-120 µm 

from the PDL or with two-voxel thickness at 120-400 µm from the PDL (Supplementary 

Fig. 3) and for the MCB region, one-voxel thickness from periosteum to endosteum 

(Supplementary Fig. 4). The TMD parameters were obtained for the AB, MCB and each 

A                            
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layer (Figs. 3 and 4A-D). 

 

 

Fig. 3 (A) Mean, (B) SD, (C) Low5, and (D) High5 of issue mineral density (TMD) were 

measured at each layer from the periodontal ligament (PDL). The TMD values rapidly 

increased up to 60 µm from the PDL. The mean values of all TMD parameters were not 

significantly different between sham and OVX groups (p>0.084).  

 

 

Fig. 4 (A) Mean, (B) SD, (C) Low5, and (D) High5 of tissue mineral density (TMD) were 

measured at each layer from periosteal surface. The TMD values rapidly increased up to 
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81 µm from periosteal surface. Most of the TMD parameters had significantly lower 

values for the OVX group than the sham group (p<0.041). 

 

2.3 Dynamic mechanical analysis (DMA)  

After scanning using the non-destructive micro-CT, all specimens were prepared for 

mechanical testing. The hemi-mandibles (n=7 for each group) were mounted in a loading 

jig by potting up to incisor height in the vertical direction with low expansion fast setting 

A                            

C                            

B                            

D                           
 

E                            

F                            

G                            
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mounting plaster in 5 min setting time (Whip Mix, Louisville, KY) (Fig. 5A).  

 

Fig. 5 (A) A hemi-mandibular specimen on compressive static mechanical and dynamic 

mechanical analysis (DMA) and (D) a femur specimen on 3-point bending at 55% of 

length from the femoral head, (B) higher hysteresis (W) due to larger energy loss of the 

periodontal ligament (PDL) in mandible (E) than that in femur under non-destructive 

static loading, and an example of DMA signals (C) under cyclic compressive loading (-

5±4 N) for mandible and (F) bending displacement (-0.01±0.005 mm) for femur, and (G) 

typical static fracture curves for femurs of sham and OVX groups.  

 

The top surface of molars was positioned parallel to the upper loading jig. Then, the 

hemi-mandible was loaded using an electromagnetic loading machine (Bose Corporation, 

Framingham, MA, USA) equipped with the load cells at the ranges of capacity between 

±45N and ±450N, and a high resolution (15 nm) displacement transducer. Contacts 

between the regular surface of molar crown and the flat upper loading jig were achieved 

by filling with dental composite (Ultra Band-lok, Reliance Orthodontic Products) to 

confirm a uniform loading distribution on the entire molars. The femurs (n=9 for each 

group) were compressed in the anterior-posterior direction using a 3-point bending jig 

with 15 mm span length (Fig. 5D). The loading point was determined at 55% length of 

the femur from the femoral head. The specimens were moisturized with phosphate 

buffered saline (PBS)-soaked paper towels for the entire period of preparation and 

mechanical testing. 
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Static and dynamic mechanical testing were conducted following the protocols 

established in previous studies 
24,28,29

. The preloads of 2 N and 10 N were applied to 

confirm contact between the specimen and loading jig for the hemi-mandible and femur, 

respectively. Non-destructive displacements up to 0.02 mm for the hemi-mandible and 

0.01 mm for the femur were loaded and unloaded to the original position (Fig. 5B,E). A 

static stiffness was measured using a slope of the static load-displacement curve and a 

hysteresis (W) was computed by subtracting unloading energy form loading energy 

accounting for amount of energy loss during loading. Dynamic mechanical analysis 

(DMA) for the hemi-mandible utilized non-destructive compressive oscillatory force (-

5±4N) at 1, 2 and 3 Hz (Fig. 5C) to simulate the frequency of chewing from 0.94 to 2.17 

Hz 
30

. DMA for the femur used non-destructive bending oscillatory displacements 

(0.01±0.005 mm) at 0.5, 1, 2, and 3 Hz (Fig. 5F). Dynamic complex (K*), elastic (storage) 

(K′), and viscous (loss) (K′′) stiffness could be assessed by an equation of K*= K′+iK′′. 

Tangent delta (tan δ) accounted for energy dissipation ability was computed using a 

relationship of K′′/K′. The phase shift (δ) between cyclic load and displacement was 

obtained as a function of time. The averaged values of DMA parameters at each 

frequency were compared. Following the non-destructive DMA testing, the same femur 

was loaded at a bending displacement rate of 0.5 mm/second up to fracture. Maximum 

force (Fmax) and displacement (dmax) were assessed and toughness (U) was computed as 

the area under the load-displacement curve up to the maximum point.   

 

2.4 Cell isolation and culture 
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Unless otherwise specified, chemicals for biological assays were obtained from 

Sigma-Aldrich or ThermoFisher. For culture of BMSCs, 5 female Sprague-Dawley rats 

(9-month age) were purchased from the Charles River Laboratory following the IACUC 

protocol. They were maintained in a temperature-controlled room with a 12-hour 

alternating light-dark cycle and were fed a standard laboratory diet. Immediately after 

euthanasia, a hemi-mandible and femur from one side of each rat were harvested for cell 

isolation. Briefly, BMSCs from limb bones were obtained by removing all soft tissues of 

femurs and cutting the ends, then performing repeated flushing of the bones with culture 

medium. BMSCs from mandibles were obtained by dissecting mandibles, removing all 

soft tissues and incisor to exposure the bone marrow, then the bone contained marrow 

was cut into small pieces and digested in a solution of 3 mg/ml collagenase type I 

(Worthington-Biochemical) and 4 mg/ml dispase II (Worthington-Biochemical) for 30-60 

min at 37°C to release cells. Following collection, both mandibular and limb bone cells 

were filtered through a 70 μm mesh and cultured in 6-well plates in α-minimum essential 

medium (α-MEM; Life Technologies/GIBCO BRL) supplemented with 10% fetal bovine 

serum (FBS; Atlanta Biologicals), 2 mM L-glutamine, 100 mM L-ascorbic acid-2-

phosphate, and antibiotic agents; and maintained under 5% CO2 at 37°C. After 3 days, 

non-adherent cells were removed, and medium was changed every 3-4 days until near-

confluence. These heterogeneous population of BMSCs isolated from each rat were 

grown separately without mixing cells from different rats. Cells used for experimentation 

were at passage 1-3 
31,32

. 

 

2.5 Flow Cytometry  
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Sub-confluent passage 1 BMSCs from femur and mandible were harvested for analysis 

and assessed for expression of CD105, CD90 and CD45 (BD Biosciences). 

Mandible/femur BMSCs were washed three times with 0.5% BSA in phosphate-buffered 

saline (PBS). Then, the cells were aliquoted into 12  75 mm pre-labeled sample tubes, 

with 5  10
5 

cells/100 µL per antigen followed by incubation for 30 min at room 

temperature in the dark with CD105, CD90 and CD45 conjugated antibodies according to 

the manufacturer’s recommendations. Cells were then washed twice and resuspended in 

1% BSA/PBS for analysis on a flow cytometer (LSRII flow cytometer, BD Biosciences) 

using FlowJo X software (BD Biosciences). 

 

2.6 Cell proliferation assays 

For the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay, 

mandible and femur BMSCs were seeded into 96-well plates at a density of 1.25  10
4
 

cells/cm
2
 and incubated for 4, 7 and 10 days with the medium changed every 3 days. At 

each time point, cell proliferation was visualized. Briefly, medium was removed and cells 

were washed twice with PBS, then tetrazolium salt MTT (Sigma–Aldrich) at 5 mg/ml 

was added to each well and incubated at 37
o
C for 4 hours.   Formazan crystals generated 

by mitochondrial enzyme activity were dissolved by dimethyl sulfoxide (DMSO, Sigma–

Aldrich) and the intensity of the reaction product was quantified by measuring 

absorbance at 570 nm. For the BrdU assay, cells were cultured as above for 4, 7, or 10 

days and assayed using the BrdU Cell Proliferation Assay (Sigma-Aldrich), following the 

manufacturer’s instruction. Absorbance of the reaction product was measured at dual 

wavelengths of 450 and 540 nm. 
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2.7 Osteogenic differentiation  

Cells were seeded into 24-well plates, grown to 70–80% confluence and incubated in 

osteogenic differentiation medium containing 10 nM dexamethasone, 10 mM beta-

glycerophosphate, 50 mg/ mL ascorbate phosphate, and 10% FBS for 3 and 4 weeks and 

then processed for analyses. The medium was changed every 3 days. Cultures were fixed 

in 10% formalin for 15 minutes, washed with dH2O two to three times (each 2 minutes) 

and mineralization of extracellular matrix was stained with 1% Alizarin Red S (ARS) for 

10 min. The red stain was then washed two to three times in dH2O and the images were 

taken under the microscope. For quantification, Alizarin Red S was extracted from the 

monolayer by incubation in 10% acetic acid for 30 min at room temperature. The dye was 

removed, 100 µL aliquots were transferred to a 96-well plate, and the absorbance was 

read at 405 nm. 

 

2.8 Adipogenic differentiation 

Cells were seeded in 24-well plates, grown to sub-confluence, and incubated in 

adipogenic medium (R&D Systems) for 3 weeks. The medium was changed every 3 

days. Cells were then fixed in 10% formalin for 30 minutes, washed with water and 

incubated in 60% isopropanol for 5 minutes, and lipid droplets were stained with Oil Red 

O solution (Sigma-Aldrich) for 15 min and washed with water. Following microscopic 

imaging, Oil Red O staining was quantified by incubation in 100% isopropanol for 10 

minutes at room temperature. Aliquots of 100 µL were transferred to a 96-well plate and 

the absorbances were read at 510 nm. 
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2.9 Chrondrogenic differentiation  

Cells were seeded in 48-well plates, grown to subconfluence and incubated in 

chrondrogenic medium (R&D Systems) for 3–4 weeks. The medium was changed every 

3 days. Cells were then fixed in 10% formalin for 20 min, washed with water and stained 

with alcian blue regent (Sigma-Aldrich) for 45 min in dark at room temperature then 

washed with water. After images were taken under a microscope, dye was extracted by 

incubation in 6 M guanidine hydrochloride overnight at 4 °C. Then 100 µL aliquots were 

transferred to a 96-well plate and the absorbances were read at 595 nm. 

 

2.10 Cell mitochondrial stress test by Seahorse assay  

To investigate mitochondrial function, oxygen consumption rates (OCR) of both 

BMSCs and osteogenic differentiated BMSCs were directly measured by the Agilent 

Seahorse XFe24 extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA) 

as previously described 
33

. Briefly, non-differentiated BMSCs were seeded in XFe24 cell 

culture plates at 30,000 cells/well in growth medium and placed in a 37 °C incubator with 

5% CO2 overnight. The cells were washed twice with Seahorse assay medium (XF base 

medium supplemented with 25 mM glucose, 2 mM glutamine and 1 mM sodium 

pyruvate; pH 7.4) and incubated in the 37 °C incubator without CO2 for 1 hour. Ten M 

oligomycin, 2.7 M FCCP, and 10 M rotenone/antimycin A were injected into the 

cartridge, which was then calibrated by the Seahorse XF24 analyzer and the assay 

continued using the Mito Stress Test assay protocol. For osteogenic differentiated 

BMSCs, cells were seeded in XFe24 cell culture plates at 4,000 cells/well and induced in 
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osteogenic medium for 2 weeks. The differentiated BMSCs were assayed by the Mito 

Stress Test as described above. After the assay, cells were collected in EBT buffer with 

protease inhibitor (ThermoFisher) and the protein content in each well was measured 

following the Bradford protocol. Seahorse assay data of the osteogenic differentiated 

BMSCs was calibrated by protein content. Each OCR value was an average of five 

independent replicates per experiment. Results represent an average of four to five 

animals.  

 

2.11 RNA-Seq preparation  

Total RNA was isolated using the RNeasy® Plus Mini Kit (Qiagen) according to the 

manufacturer's instructions. The purity and concentration were measured using a 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies LLC). RNA integrity 

was assessed by a BioAnalyzer (Agilent Technologies). The mRNA libraries were 

generated using NEBNext® Ultra™ II Directional (stranded) RNA Library Prep Kit for 

Illumina (NEB #E7760L) and sequencing was performed on the Novaseq 6000 system 

with the SP flowcell and 150bp PE reads. In total, 8 samples were collected: 4 replicates 

for each group (Femur and Mandible). FASTQ files were lightly quality trimmed using 

Sickle v1.33 specifying a minimum average of Q10 over a 20bp window 
34

. Trimmed 

reads were mapped to the Rattus norvegicus (Rnor_6.0 [acc: GCF_000001895.5]) 

genome using STAR v2.7.6a 
35

 with default parameters. Read counts of genomic features 

were determined using the feature counts program of the Subread package v2.0.1 
36

 with 

the -B parameter enabled (count reads with both ends aligned to the genomic feature). 
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The raw sequence data has been deposited in the NCBI Sequence Read Archive (SRA) 

under BioProject accession PRJNA828546. 

 

2.12 Statistical analysis 

Analysis of covariance (ANCOVA) was used to investigate whether there are 

interactions between sites (Mandible and Femur) and groups (Sham and OVX) for all 

bone quality parameters. ANCOVA was tested to determine whether differences between 

groups are dependent on sites. If the results of ANCOVA are significant, the data should 

be compared between groups for each site. A Student’s t-test was performed to compare 

each parameter between sham and OVX groups of each site. A paired t-test was utilized 

to compare between mandible and femur sites of each group. The paired t-test was also 

performed to compare TMD parameters between layers of AB and CB55. Bioassay data 

were compared using a Student’s t-test between mandible and femur cells. 

Analysis of genomic count data was performed using the Bioconductor (v3.11) 

package edgeR (v3.32) with R (v4.0). The edgeR function glmQLFit was used to fit a 

quasi-likelihood negative binomial generalized log-linear model to the count data. The 

function glmTreat was used to perform gene-level differential expression analysis relative 

to a log2-fold-change threshold of 1.5. Significance was determined by conducting a 

quasi-likelihood (QL) F-test against the threshold. FDR-adjusted p-values were 

calculated using the Benjamini-Hochberg procedure 
37

 with significance set at q<0.05. 

GO pathway over-representation analysis was conducted using the goana function in the 

Bioconductor package limma (v3.44.0) 
38

. Genes belonging to the over-represented 

pathways were determined by modification of code posted to the Bioconductor support 
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list (https://support.bioconductor.org/p/69808/) and the org.Rn.eg.db package (v3.14.0) 

for Bioconductor 
39

. 

 

3. Results  

Regions of mandible and femur were successfully isolated using the compartmentation 

process for the 3D micro-CT images to obtain TMD histograms (Figs. 1 and 2). 

Interactions between sites (Mandible and Femur) and groups (Sham and OVX) were 

significant for all parameters (p<0.003) (Supplementary Table 1) suggesting that the 

values varied dependent on sites and groups.  

The mean values of most volumetric, mineral density, TB morphology parameters in 

mandible were not significantly different between sham and OVX groups (p>0.06) while 

Low5 and High5 significantly increased and SDTB decreased following OVX (p<0.05) 

(Supplementary Table 1). In contrast, OVX in femur significantly decreased the mean 

values of most volumetric, mineral density, TB morphology parameters, and some of CB 

morphology parameters including BV55 and Ct.Th (p<0.03) while significantly increasing 

AP/ML, BS/BV and Tb.Sp (p<0.04) (Supplementary Table 1).  

OVX had no effects on the mean values of mechanical parameters in mandible 

(p>0.25) while OVX significantly decreased that of tan  in femur (p=0.03) 

(Supplementary Table 1). The mean values of mineral density parameters of AB in 

mandible were not significantly changed by OVX (p>0.06) while those of MCB in femur 

significantly decreased as the same trend of CB (p<0.04) (Table 1).  

Table 1. Comparison of measured parameters between sham and OVX groups for 

alveolar bone (AB) in mandibles and marginal cortical bone (MCB) in femurs 
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(mean±standard deviation). Significantly different parameters are highlighted in bold 

(p<0.05). 

Parameters 
Mandibular AB Femoral MCB 

Sham OVX 
P 

value 
Sham OVX 

P 

value 

Mineral 

Density 

TMC 

(mgHA) 

8.429 

±0.427 

8.430 

±0.497 
1.00 

9.63 

±0.90 

7.96 

±0.49 
0.001 

Mean 

(mgHA/cm
3
) 

1638.60 

±17.74 

1647.79 

±7.05 
0.17 

1618.55 

±69.98 

1489.82 

±9.84 
0.001 

SD  

(mgHA/cm
3
) 

81.55 

±3.78 

78.52 

±2.23 
0.06 

112.44 

±24.35 

68.81 

±4.06 
0.001 

Low5 

(mgHA/cm
3
) 

1511.82 

±22.77 

1525.78 

±7.86 
0.10 

1369.52 

±22.01 

1330.77 

±5.80 
0.001 

High5 

(mgHA/cm
3
) 

1774.61 

±12.25 

1778.46 

±9.43 
0.47 

1734.65 

±97.04 

1562.34 

±14.81 0.001 

 

The mean values of TMD parameters at each layer rapidly increased up to 60 µm away 

from the PDL in mandible and (p<0.001) and up to 81 µm from the periosteal surface in 

femur (p<0.001) (Fig. 3A and 4A). While the mean values of all TMD parameters for AB 

were not significantly different between sham and OVX groups (p>0.084) (Fig. 3A-D), 

those of most TMD parameters for CB55 showed significantly lower values for the OVX 

group than the sham group (p<0.041) (Fig. 4A-D). These results demonstrate that while 

OVX significantly diminished femur bone quality, mandible quality was not affected. 

Therefore, BMSCs from each site were examined for possible differences in osteogenic 
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Fig. 6 Flow cytometry of BMSCs isolated from femur and mandible. (A) and (C) 

demonstrate expression of mesenchymal markers (A) CD90 or (C) CD105 relative to 

hematopoietic marker CD45. As described in the text, the vast majority of cells from both 

mandible and femur demonstrated positivity only for mesenchymal markers. (B) and (D) 

demonstrate the almost complete overlap of mesenchymal marker expression in cells 

from mandible and femur. 
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Fig. 7 Differentiation of early passage BMSCs from femur and mandible. Cells were 

differentiated along (A) osteogenic, (B) chondrogenic, or (C) adipogenic lineages as 

described in the text. Photos indicate representative fields. For (A) and (B), scale bar = 

200 μm. For (C), scale bar = 100 μm. For adipogenic differentiation, cells were assayed 

only at 3 weeks, since cells were poorly adherent to substrate at 4 weeks. *: p < 0.05; **: 

p < 0.01 
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Fig. 8 Proliferation and metabolic activity of early passage BMSCs from femur and 

mandible. Results represent averages from cells of 4 to 5 animals. Cellular proliferation 

was measured by (A) MTT (n = 4) and (B) BrdU (n = 5) assays. Oxygen consumption 

rates (OCR) were measured by Seahorse assay for (C) and (E) undifferentiated cells (n = 

5), and (D) and (F) cells differentiated along the osteogenic pathway (n = 4). (D) and (F) 

Data were derived from the curves in (C) and (E), respectively. *: p < 0.05; **: p < 0.01 
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To validate BMSC isolation procedures according to established criteria for MSC 

identification 
40

, cells were obtained from femur and mandible and subjected to flow 

cytometry for expression of CD90, CD105 (mesenchymal stem cell markers) and CD45 

(a hematopoietic stem cell marker). When cells were dually labeled for CD45 and either 

CD90 or CD105, greater than 92% of cells from both femur and mandible demonstrated 

positivity for the mesenchymal marker, but fewer than 0.5% showed positivity for the 

hematopoietic marker (Fig. 6). Greater than 94% of cells demonstrated positivity for both 

mesenchymal markers (data not shown). To further characterize the isolates as MSCs, 

cells were subjected to culture conditions that induced osteogenic, chondrogenic, or 

adipogenic differentiation. All cells were capable of differentiating along these lineages, 

although in all cases, mandible cells demonstrated a significantly greater differentiation 

potential than femur cells (p<0.05) (Fig. 7A-C).  

To determine whether the differences in responses to OVX between femur and 

mandible might originate from innate differences between osteogenic cells in these sites, 

several assays of isolated BMSC activity were undertaken. To examine the relative 

metabolic activities of these cells, mandible and femur BMSCs were assayed for 

proliferation and energy consumption. MTT assays, which are measurements of cellular 

mitochondrial activity and thus reflect cell number, showed significantly higher activity 

in femur cells than mandible cells after 10 days in culture (p<0.05), and higher but non-

significant trends in activity at days 4 and 7 (Fig. 8A). More sensitive BrdU assays, 

which measure rates of DNA synthesis, revealed higher activity of femur cells at all time 

points (Fig. 8B). 
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Fig. 9 Key for interpretation of Seahorse OCR measurements 

 

Because cells from mandible and femur differed in their abilities to both proliferate 

and differentiate, metabolic assays were undertaken to identify any potential variation in 

energy usage. Cells were subjected to analysis using Seahorse methodologies. Fig. 9 

illustrates the key by which Seahorse measurements of oxygen consumption can be 

interpreted. Oxygen consumption rates (OCR) were measured in both undifferentiated 

femur and mandible cells (Fig. 8C,E) and cells subjected to 3 weeks of osteogenic 

differentiation (Fig. 8D,F). Both mandible and femur BMSCs showed high levels of 

respiratory activity. Each consumed oxygen at or near their maximal rate under basal 

conditions (Fig. 8E,F). However, consistent with their higher levels of proliferation, 

undifferentiated femur cells demonstrated significantly higher rates of basal 

mitochondrial respiration, maximal mitochondrial respiration, and ATP production than 

undifferentiated mandible cells (Fig. 8E). This higher respiratory activity dissipated after 

osteogenic differentiation (Fig. 8F). Although mitochondrial respiration is the 

predominant energy production method in the BMSCs assayed here, measurements of 
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glycolysis via the extracellular acidification rate (ECAR) also demonstrated differences 

between femur and mandible cells. 

 

 
 

 

Fig. 10 Extracellular acidification rates (ECAR) in undifferentiated BMSCs (panel A) 

and cells differentiated along the osteogenic pathway (panel B). ECAR is largely a 

product of lactate acid production and therefore measures cellular glycolysis. 

 

Undifferentiated femur cells showed higher rates of glycolysis than mandible cells 

under basal conditions and could especially increase glycolysis under stressed conditions 

where mitochondrial respiration is inhibited by oligomycin or rotenone and antimycin A 

(Figure 10A). However, the differences in glycolysis between femur and mandible cells 

were eliminated following osteogenic differentiation (Figure 10B). In summary, these 

results indicate that undifferentiated femur-derived BMSCs have higher proliferative, 

mitochondrial, and glycolytic activity than BMSCs derived from mandible while the 

metabolic differences disappear following osteogenic differentiation. 
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To determine how differences in gene expression between mandible and femur 

BMSCs might account for the variations in phenotype, RNA-Seq was performed on early 

passage cells. Eight independent samples were sequenced (4 femur samples and 4 

mandible samples) for a total of 114,680,221 reads. Three hundred eighteen genes were 

upregulated in mandible relative to femur, while 222 genes were downregulated, as 

shown in Figure 11 (p < 0.05). Table 2 shows the top ten differentially expressed genes 

(DEGs; mandible – femur) as sorted by statistical significance. Figure 11 demonstrates a 

more comprehensive view of all DEGs as illustrated by volcano plot. With the exception 

of one long non-coding RNA, all top ten DEGs encoded either homeobox transcription 

factors or cytoskeletal proteins. Gene Ontology analysis revealed regulation of osteoblast 

and cartilage development, SMAD signaling, and glucose transporter activity to be the 

top upregulated pathways in mandible cells compared to femur cells (Fig. 12). This 

pathway analysis is consistent with the phenotypic differences we discovered between 

mandible and femur BMSCs. 

Table 2. Top differentially expressed genes relative to a fold-change threshold. Genes are 

sorted by their FDR-adjusted p-value. Genes that are more highly expressed in mandible 

have positive logFC values; genes that are more highly expressed in femur have negative 

logFC values. 

 

Gene ID Entrez ID logFC 
FDR-adjusted 

p-value 
Gene description 

Barx1 364680 11.51 5.80  10
-6

 Homeobox transcription factor 

LOC103694111 103694111 5.30 1.06  10
-5

 Long non-coding RNA 

Thbs4 29220 13.41 1.06  10
-5

 Thrombospondin 4 

Hoxc6 252885 -7.23 1.06  10
-5

 Homeobox transcription factor 

Lhx8 365963 10.10 1.88  10
-5

 Homeobox transcription factor 

Mkx 291228 5.60 1.88  10
-5

 Homeobox transcription factor 

Fblim1 362650 -2.15 3.66  10
-5

 Filamin binding LIM protein 1 
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Nefm 24588 8.16 3.66  10
-5

 Neurofilament medium polypeptide 

Hoxc10 315338 -12.54 4.69  10
-5

 Homeobox transcription factor 

Baiap2l1 304282 -2.89 4.69  10
-5

 Actin bundling protein 

 

 

 

Fig. 11 Volcano plot showing the dataset of differentially expressed genes (mandible-

femur). DEGs that demonstrated greater than 2-fold difference between mandible and 
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femur are outside the vertical lines, while those comparisons with a p-value cutoff below 

0.05 are above the horizontal line. 

 

Fig. 12 Top differentially regulated pathways in mandible BMSCs as assessed by Gene 

Ontology (GO) analysis. Numerical values indicate -log10 of the p-value. 

 

4. Discussion  

It is generally accepted that postmenopausal estrogen deficiency reduces bone mass 

and deteriorates TB morphology 
3,4

. Estrogen deficiency stimulates osteoclasts’ activities 

to remove more mineralized pre-existing bone tissues followed by osteoblasts’ activities 

to form less mineralized new bone tissues 
3,41-43

. As the activities of osteoclasts and 

osteoblasts are coupled, both cells can be activated by estrogen deficiency. However, 

estrogen deficiency-induced bone resorption by osteoclasts outpaces bone formation by 

osteoblasts, resulting in bone loss and alteration of TMD distribution 
27,50,51

. In the 
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current study, the Low5 value describes TMD changes at newly formed bone regions, 

while High5 describes TMD changes at pre-existing bone regions 
23,44,45

. In femur, OVX 

significantly reduced the values of Low5 and High5, which can be explained by adding 

less mineralized new bone tissues and removing more mineralized pre-existing bone 

tissues, respectively. As more bone resorption occurs in the OVX femur, the values of 

High5 was reduced more than those of Low5, producing a lower SD that reflects more 

homogeneous TMD distribution
23,46,47

. The femoral bone loss due to OVX is also 

assessed by decrease in bone volume (BV) and morphology (Ct.Th, Tb.N, and Tb.Th). 

More homogeneous TMD distribution in the OVX femur likely gives rise to more brittle 

mechanical behavior having slightly increased static and dynamic stiffness, with 

decreased static fracture strength and displacement, and significantly decreased 

viscoelastic energy dissipation. However, most of those parameters measured for the 

mandibles were not significantly different with OVX; indeed both Low5 and High5 

increased after OVX in mandible. These results indicate that jaw bone is less sensitive to 

estrogen deficiency than limb bone, consistent with the findings by previous studies 
11,14-

16
.  

Because bone is altered in response to mechanical loading 
48,49

, masticatory functional 

demands in jaw were suggested to protect bone loss in postmenopause 
14,50

. As the 

alveolar bone (AB) surrounds teeth, where dynamic masticatory impact force is directly 

transmitted through teeth and periodontal ligament (PDL), many observations indicated 

that force-induced active bone remodeling is localized to occur at the AB 
15,51-53

 and a 

histological study also identified the distance of active AB turnover up to 51 µm from 

PDL 
51

. The current findings are consistent with local active remodeling at the AB within 
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this region up to 60 µm from PDL. However, the characteristics of AB were not different 

between sham and OVX groups. On the other hand, the femoral MCBs, which are 

actively remodeled endosteal and periosteal surfaces, had significantly lower TMD 

values in OVX group than sham group. The same patterns were also found for TMD 

values in TB where more bone remodeling is observed because the porous TB network 

provides more surface to support bone cell activity. It has been suggested that muscular 

and condylar reaction forces caused by mastication can stimulate bone remodeling in the 

entire jaw 
54

. However, the jaw muscular forces resulting from the impact mastication 

produce strains at a similar level to those from vertebral muscles 
54,55

, which are required 

to maintain normal bone integrity. In addition, chewing takes much shorter time than 

daily activities that need limb and vertebral muscles. Hence, the masticatory muscular 

force has no superior effects on stimulating active bone remodeling and mineralization 

than the locomotive or postural muscular force.  In addition, previous studies indicated 

that anabolic response to mechanical loading is limited by estrogen deficiency 
56,57

. As 

such, the masticatory force cannot fully explain the reduced effects of estrogen deficiency 

on jaw relative to other bones. 

It is speculated that site-specific BMSC properties may arise because the BMSCs in 

jaw are derived from neural crest, while BMSCs from vertebral and limb bones are 

derived from mesoderm 
14,20,58,59

. Thus, the two BMSC populations may possess subtle 

but significant differences in gene expression, leading to different osteogenic potentials. 

We were able to isolate nearly pure populations of BMSCs from rat femur and mandible, 

based on their cell surface marker characterization and ability to undergo multilineage 

differentiation. Initial characterization revealed consistent differences in proliferation, 
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differentiation, and metabolic properties between cells from different sites. Femur cells 

demonstrated higher rates of proliferation, while mandible cells showed greater ability to 

differentiate along osteogenic, chondrogenic, and adipogenic pathways. Femur cells also 

showed greater capacity for glycolysis and metabolic ATP production than mandible 

cells, consistent with their greater proliferation rate. Comparison of these findings to 

similar studies in the literature suggests that functional differences between BMSCs of 

different sites may be age-related. It is well established that BMSCs of humans and 

rodents undergo functional decline with age 
60

. However, previous studies, which 

primarily used BMSCs from the appendicular skeleton, did not take into account the sites 

from which BMSCs were isolated. Although we saw differences in proliferation and 

differentiation of BMSCs from 9-month-old rats, a recent comparison of femur and 

mandible BMSCs from 3-month-old rats showed their proliferation and differentiation 

rates to be comparable 
61

. These results suggest that orofacial BMSCs may be less prone 

to age-related decline than BMSCs from limb bones. These results also concur with 

previous studies from both human and animal models showing greater osteogenic 

differentiation of mandibular BMSCs than limb BMSCs, though age was not taken into 

account in these studies 19,22,61-65.  

Site-specific differences in stem cell activities may result from innate differences or 

from influences of their local environment or niche. To examine genetic differences that 

might account for site-specific variations in our model, RNA-Seq was performed. 

Analysis of the top differentially expressed genes revealed a marked difference in 

homeobox gene expression between rat mandible- and femur-derived BMSCs. 

Homeobox-containing transcription factors, particularly the HOX superfamily, are well-
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established as controllers of skeletal patterning during embryonic development 
66

. More 

recently, Hox genes have been shown to maintain critical functions in the adult skeleton. 

Hox gene expression profiles are generally maintained in adult tissues and organs, 

particularly in cells that maintain progenitor behavior such as periosteal stem cells 
67

. 

Some homeobox-containing transcription factors have been shown to be reactivated 

during repair of bone fracture and are necessary for this repair. For example, Hox11 

paralogs, which are expressed during development in the zeugopod skeleton (radius/ulna 

and tibia/fibula), are necessary for limb development, and their expression remains 

regionally restricted in these areas through adulthood 
68

. Conditional deletion of the 

Hoxd11 allele in adults leads to abnormal remodeling. Although BMSC numbers and 

their expression of Runx2 (an early osteoblast differentiation marker) are not diminished 

by the lack of Hoxd11, cells are unable to proceed further to terminal osteoblast 

differentiation and osteocyte formation 
69

. Additionally, through RNA sequencing, a 

recent study of human BMSCs from ilium, maxilla, and mandible, found clear 

differences in homeobox-containing gene expression among these populations. The 

authors found that BMSCs from the maxillofacial region were negative for the HOX 

superfamily, while BMSCs from other skeletal tissues were positive 
70

. Hoxc6 and 

Hoxc10 were two of the most highly downregulated DEGs in facial MSCs relative to 

MSCs of non-facial origin. Additionally, the previous study found that genes for 

homeobox-containing proteins Lhx8 and Barx1 were strongly upregulated in 

maxillofacial-derived MSCs. Our results in rat cells concur with their human studies, 

with Hoxc6 and Hoxc10 as two of the ten most downregulated genes in mandible, and 

Lhx8 and Barx1 being two of the ten most upregulated genes. Both Lhx8 and Barx1 have 
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already been identified as playing key roles in craniofacial development and 

odontogenesis 
71,72

. These results not only demonstrate the proper identities of our 

isolated MSCs, but also indicate rat as a suitable model for mimicking human homeobox-

containing gene expression in maxillofacial bone. How the differential expression of 

homeobox-containing transcription factors might contribute to the phenotypes of BMSCs 

from different sites is unclear and is almost certain to produce a highly complex network 

of gene regulation.  

In addition to homeobox-containing transcription factors, the other major class of top 

DEGs in our study was cytoskeletal proteins. One of these, Fblim1 (filamin-binding LIM 

protein 1/FBLP-1/migfilin), already has been shown to play a crucial role in bone 

remodeling. Knockout of Fblim1 in mice resulted in severe osteopenia, decreased the 

growth and survival of BMSCs in vitro, and decreased osteoblast progenitors and 

differentiation in vivo. Further, Fblim1-deficient BMSCs expressed markedly higher 

levels of RANKL than wild-type cells, resulting in increased osteoclast differentiation in 

vivo 
73

. However, it is unclear how Fblim1 activity correlates to the findings presented 

here. Although the previous study indicated that this protein was necessary for 

osteoblastogenesis, our results show decreased expression of the mRNA in mandible 

BMSCs relative to femur cells, even though the mandible BMSCs showed higher 

osteogenic capacity. The discrepancy may be due to a dose effect (i.e. decreased 

expression vs. full knockout), external factors from the relevant stem cells niches, or it 

may be that mandible cells express a different but functionally similar filamin binding 

protein. More research is required to elucidate how Fblim1 might differentially affect 

femur- and mandible-derived BMSCs. 
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By Gene Ontology pathway analysis, we found that the top differentially regulated 

pathways between mandible and femur BMSCs are involved in osteoblast differentiation, 

SMAD signaling, cartilage development, and glucose transmembrane transporter activity. 

Differentially expressed genes from this study involved in osteoblastogenesis pathways 

include regulators of Wnt signaling such as Wnt4 and Sfrp2 
74

. DEGs involved in 

cartilage development include Six2, a homeobox gene that regulates cartilage formation 

in the cranial base 
75

. Finally, DEGs that may play a role in glucose transmembrane 

transport include Slc2a4 and Slc2a5, also known as GLUT4 and GLUT5 
76

. Differential 

regulation of these pathways is consistent with our cellular assays demonstrating diverse 

cellular functions such as proliferation, metabolic activity, and differentiation potential. 

Examination of how these genes are expressed under varying conditions such as 

differentiation and aging will help illuminate the mechanisms behind the differing 

activities of BMSCs from diverse sites in the skeleton. 

 While this study clearly defines differences between femur and mandible BMSCs, a 

limitation is that cellular and RNA-Seq studies were performed only cells from non-OVX 

animals. A previous study showed that jaw BMSCs obtained from OVX mice have 

comparable osteogenic capacity with BMSCs from sham surgery mice, while limb 

BMSCs from the OVX mice had significantly lower activities for mineralization 
20

. The 

influences of BMSC site, estrogen status, and age on cellular activity and gene expression 

require further study, so experiments using OVX and sham rats of different ages are 

underway. However, we have compared our DEGs to the response to estrogen GO 

pathway (GO_0043627) and found little overlap. No significantly down-regulated genes 

of mandible were present in this pathway, and only one up-regulated gene was found (the 
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transcriptional activator gata6, upregulated 3.32-fold). This result is suggestive of 

estrogen-independent mechanisms for the differential bone metabolism in jaw bone and 

is consistent with our other findings. 

In summary, we found that in femurs, estrogen deficiency did decrease bone quantity 

(mass and BMD) and quality (TMD, morphology, and energy dissipation). Thus, these 

findings are consistent with other models of postmenopausal osteoporosis in limb bones. 

However, the BMD, morphologies, and mechanical properties of mandible were not 

influenced by OVX. Further, the mandibular TMD values observed were higher for the 

OVX group than the sham group. In addition, we found that the active local remodeling 

at the AB due to masticatory force continues up to a 60 µm distance from the PDL, 

producing the steep gradient of TMD parameters. Thus, the effects of masticatory force 

are likely to be limited to alveolar bone without controlling the whole jawbone. We also 

found that mandibular BMSCs showed greater osteogenic differentiation than limb 

BMSCs, consistent with previous studies from both human and animal models  19,22,61-65. 

Further, genes of Lhx8 and Barx1 were most upregulated in mandible, which are related 

to craniofacial development and odontogenesis 
21,22

. Gene ontology pathway analysis 

indicated that the mandibular BMSCs showed heightened gene expression in the 

regulatory pathways of osteoblast differentiation, SMAD signaling, cartilage 

development, and glucose transmembrane transporter activity. These findings suggested 

that active mandibular BMSCs maintain bone formation and mineralization by balancing 

the rapid bone resorption caused by estrogen deficiency. These characteristics likely help 

reduce the risk of osteoporotic fracture in postmenopausal jawbone. 
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Highlights 

 Ovariectomy decreased bone quantity and quality of femur while those attributes of 

mandible were not affected. 

 Bone marrow stem cells (BMSCs) from mandible showed greater multi-lineage 

differentiation than BMSCs from femur. 

 Mandibular BMSCs showed higher expression of genes related to osteogenesis than 

BMSCs from femur. 

 Active mandibular BMSCs appear superior to femoral BMSCs in balancing 

increased bone resorption caused by estrogen deficiency. 
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Estrogen deficiency activates bone resorbing cells (osteoclasts) and to a lesser extent bone forming cells
(osteoblasts), resulting in a gap between resorption and formation that leads to a net loss of bone. These
cell activities alter bone architecture and tissue composition. Thus, the objective of this study is to exam-
ine whether multiscale (10-2 to 10-7 m) characterization can provide more integrated information to
understand the effects of estrogen deficiency on the fracture risk of bone. This is the first study to exam-
ine the effects of estrogen deficiency on multiscale characteristics of the same bone specimen. Sprague-
Dawley female rats (6 months old) were obtained for a bilateral ovariectomy (OVX) or a sham operation
(sham). Micro-computed tomography of rat femurs provided bone volumetric, mineral density, and mor-
phological parameters. Dynamic mechanical analysis, static elastic and fracture mechanical testing, and
nanoindentation were also performed using the same femur. As expected, the current findings indicate
that OVX reduces bone quantity (mass and bone mineral density) and quality (morphology, and fracture
displacement). Additionally, they demonstrated reductions in amount and heterogeneity of tissue min-
eral density (TMD) and viscoelastic properties. The current results validate that multiscale characteriza-
tion for the same bone specimen can provide more comprehensive insights to understand how the bone
components contributed to mechanical behavior at different scales.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

About 50% of the postmenopausal female population older than
50 years of age shows symptoms of osteoporosis and has a partic-
ularly higher risk for fracture than the male population and other
age groups (Eastell et al. 2016; Seeman 2003a; 2003b; van Staa
et al. 2001). Bone mineral density (BMD) has been widely used
to diagnose osteoporosis and estimate the fracture risk of bone
(Kanis et al. 1994). However, BMD, which measures mineral in a
given bone volume that includes empty spaces, cannot fully
explain bone fragility, as both bone architecture and composition
play key roles in determining bone strength (Heaney 2003;
McCreadie and Goldstein 2000). In contrast, tissue mineral density
(TMD) is the mineral content in a unit volume of bone matrix only
(Tassani et al. 2011; Yao et al. 2007). Bone cells involved in the high
bone turnover due to estrogen deficiency produce heterogeneous
bone matrix at different points in time during postmenopause
and inevitably change the TMD distribution (Ames et al. 2010;
Marcus 1996; Yao et al. 2007). As the mineral contents are associ-
ated with mechanical responses of bone matrix (Mulder et al.
2008; Mulder et al. 2007), it is likely that the abnormal osteo-
porotic bone matrix has different elastic, plastic, and time-
dependent viscoelastic properties from normal healthy bone
matrix. These characteristics of bone matrix are critical in main-
taining its mechanical stability to resist static and dynamic loading
at the organ level of bone (Bart et al. 2014; Donnelly et al. 2010;
Kim et al. 2017; Kim et al. 2015; Kim et al. 2018; Shah et al. 2018).

Traditional methodologies directly characterize the irregular
shape and heterogeneous composition of bone by measuring elas-
tic stiffness, fracture force, elastic modulus and plastic hardness at
the different levels of bone (Donnelly 2011). Recently, we have
developed additional novel technologies to analyze TMD distribu-
tion and characteristics including static and dynamic elastic, vis-
coelastic, and plastic mechanical properties at the multiscale of
bone in the same individual (Kim et al. 2015; Kim et al. 2018).
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mailto:kim.2508@osu.edu
https://doi.org/10.1016/j.jbiomech.2021.110462
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


Fig. 1. (a) Steps of compartmentation for the 3D micro-CT image of a femoral bone. Masking was performed to identify the bone marrow cavity including trabecular bone
(TB). CB55 (55% of length) was digitally isolated. The total volume was determined, including CB, TB, and masked voxels. The TMD parameters were determined in individual
TMD histograms of typical (b) whole bone, (c) CB, and (d) TB for sham and OVX groups.

J. Liu, Eun Kyoung Kim, A. Ni et al. Journal of Biomechanics 122 (2021) 110462
Thus, the objective of this study is to examine whether the multi-
scale (10-2 to 10-7 m) characterization can provide more integrated
information to understand the effects of estrogen deficiency on the
fracture risk of bone. We used a rat model because ovariectomized
(OVX) rats have been widely accepted to investigate the etiology of
osteoporosis resulting from estrogen deficiency (Chen et al. 2015;
Comelekoglu et al. 2007; Fox et al. 2006; Liu et al. 2015).
2. Materials and methods

2.1. Specimen preparation

Following the protocol approved by Institutional Animal Care
and the Use Committee of The Ohio State University, 40 Sprague-
Dawley female rats were obtained after a bilateral OVX or a sham
operation (sham) at 6 months of age (n = 20 for each group) by
Harlan Laboratories (Harlan Laboratories Inc., Indianapolis, IN,
USA). After 2 months post-OVX, the rats were euthanized and a
femur was randomly obtained from each rat.
2

2.2. Micro-computed tomography (micro-CT)

These femurs were scanned using micro-computed tomography
(SkyScan1172-D, Kontich, Belgium) with 27 � 27 � 27 mm3 voxel
size under an identical scanning condition of 70 kV, 141 lA, 0.4�
rotation per projection, 6 frames averaged per projection, and
210 ms exposure time (Fig. 1). Gray value of each voxel was cali-
brated to tissue mineral density (TMD) using known density
hydroxyapatite (HA) phantoms (1220 and 1540 mg HA/cm3 with
the same dimension of Ø4 � 5.5 mm). Bone voxels were segmented
from non-bone voxels using a heuristic algorithm (Kim et al. 2012).
Bone volume (BV) was obtained by counting the whole bone (WB)
voxels. The BMD was assessed by dividing a total sum of TMD in
each bone voxel by the total volume (TV) including bone, pores
and marrow cavity. Cortical bone (CB) was digitally separated from
trabecular bone (TB) by subtracting the masked regions from the
whole femur (Buie et al. 2007; Kim et al. 2018; Kim et al. 2012)
(Fig. 1a). Mean, standard deviation (SD), coefficient of variation
(COV = SD/Mean), Low and High (Low5 and High5 for the lower
and upper 5th percentile values, respectively) were determined



Fig. 2. Steps of segmentation for (a) cortical bone (CB55, 55% of length) layers from periosteum to endosteum to obtain TMD (b) mean, (c) SD, (d) Low5, and (e) High5. The OVX
group had significantly lower values of all TMD parameters at each distance compared to the sham group (p < 0.046), except SD between 350 mm and 540 mm, and Low5

between 675 mm and 810 mm (p > 0.051).

Fig. 3. (a) 3-point bending at 55% of femur length from the femoral head, (b) hysteresis (W) computed using a non-destructive load–displacement up to 0.01 mm, (c) non-
destructive oscillatory bending displacement using a mean level of 0.01 mm and amplitude of 0.005 mm at the range of 0.5 to 3 Hz of DMA, and (d) static fracture tests for
typical femurs of sham and OVX groups. Red dashed lines: nanoindentation locations. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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using TMD histograms for each region (Fig. 1b,c,d). The femur
length (Length) from femoral head to distal end was measured
by counting axial slices in the micro-CT image. A cross-sectioned
3

cortical region at 55% (CB55) of the femoral length from the head
was digitally cut with 50 voxels (1 mm) thickness (Fig. 1a). The
parameters of CB55 were assessed for TMD distribution, cortex



Fig. 4. (a) Nanoindentation sites in a femur. Although this figure shows a bigger size with 1000 nm depth of indentation to clearly illustrate the locations, the real size of
indentation is smaller (5 to 6 lmwidth) with 500 nm depth for 3 � 3 array sites for periosteal, core, and endosteal regions of the cortical bone. (b) Elastic modulus (Eb), plastic
hardness (H), static viscoelastic normalized creep (Creep/Pmax) and viscosity (g), and dynamic viscoelastic tangent delta (tan d) are provided using a cycle of nanoindentation
at the same site of bone matrix.
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bone volume (BV55), total volume (TV55), fraction (BV55/TV55),
thickness (Ct.Th), periosteal perimeter (Periosteal Perimeter55),
endosteal perimeter (Endosteal Perimeter55), outer and inner
diameters of anterior-posterior axis and medial–lateral axis
(DAP_outer, DAP_inner, DML_outer, and DML_inner), outer diameter ratio
(AP/ML), maximum inertia (Imax), and minimum inertia (Imin). In
particular, the axis of minimum inertia is the direction of least
bending resistance, which is the AP direction of bending used in
the current study. Further, layers of CB55 were segmented by one
voxel thickness to obtain TMD parameters from periosteum to
endosteum (Fig. 2). A trabecular bone (TB) region (0.97 � 0.97 � 2
.03 mm3) above the growth plate at the distal femoral condyle was
digitally isolated to compute TB morphology. Trabecular mor-
phologies including trabecular bone fraction (BV/TVTB), surface-
to-volume ratio (BS/BV), number (Tb.N), thickness (Tb.Th), and
separation (Tb.Sp) were computed.

2.3. Dynamic mechanical analysis (DMA) and static fracture testing

After the non-destructive scanning, a series of mechanical test-
ing was performed as described in previous studies (Amorosa et al.
2013; Kim et al. 2017; Kim et al. 2018; Kim et al. 2016). The spec-
imen was kept wet during the whole mounting process on an elec-
tromagnetic loading machine (Bose Corporation, Framingham, MA,
USA) with a displacement transducer with 15 nm resolution
(Fig. 3a). The anterior-posterior loading location was determined
at 55% of the femur length from the femoral head. A preload of
10 N was applied to confirm contact between the specimen and
loading jig. The K and W were assessed by applying a static dis-
placement up to 0.01 mm (Fig. 3b). The DMA used non-
destructive oscillatory bending displacement with a mean level
of 0.01 mm and amplitude of 0.005 mm at the range of 0.5 to
3 Hz (Fig. 3c). A dynamic complex stiffness (K*) was computed
from elastic (storage) (K0) and viscous (loss) (K0 0) stiffness with an
equation of K*= K0+iK0 0. Tangent delta (tan d), which accounts for
ability of loading energy dissipation, was computed by K0 0/K0. The
phase shift (d) was detected in cyclic load and displacement curve.
Following the non-destructive DMA testing, static fracture testing
was conducted with a displacement rate of 0.5 mm/second up to
fracture. Maximum force and displacement at the fracture point
were used to determine strength (Fmax) and displacement (dmax),
respectively (Fig. 3d). Toughness (U) was obtained by computing
area under the load–displacement curve up to the fracture point.
4

2.4. Nanoindentation

After fracture testing, the non-damaged regions of femur out-
side the jig were dissected and the surface of specimens was pol-
ished for nanoindentation (Fig. 4a,b). A pyramidal Berkovich tip
for the nanoindenter was used to probe the specimen up to
500 nm deep with a displacement rate of 10 nm/sec (Fig. 4c).
The plastic hardness (H) was measured at a peak indenting load
(Pmax). The viscosity (g) and normalized creep (Creep/Pmax) were
assessed during a 30-second hold period under peak load. Tan d
was also assessed by continuous stiffness measurement (CSM)
using a phase shift under 45 Hz oscillatory force corresponding
to 2 nm of displacement during the 30-second holding period
(Kim et al. 2015). Tan d is computed by

d ¼ tan�1 xC
K�mx2

� �
where d is a phase angle between the force

and displacement signals, x is the oscillation frequency, C is the
damping coefficient of indentation contact, K is the spring constant
of the contact, and m is the indenter mass. Finally, the elastic mod-
ulus (Eb) was measured during the unloading period of nanoinden-
tation. As results, the five parameters (Eb, H, g, Creep/Pmax and tan
d) of elastic, plastic, and viscoelastic mechanical properties could
be assessed at the same site of bone matrix using a cycle of
nanoindentation.
2.5. Statistical analysis

One specimen of the OVX group was lost, one specimen of the
sham group had experimental errors during mechanical testing,
and distal condyles obtained from 3 specimens of OVX group had
been broken at the process of dissecting. As a result, femurs of
19 sham and 16 OVX rats were analyzed. However, 20 sham sur-
gery and 19 OVX rats were included for obtaining CB55 parameters.
For assessing DMA and static mechanical parameters, 19 femurs of
each group were analyzed.

The current study measured 54 parameters as listed in Table 1.
A Student’s t-test was utilized to compare between sham and OVX
groups for each parameter except nanoindentation parameters
that were analyzed using a linear mixed effect model with individ-
ual animal-specific random intercept to account for the intra-
specimen correlation. A total of 1396 nanoindentation sites (734
for sham group and 662 for OVX group) was analyzed for each
parameter. To test if the within-specimen variance of the nanoin-



Table 1
Comparison of measured parameters (mean ± standard deviation) between sham and OVX groups. Significantly different parameters between sham and OVX groups are
highlighted in bold (p < 0.05). Var: within-specimen variance, heterogeneity.

Parameters sham OVX p
value

Volumetric BV (mm3) 354.470 ± 38.271 325.143 ± 23.213 0.012
TV (mm3) 508.259 ± 32.689 501.825 ± 29.235 0.547
BV/TV 0.698 ± 0.064 0.648 ± 0.020 0.005
BVCB (mm3) 273.720 ± 34.937 257.477 ± 19.623 0.108
BVTB (mm3) 80.750 ± 7.327 67.666 ± 6.831 0.001

Mineral Density TMC (mg HA) 533.580 ± 70.226 464.748 ± 32.114 0.001
BMD
(mg HA/cm3)

1050.334 ± 126.482 925.918 ± 28.058 0.001

Mean
(mg HA/cm3)

1502.244 ± 52.102 1429.209 ± 9.998 0.001

SD (mg HA/cm3) 119.738 ± 22.575 98.821 ± 4.446 0.001
COV 0.079 ± 0.012 0.069 ± 0.003 0.003
Low5

(mg HA/cm3)
1296.442 ± 23.095 1254.363 ± 11.298 0.001

High5

(mg HA/cm3)
1672.154 ± 86.215 1564.623 ± 14.133 0.001

MeanCB

(mg HA/ cm3)
1531.334 ± 55.486 1454.175 ± 9.931 0.001

SDCB

(mg HA/ cm3)
112.378 ± 24.170 88.630 ± 4.381 0.001

COVCB 0.073 ± 0.013 0.061 ± 0.003 0.001
Low5CB

(mg HA/cm3)
1315.444 ± 24.533 1281.287 ± 13.521 0.001

High5CB

(mg HA/cm3)
1678.632 ± 86.971 1569.751 ± 14.251 0.001

MeanTB

(mg HA/ cm3)
1403.102 ± 33.124 1336.105 ± 12.643 0.001

SDTB

(mg HA/ cm3)
83.502 ± 6.864 76.974 ± 3.790 0.002

COVTB 0.059 ± 0.004 0.058 ± 0.003 0.141
Low5TB

(mg HA/cm3)
1272.258 ± 30.482 1214.363 ± 14.668 0.001

High5TB

(mg HA/cm3)
1545.189 ± 45.187 1465.647 ± 12.876 0.001

Morphology Length (mm) 36.383 ± 0.674 36.676 ± 1.224 0.377
BV55 (mm3) 8.574 ± 0.789 8.394 ± 0.474 0.432
TV55 (mm3) 13.594 ± 1.006 13.476 ± 0.757 0.701
Ct.Th (mm) 0.710 ± 0.072 0.705 ± 0.037 0.836
DAP_outer (mm) 3.171 ± 0.129 3.179 ± 0.092 0.831
DML_outer (mm) 3.993 ± 0.179 3.974 ± 0.125 0.730
AP/ML 0.795 ± 0.023 0.800 ± 0.014 0.411
DAP_inner (mm) 1.837 ± 0.245 1.855 ± 0.144 0.801
DML_inner (mm) 2.495 ± 0.284 2.487 ± 0.161 0.924
Imax (mm4) 8.541 ± 1.245 8.229 ± 0.786 0.353
Imin (mm4) 5.687 ± 0.741 5.644 ± 0.616 0.853
Periosteal
Perimeter55 (mm)

12.080 ± 0.449 12.011 ± 0.331 0.618

Endosteal
Perimeter55 (mm)

8.789 ± 0.601 8.861 ± 0.361 0.654

BV/TVTB 0.299 ± 0.17 0.069 ± 0.051 0.001
BS/BV (mm�1) 31.872 ± 4.965 43.336 ± 5.191 0.001
Tb.N (mm�1) 2.453 ± 1.278 0.670 ± 0.478 0.001
Tb.Th (mm) 0.118 ± 0.011 0.096 ± 0.008 0.001
Tb.Sp (mm) 0.303 ± 0.178 0.552 ± 0.157 0.001

DMA K* (N/mm) 517.644 ± 38.899 538.723 ± 28.82 0.068
K0 (N/mm) 517.499 ± 38.905 538.602 ± 29.599 0.068
K0 0 (N/mm) 11.839 ± 2.378 11.098 ± 1.789 0.285
tan d 0.023 ± 0.005 0.021 ± 0.003 0.073

Static Mechanical W (Nmm) 0.002 ± 0.001 0.001 ± 0.001 0.093
K (N/mm) 529.114 ± 75.33 555.026 ± 52.427 0.226
Fmax (N) 144.804 ± 24.857 131.814 ± 21.511 0.094
dmax (mm) 0.374 ± 0.072 0.316 ± 0.072 0.019
U (Nmm) 43.341 ± 40.72 26.915 ± 14.984 0.108

Nano-indentation Eb (GPa) Mean 20.693 ± 4.586 19.949 ± 3.953 0.524
Var 11.228 10.009 0.135

H (GPa) Mean 0.735 ± 0.158 0.722 ± 0.136 0.632
Var 0.018 0.016 0.166

g (GPa�S) Mean 46475.28 ± 14095.79 45003.7 ± 11100.94 0.579
Var 1.37E + 08 1.03E + 08 0.001

Creep/Pmax

(nm/mN)
Mean 8.723 ± 3.412 8.597 ± 2.606 0.725
Var 7.470 5.996 0.004

tan d Mean 0.048 ± 0.028 0.046 ± 0.021 0.557
Var 0.000539 0.000409 0.001
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dentation parameters is different between sham and OVX groups, a
likelihood ratio test was performed based on a mixed effect model
assuming heterogeneous residual variance between the two
groups, and a mixed effect model assuming homogeneous residual
variance. A paired t-test was used to compare between CB55 layers
of sham and OVX groups. Since the number of tests is fairly large,
false discovery rate (FDR) was examined. FDR is the proportion of
significant tests that are false positive. We used the Benjamini-
Hochberg procedure (Benjamini and Hochberg 1995) to calculate
the q-value for each test. The q value of a given test can be inter-
preted as that, if one rejects all null hypotheses with p values less
than that of the given test, on average 100*q% of those null
hypotheses will be falsely rejected. Significance was set at p < 0.05.
3. Results

The OVX group had significantly lower values of BV, BV/TV,
BMD, whole and regional TMD, BV/TVTB, Tb.N, and Tb.Th than the
sham group (p < 0.005) while it had significantly higher BS/BV
and Tb.Sp (p < 0.001). For mechanical testing, the OVX femur group
had significantly less fracture displacement and heterogeneity
(within-specimen variance) of viscoelastic nanoindentation
parameters (g, Creep/Pmax, and tan d) than the sham femur group
(p < 0.03). All other parameters were not significantly different
between sham and OVX groups (p > 0.063) (Table 1). The values
of CB55 TMD were significant lower for the OVX group than the
sham group at most of the layers (p < 0.042) (Fig. 2b). The q values
of all significant tests based on the original p values were below
0.05. Therefore, we expect<5% of the significant tests to be false
positive.
4. Discussion

Previous studies using OVX rat models showed that BMD, tra-
becular morphology, static elastic stiffness and strength, and
nanoindentation modulus of femoral bone were altered due to
estrogen deficiency (Chen et al. 2015; Comelekoglu et al. 2007;
Fox et al. 2006; Liu et al. 2015). However, these properties were
partly determined for different rats from several independent stud-
ies. As such, it was hard to correlate those previous results
obtained under different experimental conditions and draw con-
clusions to elucidate the effects of estrogen deficiency on bone
properties. The multiscale characterization of bone used in the cur-
rent study was able to determine parameters of TMD distribution
and viscoelastic characteristics responsible for controlling mechan-
ical behavior of bone at the multiscale (10-2 to 10-7 m) of the same
femur as well as those traditional parameters.

Consistent with previous studies (Chen et al. 2015;
Comelekoglu et al. 2007; Fox et al. 2006; Liu et al. 2015), the cur-
rent study found that OVX deteriorates bone quantity and quality
of femur, resulting in reduction of its load bearing capacity. The
bone quantity is represented by bone mass (TMC and BMD) and
bone quality includes regional variations of volume and mineral
density distribution, morphology, dynamic and static mechanical
responses, and elastic and viscoelastic properties of femur. Previ-
ous studies also observed multiscale characterization of bone, indi-
cating that the microscale material behavior plays a critical role in
determining skeletal load-bearing ability (Bart et al. 2014;
Donnelly et al. 2010; Shah et al. 2018). For example, a previous
study (Shah et al. 2018) investigated properties of bone matrix at
the nano- and micro-level using the OVX rat model and found that
the OVX group diminished BMD but increased bone mass through
periosteal apposition compared with the wild-type control rats.
However, the authors did not find differences in nanomechanical
behavior and mineralized collagen fibrils, indicating that rats
6

ovariectomized at 3 months undergo simultaneous bone loss and
growth, resulting in the effects of OVX being less obvious. In con-
trast, the study presented here used rats at 6 months of age that
are fully matured and have reached social maturity (Adams and
Boice 1983; Johnston and Ward 2015), showing the best osteo-
porotic response by OVX (Francisco et al. 2011). In addition, the
effects of estrogen deficiency on bone were observed starting at
2 months following OVX (Lelovas et al. 2008; Wronski et al.
1988). As a result, we also found that the nanoindentation proper-
ties were not different between sham and OVX groups, but we
show that the distribution of TMD and viscoelastic properties at
the tissue level of bone can affect mechanical behaviors at the
organ level.

Estrogen deficiency caused by menopause or OVX results in
high bone turnover with increased activity of both osteoclasts
and osteoblasts. However, bone resorption outpaces formation,
leading to net bone loss (Eastell et al., 2016; Seeman 2003a;
Wronski et al., 1988). This results in smaller bone volume (BV)
and fraction (BV/TV) of OVX animals than those of the sham con-
trol group, as observed in the current study. The BMD, which
was computed by multiplying the mean value of TMD by BV/TV,
also decreased because both TMD and BV/TV were reduced in the
OVX group. The lower mean TMD of the OVX group resulted in part
from decreases in both Low5 and High5 values that shifted the TMD
histograms of OVX leftward (Table 1 and Fig. 1). TMD Low5 values
measure mineralization of the 5% least mineralized bone and
therefore reflect new bone matrix that is not yet fully mineralized.
In contrast, High5 values measure mineralization of the 5% most
mineralized bone and therefore reflect mature bone (Kim et al.
2012; Kim et al., 2015). As such, the decreased Low5 value of the
OVX group indicates an increase in less mineralized, newly formed
bone, while the decreased High5 value indicates greater active
resorption of more fully mineralized pre-existing bone tissues.
These results likely arose because estrogen deficiency induced
rapid bone turnover and increased activity of both osteoblasts
and osteoclasts (Eastell et al. 2016; Evans et al. 1994). These pat-
terns of TMD alteration due to OVX were observed regardless of
whether cortical or trabecular bone was observed. Therefore, the
results demonstrate that analyses of TMD distribution can depict
biological activities of bone cells.

A limitation of the current study should be mentioned. We did
not aim to clarify the detailed mechanisms of how viscoelastic
properties are interrelated with crack initiation and propagation
at the bone matrix and development of bone fracture at the organ
level. It is accepted that the mineral contents mainly control elastic
and plastic responses, while collagen and water are more responsi-
ble for determining viscoelastic responses of bone. As such, the vis-
coelastic behavior of bone likely results from interactions between
these components responding to loading. Nair et al. (Nair et al.
2013) simulated that the energy dissipation capacity of the
mineral-collagen interactions enables a stick–slip deformation
process activated at large deformation. The current study observed
that the brittle characteristics of OVX bone could result from
decreased heterogeneity of TMD and viscoelastic properties. We
speculate that uniform properties of bone matrix could limit local
viscoelastic energy dissipation more than heterogeneous proper-
ties, thus increasing brittleness. Further studies are certainly
needed to integrate these components in understanding the multi-
scale bone fracture.

Our multiscale characterization included innovative analyses
for TMD distribution and viscoelastic characteristics in addition
to the traditional BMD, morphology, elastic, and fracture parame-
ters. The current findings indicate that OVX reduces bone quantity
(mass and BMD) and quality (TMD distribution, TB morphology,
mechanical properties). As the cortical bone morphology at the
bending point was not different between sham and OVX groups,
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the more brittle property of OVX femur at the organ level likely
resulted from its decreased ability to resist deformation at the tis-
sue level compared to the sham control femur. These results are
consistent with previous studies that speculated postmenopausal
bone becomes brittle, resulting in micro-damage accumulation in
the bone tissue and eventual reduction of bone integrity at the
organ level (McNamara 2010; Schaffler 2003). The current study
investigated direct connections between the multiscale character-
istics at the tissue and organ levels using the same age and strain of
OVX animals. Therefore, we demonstrate that the brittle character-
istics of OVX bone could result from decreased heterogeneity of
TMD and viscoelastic properties. Combinations of these character-
istics likely increase the risk of micro-crack initiation and propaga-
tion at the tissue level under loading at the organ level. Therefore,
these results validate that multiscale characterization of the same
bone specimen can provide more comprehensive insights to
understand how the bone components contributed to mechanical
behavior at different levels. These results also allow speculation
that if clinical CT analysis can assess BMD distribution in a manner
similar to the methodology presented here, these data will suggest
additional information on diagnosis of the fracture risk of post-
menopausal patients.
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A B S T R A C T   

Postmenopausal osteoporosis causes severe loss of bone quantity and quality in limb bone but has a lesser effect 
on jaw bone. Thus, the objective of this study was to examine whether ovariectomy (OVX) and mastication alter 
the regional variation of jaw bone characteristics. Sprague-Dawley female rats (6 months) were given a bilateral 
OVX or a sham operation (SHAM) (n ¼ 10 for each group). After 2 months post-OVX, the hemi-mandible from 
each rat was dissected. A micro-computed tomography based mean, standard deviation (SD), the lower and 
upper 5th percentile (Low5 and High5) values of tissue mineral density (TMD) histograms were assessed for 
whole bone (WB), alveolar bone (AB), cortical bone (CB), and trabecular bone (TB) regions. Morphology of TB 
and periodontal ligament (PDL) was also obtained. Layers of AB were segmented up to 400 μm from the PDL. 
Mechanical properties at the tissue level were measured by nanoindentation at the same site by a single loading- 
unloading cycle of indentation in hydration. The AB and TB regions had significantly lower TMD Mean, Low5, 
and High5 but higher SD than the CB region for both sham and OVX groups (p < 0.01). TMD parameters of the 
OVX group rapidly increased up to 60 μm away from the PDL and were significantly higher than those of the 
sham group starting at 280 μm and farther in the CB region (p < 0.05). All values of morphological and 
nanoindentation parameters were not significantly different between sham and OVX groups (p > 0.06). Estrogen 
deficiency induced by OVX did not deteriorate bone characteristics including mineral density, morphology, and 
nanoindentation parameters in rat mandibles. Masticatory loading had an effect on the TMD parameters at the 
limited region of AB. These results provide insight into why osteoporosis-associated jaw bone fractures are 
extremely rare.   

1. Introduction 

Postmenopausal bone loss is a severe disorder that places up to 50% 
of women at the risk of fracture after menopause (Eastell et al., 2016; 
Kaye, 2007; NIH Consensus Development Panel on Osteoporosis Pre
vention and Therapy, 2001). Approximately 30% of postmenopausal 
women have spontaneous or low-impact fractures of vertebra or hip in 
their lifetime. However, osteoporosis-associated atraumatic fractures of 
the jaw bone are extremely rare. It has been speculated that osteoporosis 
causes a higher risk of tooth loss for elderly women than men (Buen
camino et al., 2009; Kaye, 2007; Kribbs et al., 1990), but many more 
studies have shown no correlations between tooth loss and bone mineral 
density (BMD) of the jaws in postmenopausal patients (Earnshaw et al., 

1998; Elders et al., 1992; Famili et al., 2005; Klemetti et al., 1993; 
Mattson et al., 2002; Naitoh et al., 2007; Pilgram et al., 1999). 

Postmenopausal osteoporosis develops due to loss of ovarian estro
gen production with age (Eastell et al., 2016; Seeman, 2003). Estrogen 
deficiency increases differentiation and activities of bone resorptive 
cells (osteoclasts) and suppresses the function of bone forming cells 
(osteoblasts), resulting in bone loss (Eastell et al., 2016). Ovariecto
mized (OVX) animal models have been widely used to investigate the 
etiology of postmenopausal osteoporosis resulting from estrogen defi
ciency (Johnston and Ward, 2015; Lelovas et al., 2008; Turner et al., 
2001). The OVX rat model in particular is approved by the Food and 
Drug Administration (FDA) for investigation of new therapeutic agents 
(Thompson et al., 1995). While a great volume of studies has shown the 
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substantial effects of estrogen deficiency on vertebral and limb bones of 
the OVX rat model, its effects on jaw bone have not been fully clarified. 
In fact, a recent review indicated that all of the eight previous studies 
that investigated jaw BMD of OVX rat models showed no decrease or less 
than 10% decrease of mandibular BMD (Johnston and Ward, 2015). 
While the insensitivity of estrogen deficiency-dependent osteoporosis 
for jaw bone has not been fully elucidated, it was suggested that 
masticatory functional demands in jaw may protect against bone loss in 
postmenopause (Mavropoulos et al. 2004, 2007). However, these results 
were obtained from a limited region of alveolar bone surrounding teeth, 
where dynamic masticatory impact force is directly transmitted through 
teeth and periodontal ligament (PDL). 

The previous studies focused on measuring traditional BMD using 
imaging devices that could not provide sufficient resolution to assess 
mineral density distribution at the tissue level of small OVX animal jaw 
bones (Johnston and Ward, 2015). The BMD includes not only miner
alized bone tissues but also marrow and porosity between bone tissues. 
On the other hand, estrogen deficiency activates bone remodeling that 
produces rapid bone turnover by increasing removal of pre-existing 
(more mineralized) bone tissue while adding immature (less mineral
ized) bone tissue (Busse et al., 2009; Kim et al., 2012). As such, a 
regional variation of tissue mineral density (TMD) can provide more 
dynamic information to elucidate the process of mineralization than the 
overall value of BMD. It has been also observed that the TMD is 
responsible for determining mechanical characteristics of bone tissue 
(Ferguson et al., 2003; Mulder et al., 2007). Thus, the objective of this 
study was to examine whether OVX and mastication alter the regional 
variation of jaw bone characteristics. The bone characteristics include 
mineral density, morphology, and nanoindentation parameters in rat 
mandibles. 

2. Materials and methods 

2.1. Specimen preparation 

All experiments were approved by the Institutional Animal Care and 
Use Committee of The Ohio State University. Twenty 6-month-old fe
male Sprague-Dawley rats were used. Ten rats were bilaterally ovari
ectomized (OVX) and the other 10 rats received a sham surgery (SHAM) 
at Harlan Laboratories (Harlan Laboratories Inc, Indianapolis, IN, USA). 
Following 2 months after surgery, an intraperitoneal injection of calcein 
(25 mg/kg, Sigma-Aldrich Co., St. Louis, MO, USA) was conducted 3 
days before euthanization. Animals were euthanized by intraperitoneal 
injection of an overdose of pentobarbital sodium (100 mg/kg). A hemi- 
mandible was randomly chosen from each rat and soft tissues were 
removed. A 5 mm section of molar region was dissected in the bucco- 
lingual direction of the mandible using two parallel diamond blades of 
a low speed saw under irrigation (Fig. 1a). These sections of teeth-bone 
constructs were wrapped in normal saline-soaked gauze and frozen at 
-20 �C until use. 

2.2. Micro-computed tomography (micro-CT) 

After the mandibles were thawed at a room temperature, the speci
mens were scanned and reconstructed by a micro-CT (Inveon, Siemens, 
Malvern, PA, USA) with 20 � 20 � 20 μm3 voxel size under identical 
scanning conditions of 80 kV, 500 μA, and 600 ms exposure time. All 
parameters obtained by the current study are described in Table 1. The 
region of interest was determined by digitally cutting the mandible in 
the bucco-lingual direction with 3.4 mm width starting from the center 
of first molar to the mesio-distal direction using Image J software (NIH) 
(Fig. 1a). A heuristic algorithm was used to segment bone voxels from 
non-bone voxels (Kim et al. 2012, 2018; Zauel et al., 2004). The teeth, 
including incisor and periodontal ligament (PDL), were digitally 
extracted (Fig. 1a). All bone and non-bone voxels in the cortical and 
internal trabecular regions of the mandible were maintained to mask the 

trabeculae and marrow cavity using a compartmentalizing method (Buie 
et al., 2007; Kim et al. 2012, 2018). Whole bone (WB) measurements 
were obtained by multiplying the total number of segmented bone 
voxels by the voxel size. Alveolar bone (AB) was identified as the region 
within 100 μm from the PDL. Trabecular bone (TB) was isolated as the 
region between molar roots and incisor by masking. The cortical bone 
(CB) region was determined inside of the WB by 3-dimensional eroding 
200 μm (10 voxels) from internal and external surfaces of bone. Layers of 
bone were segmented by one voxel for 0–120 μm from the PDL or two 
voxels for 120–400 μm from the PDL (Fig. 2a). 

Tissue mineral density (TMD) of each bone voxel was obtained using 
CT attenuation that was calibrated using known densities of commercial 
phantoms provided by the micro-CT company. A total sum of TMD in 
each bone voxel produces total mineral content (TMC). A total volume 
(TV) of WB was the sum of voxels, combining cortical and masked re
gions of the mandible (Fig. 1a). Then, bone mineral density (BMD) of the 
WB was assessed by dividing the TMC by the TV. Histograms of TMD 
were obtained (Fig. 1b-f). A mean of TMD (Mean) was an average of the 
TMC in the bone volume of each region. Standard deviation (SD) of the 
histogram accounted for heterogeneity of TMD distribution. Low and 
high TMD (Low5 and High5) values were determined at lower and upper 
5th percentile values of TMD histogram, respectively. Architectural 
parameters of TB were computed using the same dimension of the region 
of interest (0.64 � 0.64 � 0.64 mm3). Trabecular bone fraction (BV/TV), 
surface-to-volume ratio (BS/BV), and trabecular number (Tb.N), thick
ness (Tb.Th), and separation (Tb.Sp) were calculated from the 
segmented micro-CT images using a commercial morphological code 
(CTAn, SkyScan, Kontich, Belgium). The mean, maximum (Max), and 
standard deviation (SD) of PDL thickness were measured using the local 
thickness function of Image J software (NIH) after isolating it between 
teeth and AB. 

2.3. Nanoindentation 

Following the non-destructive micro-CT scanning, a hemi-mandible 
was randomly chosen from each rat and tooth-bearing 5 mm mandib
ular bone sections were cut using a low speed saw (Buehler, Lake Bluff, 
IL) under water irrigation. The dissected surfaces of the mandible were 
polished using silicon carbide abrasive papers with decreasing grit sizes 
(800, 1200, and 1500 grits) and Al2O3 pastes (1.0 and 0.3 μm) on soft 
polishing cloths in a wet condition using a normal saline solution. The 
specimens were subsequently sonicated in deionized water to remove 
debris. 

The polished specimens were placed on a polycarbonate holder and 
mounted into a fluid drainage system on a nanoindenter (Nano-XP, MTS, 
Oakridge, TN) as described in previous studies (Huja et al., 2006; Kim 
et al. 2010, 2013, 2015). A high resolution x-y motorized stage with an 
accuracy level of 0.5 μm was controlled by an operating software to 
move the specimen to the indent locations (Fig. 3a). A pyramidal Ber
kovich tip was used to indent sites at least 50 μm apart to prevent any 
interruptions with the adjacent indents. All nanoindentations were 
performed in hydration using the fluid drainage system as introduced in 
previous studies (Kim et al. 2010, 2013). The indenter was probed under 
load control corresponding to a displacement rate of 50 nm/s, up to 500 
nm depth (Fig. 3b). This indentation depth was determined to surpass 
the effect of surface roughness on measurements (Hoffler et al., 2005). 
Following holding for 30 s under a constant peak load, the indenter was 
unloaded at the same displacement rate. The 30-s holding period was set 
to reduce viscoelastic errors in assessing elastic modulus during 
unloading (Fan and Rho, 2003). The current study assessed viscoelastic 
energy that is released during this period to measure the viscoelastic 
properties of the specimens. As a result, elastic modulus (Eb), plastic 
hardness (H), static viscoelastic normalized creep (Creep/Pmax) and 
viscosity (η), and dynamic viscoelastic tangent delta (tan δ) could be 
obtained by a cycle of nanoindentation at the same site of bone tissue. 

The contact hardness (H) was computed by Eq. (1). 
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Fig. 1. (a) Steps of compartmentation for the 3D micro-CT image of a mandible. The whole bone (WB) was determined by removal of teeth and periodontal ligament 
(PDL). Alveolar bone (AB) was identified as the region up to 100 μm from the PDL. Masking was used to isolate the bone marrow cavity, including trabecular bone 
(TB). The cortical bone (CB) region was located at 200 μm from the bone surface. Tissue mineral density (TMD) parameters were determined in individual histograms 
of typical (b) whole bone. (c) Regional variation of TMD distribution in the mandibular bone. TMD distributions of (d) AB, (e) TB, and (f) CB for sham and 
OVX groups. 
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H¼
Pmax

A
(Eq. 1)  

where Pmax is the peak indenting load (mN) and A is the projected 
indenting contact area (mm2) that is computed using the indent depth 
during the unloading process at the indented site (Roy et al., 1999). 

Creep was estimated using the displacement-time curve during the 
30-s holding period, which was fit to the traditional viscoelastic Voigt 
model (Eq. (2)). 

h2ðtÞ¼
π
2

pmax cot α
�

1
E2

�
1 � e� tE2=η�

�

(Eq. 2)  

where h(t) is creep (nm) as a function of time, α is face angle (65.27�) of 
the Berkovich indenter (Fischer-Cripps, 2004), E2 (GPa) is an elastic 
component and η is an indentation viscosity (GPa⋅S) that account for a 
resistance to viscous deformation. As the peak load changes depending 
on the intrinsic properties of bone tissue, the amount of creep was 
normalized by the peak load (Creep/Pmax) to minimize the effects due to 
different loading levels between specimens. 

The indenter can generate a harmonic oscillatory force correspond
ing to 2 nm of displacement at 45 Hz using a special function of 
continuous stiffness measurements (CSM). Thus, tangent delta (tan δ) 
during the 30-s holding period was able to be obtained using the CSM 
function with Eq. (3). 

δ¼ tan� 1
�

ωC
K � mω2

�

(Eq. 3)  

where δ is a phase angle between the force and displacement signals, ω is 
the angular frequency, C is the damping coefficient of indentation 
contact, K is the spring constant of the contact, and m is the indenter 
mass. Potential errors were corrected to accurately compute tan δ 
(Herbert et al., 2013). 

Nanoindentation elastic modulus (Eb) was measured by Eq. (4) 
(Oliver and Pharr, 1992). 

1
Er
¼

�
1 � ν2

b

�

Eb
þ

�
1 � ν2

i

�

Ei
(Eq. 4)  

where Er (reduced modulus) is the slope of unloading force- 
displacement curve. For the diamond indenter, typical values used for 

Ei is 1141 GPa and Poisson’s ratio (νi) is 0.07. The νb of bone is assumed 
0.3 (Huja et al., 2007). Eb is the elastic modulus of bone tissue to be 
determined. After nanoindentation, calcein labeled regions on the 
specimen surface were identified using a Leica fluorescent microscope 
(Buffalo Grove, IL, USA). 

2.4. Statistical analysis 

Twenty hemi-mandibles (10 sham and 10 OVX) were randomly ob
tained. The current study measured 26 parameters as listed in Table 2. 
Linear mixed effect models were performed for the TMD parameters 
(Mean, SD, Low5, High5) with region, group, and their interaction as the 
covariates. A Student’s t-test was utilized to compare between sham and 
OVX groups for each parameter, including BMD and morphology (BV/ 
TVTB, BS/BV, Tb.N, Tb.Th, Tb.Sp, PDL Thickness). Paired t-tests were 
performed to compare TMD parameters between layers of AB. 

Nanoindentation parameters (Eb, H, η, Creep/Pmax, and tan δ) were 
analyzed using a linear mixed effect model with individual animal- 
specific random intercept to account for the intra-specimen correla
tion. A total of 356 nanoindentation sites (174 for sham and 182 for OVX 
groups) was analyzed for each nanoindentation parameter. To test if the 
within-specimen standard deviation of the nanoindentation parameters 
is different between groups, a likelihood ratio test was performed based 
on a mixed effect model assuming heterogeneous residual variance be
tween the groups and a mixed effect model assuming homogeneous 
residual variance. Significance was set at p < 0.05. 

3. Results 

The regions of mandibular bone were successfully isolated in the 
process of compartmentation for the 3D micro-CT images to obtain TMD 
histograms (Fig. 1). Interactions between groups (Sham and OVX) and 
regions (AB, TB, CB) were significant for TMD Low5 (p ¼ 0.003) and 
marginally significant for TMD Mean and SD (p ¼ 0.079 and 0.075, 
respectively) but not significant for TMD High5 (p ¼ 0.65). The AB and 
TB regions had significantly lower TMD values of Mean, Low5 and High5 
but higher SD than the CB region for both sham and OVX groups (p <
0.02) (Fig. 4). The AB region had a significantly higher Low5 value than 
the TB region in the OVX group (p ¼ 0.04) while all other TMD values 
were not significantly different between AB and TB regions (p > 0.1). 

The OVX group had significantly higher TMD Mean values for CB and 
WB regions, Low5 value for CB region, and High5 value for WB region (p 
< 0.02), with marginally higher TMD SD value for WB region and High5 
value for CB region (p < 0.08), compared to the sham group (Table 2). 
All other TMD parameters did not have significantly different values 
between sham and OVX groups (p > 0.09). The values of TMD param
eters rapidly increased up to 60 μm away from PDL (Fig. 2d), corre
sponding to the newly mineralized alveolar bone region as shown with 
calcein labels adjacent to the PDL (Fig. 2b,c). The TMD Mean, High5, and 
SD values of the OVX group were significantly higher than those of the 
sham group at 280 μm and farther distances away from the PDL (p <
0.05) while Low5 was not significantly different at any distance (p >
0.58). 

All values of morphological and nanoindentation parameters were 
not significantly different between sham and OVX groups (p > 0.06). 

4. Discussion 

The mandibles used in the current study were obtained from the 
same rats examined in a previous study that showed significant decrease 
in BMD, BV/TV, and Tb.Th of vertebrae following OVX (Kim et al., 
2012), demonstrating the validity of this animal model. Rats at 6 months 
of age show the best osteoporotic response by OVX (Francisco et al., 
2011) and osteoporosis progressively develops in limb bone up to 3 
months following OVX (Lelovas et al., 2008; Wronski et al., 1988). In 
contrast, the current study shows that OVX has no deleterious effect on 

Table 1 
Nomenclature of each parameter.  

Parameters Description 

Mineral Density BMD (mg HA/cm3) WB mineral density 
Mean (mg HA/cm3) mean values of tissue mineral density 

(TMD) 
SD (mg HA/cm3) standard deviations of TMD histogram 
Low5 (mg HA/cm3) lower 5th percentile values of TMD 

histogram 
High5 (mg HA/cm3) higher 5th percentile values of TMD 

histogram 
Morphology BV/TV trabecular bone fraction 

BS/BV (mm-1) trabecular surface-to-volume ratio 
Tb.N (mm-1) trabecular number 
Tb.Th (mm) trabecular thickness 
Tb.Sp (mm) trabecular separation 
PDL Thickness Mean 
(mm) 

mean values of periodontal ligament 
(PDL) thickness 

PDL Thickness SD 
(mm) 

standard deviations of PDL thickness 

Nano- 
indentation 

Eb (GPa) nanoindentation elastic modulus of 
bone 

H (GPa) hardness 
η (GPa⋅S) internal friction to resist a flow 
Creep/Pmax (nm/ 
mN) 

normalized viscoelastic creep at the 
peak load (Pmax) 

tan δ ability of viscoelastic energy dissipation 
at the tissue  
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Fig. 2. (a) Steps of segmentation for alveolar bone layers up to 400 μm from the periodontal ligament (PDL). The first six layers, between 0 and 120 μm from the PDL, 
were segmented by one voxel layer (20 μm), and the next fourteen layers, between 120 and 400 μm from the PDL, were segmented by two voxel layers (40 μm). 
Fluorescent microscopic image for calcein labels (magnification � 10) of (b) sham group and (c) OVX group. Calcein labeled regions identified newly mineralized 
bone tissues. (d) Tissue mineral density (TMD) parameters measured at each layer. All parameters were significantly different between distances (p < 0.01). TMD 
rapidly increased up to 60 μm from the PDL. The TMD Mean, High5, and SD of OVX group were significantly higher than those of sham group starting at 280 μm from 
the PDL (p < 0.05). 

K. Watanabe et al.                                                                                                                                                                                                                              



Journal of the Mechanical Behavior of Biomedical Materials 110 (2020) 103952

6

jaw bone. Many previous studies of jaw bone of OVX rat models focused 
on assessing BMD and trabecular morphology using 2D images of 
dual-energy X-ray absorptiometry (DXA), radiology, and histo
morphometry, or low resolution images of 3D quantitative computed 
tomography (QCT) (Ejiri et al., 2006; Jiang et al., 2008; Johnston and 
Ward, 2015). These limitations of the traditional imaging tools for 
human patients could result in the inconsistency of the OVX induced 
changes of the BMD and trabecular morphology among previous studies 
that used small rat models (Johnston and Ward, 2015). The current 
study utilized high resolution 3D micro-CT that allows for investigating 
the regional variation of TMD parameters in addition to the 

conventional BMD and trabecular morphology. In addition, the elastic, 
viscoelastic, and plastic nanoindentation properties directly measured at 
the same site using a single cycle of indentation provided more complete 
mechanical characteristics of bone tissue than assessing only the tradi
tional E and H. These methodologies to assess TMD and nanoindentation 
parameters have been well established from the previous studies (Kim 
et al. 2015, 2017). 

Masticatory force stimulates active bone remodeling of the alveolar 
bone (AB) surrounding teeth (Daegling and Hylander, 1997; Ejiri et al., 
2006; Gallina et al., 2009; Naveh et al., 2012; Sebaoun et al., 2008). The 
active bone remodeling removes more mineralized, pre-existing bone 

Fig. 3. (a) Nanoindentation sites in a mandible. (b) Elastic modulus (Eb), plastic hardness (H), static viscoelastic normalized creep (Creep/Pmax) and viscosity (η), and 
dynamic viscoelastic tangent delta (tan δ) were provided using a cycle of nanoindentation at the same site of bone tissue. 

Table 2 
Comparison of measured parameters between sham and OVX groups (n ¼ 10 for each group, mean � standard deviation) of mandibular bone regions including alveolar 
(AB), cortical (CB), trabecular (TB), and whole (WB) bones. Marginally significant and significant differences are highlighted in bold and italic bold, respectively. Var: 
within-specimen variance, heterogeneity.  

Parameters Region Sham OVX p value 

Mineral Density BMD (mg HA/cm3) WB 1003.56 � 41.92 1015.12 � 24.79 0.46 
TMD Mean (mg HA/cm3) AB 1529.96 � 16.35 1538.90 � 7.15 0.13 

TB 1536.73 � 18.72 1542.86 � 10.49 0.38 
CB 1690.11 � 17.24 1707.84 � 12.55 0.02 
WB 1623.29 � 15.1 1639.03 � 8.92 0.01 

TMD SD (mg HA/cm3) AB 82.08 � 4.55 85.15 � 4.84 0.16 
TB 83.42 � 9.61 89.12 � 9.07 0.19 
CB 68.23 � 6.07 66.05 � 4.99 0.39 
WB 107.68 ± 7.11 113.01 ± 5.11 0.07 

TMD Low5 (mg HA/cm3) AB 1393.10 � 14.82 1394.27 � 11.56 0.85 
TB 1387.37 � 27.33 1382.07 � 21.06 0.63 
CB 1573.42 � 10.37 1594.52 � 12.80 <0.01 
WB 1444.70 � 12.98 1450.03 � 11.55 0.34 

TMD High5 (mg HA/cm3) AB 1663.18 � 20.95 1673.88 � 10.99 0.17 
TB 1661.94 � 20.00 1675.68 � 13.88 0.09 
CB 1794.53 ± 19.62 1808.70 ± 14.04 0.08 
WB 1804.26 � 26.48 1827.53 � 12.18 0.02 

Morphology BV/TV TB 0.42 � 0.07 0.42 � 0.08 0.92 
BS/BV (mm-1) TB 19.67 � 2.03 21.42 � 2.42 0.10 
Tb.N (mm-1) TB 2.85 � 0.43 2.80 � 0.44 0.79 
Tb.Th (mm) TB 0.19 � 0.03 0.18 � 0.03 0.39 
Tb.Sp (mm) TB 0.22 � 0.05 0.20 � 0.03 0.31 
PDL Thickness (μm) PDL Mean 138.04 � 8.25 138.78 � 6.09 0.82 

PDL Max 389.41 � 40.17 424.16 � 47.84 0.10 
PDL SD 34.24 � 6.15 36.24 � 6.12 0.48 

Nano-indentation Eb (GPa) WB Mean 15.35 � 5.57 16.29 � 6.00 0.51 
Var 5.155 5.535 0.065 

H (GPa) WB Mean 0.61 � 0.25 0.69 � 0.28 0.13 
Var 0.244 0.262 0.077 

η (GPa⋅S) WB Mean 14787.98 
�8414.80 

16915.84 
�9003.67 

0.39 

Var 7623.655 7904.601 0.348 
Creep/Pmax (nm/mN) WB Mean 16.94 � 14.34 14.3 � 15.15 0.32 

Var 14.048 14.625 0.296 
tan δ WB Mean 0.068 � 0.029 0.065 � 0.031 0.75 

Var 0.025 0.023 0.073  
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tissues and adds more newly formed, less mineralized bone tissues (Buie 
et al., 2007; Kim et al., 2012). As a result, the TMD Mean, Low5, and 
High5 of the AB region were lower than those of the less active CB re
gion, while SD (heterogeneity) was higher. Similarly, the trabecular 
bone (TB) region, which undergoes more rapid remodeling than cortical 
bone, had lower TMD Mean, Low5 and High5, but higher SD than the CB 
region. 

Estrogen deficiency systematically increases bone turnover by stim
ulating more proliferation and differentiation of osteoclasts, which re
sults in imbalance with activities of osteoblasts in bone remodeling, 
leading to a net loss of bone (Eastell et al., 2016; Garnero et al., 1996; 
Seeman, 2013; Sims and Civitelli, 2014). However, the current results 
show that the mineral density, morphology and nanoindentation char
acteristics of jaw bone were not reduced by estrogen deficiency due to 
OVX. These findings suggest that, for alveolar bone, active bone turn
over maintained by masticatory force can limit the deteriorating effects 
of estrogen deficiency. A lack of morphological changes in the peri
odontal ligament (PDL) by OVX also supports this suggestion. The active 
local remodeling at the AB continues up to a 60 μm distance from the 
PDL, producing the steep gradient of TMD parameters (Fig. 2d). This 
result is consistent with observations of a histological study that also 
identified the distance of active alveolar bone turnover up to 51 μm from 
the PDL (Sebaoun et al., 2008). As such, it is likely that the masticatory 
force triggers bone remodeling at the limited AB region. On the other 
hand, it remains to be investigated why trabecular bone properties were 
not altered by OVX. The mineral density and morphology of TB in the 
vertebra of the same rat were substantially reduced by OVX (Kim et al., 
2012). It was suspected that masticatory loading might also influence 
the TB region under teeth. However, this TB region is located outside of 

the limited AB region that is influenced by masticatory loading. Further 
studies, including assays of site-specific cell activities, are needed to 
elucidate these results. 

The OVX group had somewhat higher values of the TMD Mean, Low5, 
and High5 in CB than those of the sham control group. It was also found 
that the TMD parameters had higher values in the CB of OVX group at 
280 μm and farther distances from the PDL (Fig. 2b). As the CB region 
was isolated starting at 200 μm and farther distance from the PDL, the 
increasing trend of TMD well describes how the CB is gradually miner
alized to be higher in the OVX group than the sham group. However, the 
exact mechanism of how estrogen deficiency increases the TMD inside 
the thick cortical bone of jaw, which undergoes only limited bone 
remodeling, is unknown (Meta et al., 2008; Turner et al., 2001). It has 
been suggested that muscular and condylar reaction forces caused by 
mastication can stimulate bone remodeling in the entire jaw (Daegling 
and Hylander, 1997). However, the jaw muscular forces resulting from 
the impact of mastication produce levels of strain similar to those of 
vertebral muscles (Daegling and Hylander, 1997). As such, the muscular 
forces under normal daily mastication are likely required to maintain 
normal oral bone integrity but have no superior effects on stimulating 
active bone remodeling and mineralization. In addition, previous studies 
indicated that anabolic response to mechanical loading is limited by 
estrogen deficiency (Lee et al., 2003; Riggs et al., 2002). Thus, the jaw 
muscular forces associated with mastication cannot fully explain how 
estrogen deficiency increases TMD parameters in jaw while decreasing 
them in bone at other anatomical sites (Kim et al., 2012). 

Regarding the increase in TMD of jawbone, we suggest two hy
potheses based on the current and other previous studies. The first 
scenario may be that human and animal dental bone marrow stem cells 

Fig. 4. Regional variations (AB, TB, CB) for tissue mineral density (TMD) (a) Mean, (b) SD, (c) Low5, and (d) High5 of sham and OVX groups. *; p < 0.04.  
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(BMSCs) have significantly higher osteogenic potential than orthopedic 
BMSCs (Aghaloo et al., 2010; Akintoye et al., 2006; Gong et al., 2017; 
Lee et al., 2019; Yamaza et al., 2011). The superior capability of bone 
mineralization by jaw BMSCs may be maintained under estrogen defi
ciency. The second scenario may be that osteocytes in jaw bone can 
produce more minerals than those in other anatomic sites. Different 
from human bone, rodent bone has very limited Haversian systems 
suggesting that a typical remodeling consisting of bone resorption and 
formation may not be a way to alter mineralization. Instead, osteocytes 
dominates in the rodent bone and can produce minerals (Dallas et al., 
2013). The osteocyte is derived from bone forming cells (osteoblasts) 
that are differentiated from BMSCs (Cheung et al., 2016; Hadjiargyrou 
and O’Keefe, 2014; Lee et al., 2019). As such, osteocytes in jaw bone 
might also have a superior ability of mineralization. However, these 
hypotheses must be addressed by many further experiments that are 
beyond the scope of the current study. 

Nanoindentation provides direct measurements of bone properties at 
the tissue level. It was indicated that Eb and H have strong positive 
correlations with TMD (Mulder et al., 2007). It was also shown that 
increase in mineralization likely helps viscoelastic resistance of defor
mation but reduces dissipating ability of loading energy (Kim et al., 
2015). The current results follow the relationships between TMD and 
nanoindentation parameters showing trends of higher values of Eb, H, η 
but lower values of Creep/Pmax and tan δ for the OVX group than the 
sham group. However, the mean values and heterogeneity of nano
indentation parameters were not significantly different between the two 
groups. These findings suggest that estrogen deficiency did not deteri
orate mechanical integrity of jaw bone tissues. 

A potential limitation of the current study may be that a period of 2 
months after OVX of a 6-month-old rat is not enough to fully induce 
osteoporosis. However, it has been observed that rats at 6 months of age 
are not fast growing and have reached social maturity (Adams and 
Boice, 1983; Johnston and Ward, 2015), show the best osteoporotic 
response by OVX (Francisco et al., 2011), and demonstrate changes in 
bone by 2 months following OVX (Lelovas et al., 2008; Wronski et al., 
1988). The most convincing evidence of osteoporosis was that the rats 
used in the current study were the same as those examined in a previous 
study showing clear symptoms of vertebral osteoporosis (Kim et al., 
2012). Further studies to confirm the effects of longer post-OVX periods 
on the detailed characteristics of jaw bone are needed. Another limita
tion is that the current study did not include cell and molecular analyses. 
Mastication might play an important role in stimulating bone cell ac
tivities in various regions of jaw bone (Inoue et al., 2019). The under
lying mechanism of mechanobiological osteogenesis in jaw bone 
remains to be clarified. 

In conclusion, estrogen deficiency induced by OVX did not deterio
rate bone characteristics including mineral density, morphology, and 
nanoindentation parameters in rat mandibles. These findings are 
consistent with previous studies that showed less sensitivity of jaw bone 
to OVX (Chen et al., 2018; Gallina et al., 2009; Johnston and Ward, 
2015; Liu et al., 2015; Mavropoulos et al., 2007). Further, we also found 
that OVX increased tissue mineral density (TMD) in the cortical bone 
(CB) region. These results provide insight into why 
osteoporosis-associated jaw bone fractures are extremely rare. Further 
studies are needed to elucidate why the jaw bone is less influenced by 
postmenopausal osteoporosis. The current findings can provide baseline 
information to help understand the process of mineralization in associ
ation with mechanical integrity of AB altered by bisphosphonate-related 
osteonecrosis of the jaw (BRONJ), periodontal bone disease, and or
thodontic tooth movement. 
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