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Abstract 
At present, a lack of consensus exists regarding the clinical impact of osteoporosis on alveolar bone metabolism during implant osseointegration. 
While limited preclinical and clinical evidence demonstrates a negative influence of osteoporosis on dental extraction socket healing, no preclinical 
studies offer data on the results of implant placement in 6-mo-old, ovariectomized (OVX) Sprague–Dawley rats. This study aimed to investigate 
the outcomes of dental tooth extraction socket healing and implant placement in a rodent model of osteoporosis following daily vehicle (VEH) 
or abaloparatide (ABL) administration. Micro-CT and histologic analysis demonstrated signs of delayed wound healing, consistent with alveolar 
osteitis in extraction sockets following 42 d of healing in both the VEH and ABL groups. In a semiquantitative histological analysis, the OVX-
ABL group demonstrated a tendency for improved socket regeneration with a 3-fold greater rate for moderate socket healing when compared 
to the OVX-VEH group (43% vs 14%), however, this finding was not statistically significant (p=.11). No significant differences were observed 
between vehicle and test groups in terms of implant outcomes (BMD and bone volume/total volume) at 14- and 21-d post-implant placement. 
Abaloparatide (ABL) significantly increased BMD of the femoral shaft and intact maxillary alveolar bone sites in OVX animals, demonstrating 
the therapeutic potential for oral hard tissue regeneration. The present model involving estrogen-deficiency-induced bone loss demonstrated an 
impaired healing response to dental extraction and implant installation. 
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Lay Summary 
Osteoporosis is a systemic disease that may negatively impact bone healing in the jaws. This study assesses extraction socket healing and 
dental implant placement in estrogen-deficient animals treated with a bone building drug, abaloparatide, compared to control.
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Graphical Abstract 

Introduction 
Osteoporosis is a systemic disease characterized by loss of 
bone mass and microarchitectural deterioration, resulting 
in increased skeletal fragility and susceptibility to life-
threatening fractures.1 Approximately 10 million Americans 
are affected by osteoporosis; one in two women and one 
in four men, over the age of 50 will experience a fragility 
fracture due to osteoporosis.2 The influence of osteoporosis 
on oral bone metabolism remains inconclusive, though 
there are studies that link an increase in alveolar bone loss 
and tooth loss in periodontitis patients to low systemic 

BMD.3 Periodontitis is a chronic inflammatory disease in 
which biofilm triggers host dysbiosis that results in loss of 
alveolar bone.4-8 Interestingly, several of the systemic health 
factors that are associated with osteoporosis, such as age, 
genetics, smoking, nutritional deficiencies, and hormonal 
changes (ie, menopause), are also linked to periodontal disease 
pathogenesis.3 

Emerging evidence indicates a complex interplay of aging 
and oral inflammation in the alveolar bone metabolism 
of patients with osteoporosis.3 The risk of osteoporosis 
is strongly related to advanced age and aging has been
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associated with physiologic deterioration, genomic and 
epigenomic alterations, and impaired cellular functions.9-11 

As a population with a higher susceptibility to tooth loss, the 
wound-healing process of alveolar bone in response to dental 
surgical procedures of the alveolus is of clinical consequence 
for patients affected by osteoporosis.3 Despite the age-related 
functional decline in systemic tissue repair and homeostasis, 
biological age alone has not been shown to influence implant 
osseointegration or survival clinically.12 Current evidence 
also fails to demonstrate higher rates of implant failure in 
individuals with osteoporosis.13,14 Nonetheless, osteoporosis 
has been associated with increased susceptibility to peri-
implant bone loss14 and is an established risk indicator 
for peri-implant diseases.15 Pharmacological therapies for 
osteoporosis such as bisphosphonates or anti-RANKL 
monoclonal neutralizing antibody (denosumab) introduce 
additional considerations in surgical dental treatment due 
to the potential risk for developing medication-related 
osteonecrosis of the jaw (ONJ).3,16 

One class of osteoporosis drugs with potential for use 
in oral regeneration comprises the parathyroid hormone 1 
receptor (PTH1R) agonists. Systemic administration of teri-
paratide, the biologically active, amino-terminal 34-amino-
acid fragment of PTH (1-84), has been demonstrated to 
improve bone regeneration of osseous defects in alveolar bone 
significantly and to enhance clinical parameters of periodon-
tal health.17 Abaloparatide (ABL), a 34-amino-acid analog 
of human PTHrP, selectively activates PTH1R signaling to 
promote anabolic activity. In the treatment of osteoporosis, 
ABL promotes greater bone density gains with less bone 
resorption when compared to teriparatide.18 In vitro data 
indicate that certain PTHrP analogs can distinguish between 
two high-affinity PTH1R conformations, R0 and RG and 
that ABL selectively binds to the RG PTH1R configuration, 
inducing a transient signaling response that favors bone for-
mation with lesser increases in bone resorption and blood 
calcium compared with R0 binding.19 This mechanism may 
account for the superior bone anabolic effects of ABL as 
compared to teriparatide in clinical trials, suggesting scientific 
and clinical value in determining alveolar bone responses 
to ABL. 

While dental implants are a highly efficacious treatment 
modality for tooth loss, implant therapy may present 
challenges in the treatment of osteoporosis patients due 
to concerns regarding bone quantity (limited mass and 
volume), quality (inferior microarchitectural and mechanical 
properties), or peri-implant bone healing (impaired bone 
metabolism affecting extraction socket healing or implant 
osseointegration).20-22 Despite the possible deleterious 
effects of osteoporosis on dental implant surgery, there are 
at present no preclinical studies having studied implant 
installation following tooth extraction in an osteoporosis in 
vivo rodent model using 6-mo-old ovariectomized animals. 
In the existing preclinical literature, favorable regenera-
tive capacity for extraction socket healing and implant 
osseointegration has been established in young (3-5 wk), 
male rats.23-25 The present study aimed to analyze (1) 
alveolar bone healing following maxillary tooth extraction, 
implant osseointegration, and peri-implant regeneration in 
a rat model of postmenopausal osteoporosis and (2) to 
investigate the effects of ABL, a PTHR1 agonist that is FDA-
approved for the treatment of osteoporosis, on alveolar bone 
regeneration. 

Materials and methods 
Preclinical model of alveolar bone defect from 
tooth extraction in post-menopausal osteoporosis 
All animal procedures were performed with approval from 
the Harvard Institutional Animal Care and Use Committee 
according to the ARRIVE guidelines for preclinical studies 
(IACUC Protocol ID #IS00003379). Female Sprague–Dawley 
rats were ovariectomized (OVX) or sham-operated, respec-
tively, at 16 wk of age and housed for 8 wk by a com-
mercial vendor (Charles River Laboratories) to allow for 
a period of bone depletion. At 24 wk of age, the animals 
(4 animals/cage) underwent a 7-d acclimation period upon 
arrival at the animal housing facility at the Harvard Center 
for Comparative Medicine. The total number of animals was 
64. Twenty-four animals (Sham-VEH; n = 8, OVX-VEH; n = 8,  
and OVX-ABL; n = 8) received unilateral extraction of the 
right maxillary first molar (M1) and were sacrificed at 6 wk 
post-extraction, when they were 7.5 mo old. Forty animals 
received bilateral M1 extraction followed by bilateral osseous 
defect creation and implant placement 6 wk post-extraction. 
Animals were sacrificed at 14 d (OVX-VEH; n = 9, OVX-ABL; 
n = 7) or 21 d (OVX-VEH; n = 13, OVX-ABL; n = 11) post-
implant placement. 

One day before surgery, the animals received subcuta-
neous (s.c.) injections of carprofen analgesic (5 mg/kg). Under 
general anesthesia using isoflurane (4% induction, 1%-2% 
maintenance), the maxillary M1 was extracted unilaterally 
(extraction socket healing only groups) or bilaterally (implant 
placement groups) using an atraumatic technique. Immedi-
ately following tooth extraction, the root sockets were irri-
gated with 0.9% normal saline and daily s.c. injections of ABL 
(25 μg/kg) or vehicle (saline) were initiated. Treatment group 
was allocated randomly. After 6 wk of socket healing, the 
unilateral M1 extraction groups were sacrificed, and bilateral 
M1 extraction groups underwent surgery for bilateral implant 
placement. The surgical operators (J.L. and S.M.) performed 
all procedures masked to the treatment allocations. A 1 cm 
crestal incision was made along the healed, edentulous M1 
ridge, and a full-thickness mucoperiosteal flap was elevated. 
Thereafter, an osteotomy with a standardized, well-shaped 
osseous defect measuring 2.2 mm in diameter in the coronal 
half and 0.95 mm in diameter in the apical half was created 
using a custom carbide step drill under copious irrigation 
with sterile saline as previously described.26 Surgical site 
preparation was followed by bilateral press-fitting installa-
tion of custom-fabricated, sterile, commercially pure, solid-
cylinder titanium implants (1 mm diameter, 2 mm length) 
with a titanium sandblasted, large grit, acid-etched surface 
(Institut Straumann AG, Waldenburg, Switzerland). The flap 
edges were approximated to obtain primary closure with 
8-0 absorbable polyglactin 910 (Flysorb©, Butterfly Italia, 
S.r.l, Cavenago di Brianza MB, Italy) sutures. The implants 
remained submerged and unloaded throughout the healing 
period. Following the extraction and implant procedures, 
multimodal pain control was performed with buprenorphine 
(1 mg/kg, s.c.) and carprofen (5 mg/kg, s.c.) immediately post-
operatively, as well as with additional carprofen administra-
tion (5 mg/kg, s.c.) for 2 d. For animals receiving implants, oral 
administration of an antibiotic, enrofloxacin (10 mg/kg), in 
0.1 mL glucose solution was performed 1 d before surgery and 
continued for 7 d postoperatively. A soft gel diet, nutritional 
supplement, and drinking water with ampicillin (268 μg/ml)
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Figure 1. Study design. Overview of experimental design. Four-month-old female Sprague–Dawley rats underwent a sham operation or ovariectomy (OVX) 
surgery to induce estrogen-deficiency. Animals were aged for 2 mo to allow for bone depletion. At 6 mo of age, animals underwent: (1) unilateral extraction 
of the maxillary first molar (M1) and sacrifice after 42 d socket healing; or (2) bilateral extraction of the maxillary M1 and received press-fit dental implants 
placed in osseous well-shaped defects at 42 d, followed by biopsy harvest at 14- or 21-d post-implant placement. 

were used for 7 d postoperatively. Daily monitoring was 
performed by the university veterinary staff and surgical team. 
Weight was measured in grams daily from the time of extrac-
tion until sacrifice to validate the effect of OVX treatment. 
OVX-treated animals demonstrated significantly higher body 
weights at the time of M1 extraction and 1, 2, 3, 4, 5, and 
6 wk post-extraction (p<.0001) ( Supplemental Figure S1). 
Increased body mass has been used as a proxy for the effect 
of estrogen depletion in OVX rats.27 An overview of the 
sample sizes, experimental groups, and surgical protocol is 
summarized in Figure 1. 

Maxillae harvest, micro-CT, histological 
preparation, and analysis 
The animals were euthanized by carbon dioxide inhalation 
overdose at the designated sacrifice time points. Posterior 
maxillary specimens were harvested, dissected, and fixed in 
10% neutral-buffered formalin for 2 d. The specimens were 
transferred to 70% alcohol and placed in 34 mm diameter 
specimen holders for micro-CT scanning (μCT100 Scanco 
Medical, Bassersdorf, Switzerland). The scan settings used 
were as follows: voxel size 18 μm, 90 kVp, 44 μA, 0.5 mm 
AL filter, and integration time 1000 ms. For the acquisi-
tion of the micro-CT images, all specimens were oriented 
along the sagittal plane. Scans were reconstructed and two-
and three-dimensional images were generated for all speci-
mens. Micro-CT analysis was performed following protocols 
described previously.24,25 In the unilateral extraction group, 

BMD was measured in the intact and extraction site using 
the mesial root socket as the region of interest (M1, 70 
slices, threshold 184 HU). In the implant groups, titration 
of the halo effect was done and the newly formed bone 
volume (Bone Volume Fill, BVF), as well as the BMD, were 
calculated within the defect and around the entire implant. 
Evaluation of the femur samples was performed using the 
midshaft as the region of interest (bone volume (BV), total 
volume (TV), BMD, 100 slices, threshold 184 HU). Anal-
ysis was performed by an experienced, masked examiner 
(T.F.) using Scanco software (Scanco Medical AG, Brüttisellen, 
Switzerland). 

Decalcified and undecalcified sections were prepared for 
histologic and histomorphometric analyses. Samples were 
decalcified in 10% EDTA for 3 wk, embedded in paraffin, and 
5 μm sections were obtained. A sagittal section of the maxilla 
was made to analyze extraction sockets and interradicular 
bone. The sections were stained with toluidine blue and 
basic fuchsin for histological analysis. Undecalcified sections 
were dehydrated in step gradients of alcohol, infiltrated, and 
embedded in MMA. Cross-sectional sections of ∼50-μm 
thickness were cut along each implant’s long axis using a 
diamond saw at the central portion of each implant (Isomet 
Low-Speed Saw, BUEHLER, United States). The sections 
were attached to plastic tissue slides, ground down to less 
than 20 μm with an Ecomet 300 Pro Grinder-Polisher 
(Buehler, United States), and polished. The sections were then 
stained with toluidine blue and basic fuchsin according to

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae113#supplementary-data
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previous protocols with slight modifications. Briefly, sections 
were placed in 0.1% formic acid for 5 min, quickly rinsed 
in distilled water (dH2O), dipped into 70% ethanol for 
15 min, followed by staining with 1% toluidine blue for 
5 min. After rinsing with dH2O, sections were dipped in 
70% ethanol for 1 min, and 1% basic fuchsin for 1 min, 
rinsed again with dH2O, dehydrated in a gradient of alcohol, 
and air dried. Microscopic images were captured with a 
Keyence BZ-X700E microscope (Keyence Corp. of America, 
Itaca, IL, United States). A semiquantitative analysis was 
performed for the coded specimens by a single experienced 
examiner (T.F.). 

Statistical analyses 
Analysis of micro-CT data were performed by one-way 
ANOVA followed by Tukey’s multiple comparison test 
to compare pairwise group differences using GraphPad 
Prism (version 10.0.2 for Mac, GraphPad Software, Boston, 
MA, United States). The data were presented as the 
mean ± standard deviation. A value of p<.05 was considered 
statistically significant. The minimum sample size to attain 
statistical significance of p<.05 with 80% power was 4 
animals per group based on results for peri-implant BMD 
from a previous study.28 

Results 
The final sample sizes were 23 animals (sham-VEH; n = 8,  
OVX-VEH; n = 7, and OVX-ABL; n = 8) in the unilateral 
extraction cohort and 39 animals with 57 implants in the 
bilateral implant cohort. Sixteen animals were sacrificed at 
14 d (OVX-VEH;  n = 9 with 12 implants, OVX-ABL; n = 7  
with 8 implants) post-implant placement and 23 animals were 
sacrificed at 21 d (OVX-VEH; n = 12 with 20 implants, OVX-
ABL; n = 11 with 17 implants) post-implant placement. Due 
to surgical complications, early implant loss, or artifacts with 
histological processing, the total number of specimens was 
reduced to 7-8 animals per group in the unilateral extraction 
cohort, 7-9 animals (8-12 implants, 37.5% overall) in the D14 
implant group, and 11-12 animals (17-20 implants, 22.9% 
overall) in the D21 implant group. No statistically significant 
relationship to the test or control treatment in the excluded 
specimens was noted. 

Clinical findings 
Following tooth extraction, many animals exhibited a delayed 
wound healing process, with some showing alveolar osteitis 
characterized by large areas of necrotic, exposed bone. The 
extent of osteonecrosis-like lesions in M1 sites was clinically 
evaluated in each animal before implant placement. Adequate 
healing was considered as a clinical appearance of intact soft 
tissue without bone exposure. Upon surgical entry, a lack of 
bone formation and sclerotic bone in the former extraction 
socket alveolus were observed in some animals. Sockets with 
adverse healing outcomes were characterized by minor, mod-
erate, or extensive regions of exposed or necrotic bone. The 
most severe cases of poor healing were accompanied by osteol-
ysis extending to the maxillary sinus floor and adjacent teeth. 
Exfoliated bone sequestra were observed in the most super-
ficial aspect of the mucosal tissue. Underlying these areas of 
necrotic bone, a residual ridge defect indicating compromised 
extraction socket healing was often detected. These clinical 

findings are summarized in Figure 2. Extraction sites with 
focal regions of exposed bone or fistulae that extended to bone 
were considered mild exposure. Extraction sites with moder-
ate exposure approximating the area of the original extraction 
socket to severe bone exposure extending to adjacent struc-
tures and/or significant ridge defects did not receive implants. 
Bone samples obtained from the extraction sites were assessed 
by aerobic and anaerobic cultures for microbial identification 
and susceptibility testing. Osteomyelitis or overt bacterial 
infection of the extraction socket was ruled out by the culture 
results which were negative for anaerobic growth; the panel 
of aerobic species included moderate growth for Escherichia 
coli, Citrobacter, and  Beta-hemolytic streptococci while Ente-
rococcus gallinarum growth was absent. A clinical veteri-
narian was consulted to confirm that the bacterial species 
identified was consistent with normal flora in the rat oral 
microbiome.29 

Micro-CT findings 
In the animals that received unilateral extractions and VEH or 
ABL injection for 6 wk, no significant difference was found in 
the BMD of healed extraction sockets. However, a significant 
difference was detected in the intact alveolar ridge of the 
contralateral maxillary M1 sites. Maxillary alveolar BMD 
was greater in the OVX-ABL group (p<.001) compared to 
the sham-VEH and OVX-VEH groups (Figure 3A-B). In the 
sham-VEH and OVX-VEH animals in the unilateral extrac-
tion cohort, there was a trend for decreased maxillary alveolar 
BMD in the OVX animals vs sham controls. 

After 9 wk of treatment in the D21 implant group, 
femoral shaft BMD was significantly greater in the group 
receiving ABL compared to the group receiving VEH (p<.001) 
(Figure 3C-D). One implant in the D14 implant group and 
four implants in the D21 implant group were excluded 
from micro-CT analysis due to displacement or adjacent 
tooth remnants. No defect was completely healed. Among 
the D14 and D21 implant groups overall, 61.4% of the 
samples (n = 35) exhibited a poorly defined lucent, mixed, 
or sclerotic lesion, sequestrum, periosteal proliferation, 
and/or destruction of adjacent structures (radiological signs 
consistent with osteonecrosis). In some samples, a modest 
amount of new bone formation was observed directly on the 
implant surface. In two samples, bone fractures were present. 
The micro-CT analysis of peri-implant bone fill (BV/TV) and 
peri-implant BMD in the peri-implant osseous well-shaped 
defect showed no significant differences between the D14 and 
D21 implant groups (Figure 4). 

Histological findings 
Extraction socket healing 
The extraction sockets of animals receiving VEH or ABL 
injection exhibited minimal new bone formation, but instead, 
a predominantly, cell-rich, and well-vascularized connective 
tissue without signs of inflammatory infiltrates was seen 
after 42 d of healing. Applying a semiquantitative histolog-
ical analysis, 100% of the animals in the sham-VEH group 
showed limited to no socket healing, characterized by a lack of 
bone formation throughout the socket. The OVX-ABL group 
demonstrated a slight tendency for improved socket regener-
ation with a 3-fold greater rate for moderate socket healing, 
which consisted of any amount of socket fill, when compared 
to the OVX-VEH group (43% vs 14%), however, this finding 
was not statistically significant (p = .1151) (Figure 5). Isolated
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Figure 2. Clinical findings. (A) Example of normal alveolar bone ridge healing without residual root tips, ridge defect, or bone exposure apparent clinically. 
(B) Adverse healing outcome involving necrotic, exposed bone. (C) Removal of exfoliated bone sequestrum. (D) Example of ridge defect with significant 
concavity in extraction site precluding implant placement. (E-F) Representative images of partial peri-implant healing with some bone formation on the  
implant surface (asterisk) amidst poorly defined lucent, mixed, or sclerotic lesion, sequestrum, periosteal proliferation and/or destruction of adjacent 
structures (radiological signs of an osteonecrosis). Dashed line shows peri-implant osseous well-defect border. (G) Representative clinical intraoral images 
showing varying degrees of osteonecrosis, from no visible bone exposure to mild, moderate, and extensive bone exposure. 

sequestra consisting of necrotic bone, as evidenced by empty 
osteocytic lacunae, were detected in numerous samples, and 
appeared to have exfoliated to the mucosal surface. Regions 
of bone apposition characterized by thickening or sclerosis 
of the basal aspect of the maxilla were also identified. The 
mucosal lining overlying the M1 site appeared intact in most 
samples. 

Implant healing 
In the bilateral extraction and implant groups, a significant 
number of samples exhibited histological evidence of peri-
implant osteonecrosis at 14- and 21-d post-implant place-
ment. The adverse healing was characterized by a disrupted 
mucosal lining, a high prevalence of empty osteocytic lacunae, 
the formation of bone sequestra, and new bone apposition 
at the basal aspect of the maxilla. The peri-implant defects 
displayed minimal new bone formation or a complete lack 
of osseous filling, along with a substantial area of osteolysis 
accompanied by the presence of connective tissue ingrowth 

surrounding the implant site. Some implants appeared to be 
dislocated. 

Discussion 
To our knowledge, this study was the first to evaluate 
post-extraction implant placement in a model of estrogen-
deficiency bone loss. In the present study, delayed extraction 
socket healing and a high incidence of alveolar osteitis 
were observed in the clinical, histological, and radiological 
qualitative assessments performed. These findings are in 
line with existing pre-clinical literature evaluating extraction 
socket healing in ovariectomized rats; a recent systematic 
review reported adverse effects of osteoporosis on alveolar 
socket repair, such as delayed healing and reduced volume 
of new bone formation, in 88% of 25 included studies.30 

Of note, in the four studies that utilized Sprague–Dawley 
rats,31-34 none reported clinical findings of osteonecrosis 
following tooth extraction in the OVX groups receiving
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Figure 3. Micro CT results in the femoral shaft and intact maxilla. Micro-CT analysis was performed to assess BMD in (A) intact maxillary alveolar sites 
where (B) BMD was greatest in the ovariectomized (OVX) group receiving abaloparatide (ABL) (p<.001). Between the two groups receiving vehicle 
injection, there was a trend for decreased BMD in the OVX animals. BMD in the (C) femur was assessed using the center of the diaphyseal portion and 
(D) BMD was greatest at 21 d post-implant placement in the group receiving ABL compared to the control (p<.001). 

Figure 4. Micro CT results: peri-implant bone fill and peri-implant bone density. Micro-CT analysis was performed to assess (A) peri-implant bone fill (BV/TV) 
and (B) peri-implant BMD in the peri-implant osseous well-shaped defect. No significant differences were detected between groups for either outcome. 

control treatments. However, these studies either used young 
animals or shorter periods of bone depletion inadequate 
to simulate the effects of osteoporosis in alveolar bone. 35 

Because bone formation peaks at 3 mo of age in Sprague– 
Dawley rats, simultaneous skeletal growth in younger animals 
may obscure any changes in alveolar bone related to OVX 
surgery.35 

While no other studies assess implant placement in rodent 
models of osteoporosis, one study performed osteotomy 
preparation alone in 12-mo-old, female, OVX Wistar rats.36 

The study reported a larger zone of apoptotic osteocytes 
in the osteotomies of the osteoporotic group compared to 
the control, suggesting that increased bone resorption and 
slower bone formation are consequences of an increased
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Figure 5. Histopathological spectrum of osteonecrosis in extraction sites. Histology of extraction sockets with moderate, limited, or no healing at 2×, 
4×, and 20× magnification. In the 2× view, the dashed lines indicate the socket borders. In the 2× view of the sample with limited to no healing, the 
socket is filled entirely with connective tissue without signs of inflammatory infiltrates. The dashed, square boxes in the 4× view indicate the region of 
magnification in the accompanying 20× view. The arrows in the 4× view of the sample with limited healing indicate bone apposition characterized by 
thickening or sclerosis of the basal aspect of the maxilla. In the 20× views of the samples with moderate and limited healing, asterisks mark the isolated 
sequestra of necrotic bone filled with numerous empty osteocytic lacunae. A chi-squared test revealed no significant difference in the number of samples 
with moderate or limited to no healing between treatment groups. (p = .1151). 

apoptotic response in the osteoporosis phenotype. 36 Estrogen 
withdrawal has been previously shown to induce osteocyte 
death by apoptosis and stimulate preferential local resorption 
via high concentrations of apoptotic osteocytes in both rodent 
and human tissue samples.37,38 Furthermore, it has been 
shown that disruption of bone remodeling pathways, such as 
the RANKL/OPG system, and signaling pathways, including 
BMPs, Wnt/β-catenin, and TGF-β, ultimately result in the 
elevated bone resorption and reduced bone formation seen 
in osteoporosis.39 Impaired structural integrity, angiogenesis, 
and bone fluid transport, further diminish wound healing 
capabilities in osteoporotic bone.40 Overall, declining 
cellular functions decreased osteoblastic activity, reduced 
mesenchymal stem cell differentiation potential, and limited 
availability of precursor cells essential for bone formation 
associated with aging may have contributed to the imbalance 
in bone remodeling dynamics observed (Figure 6).41 

In the current study, 6-mo-old, OVX and sham-operated 
animals following tooth extraction revealed a clinical appear-
ance consistent with alveolar osteitis; no significant difference 
in BMD was found in the healed extraction sockets between 
the experimental groups. Defective healing was characterized 
by areas of necrotic, exposed bone, and exfoliated bony 
sequestrae, along with a tendency for decreased BMD in 
maxillary alveolar bone in the OVX group compared to the 
sham. A quantitative radiological assessment of the new bone 
formation within the alveolar socket in the present study could 
not be performed due to the resorption of the alveolar ridge 
showing a minimally detectable alveolar socket boundary. 
Previous preclinical data demonstrated the ability of ABL to 
increase BMD in standard reference sites such as the femur, 
tibia, and lumbar vertebrae in younger, OVX rats.42 This study 
provides the first evidence of bone density-enhancing effects 
of ABL on alveolar bone, as the maxillary alveolar BMD
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Figure 6. Proposed mechanistic overview of alveolar bone healing. A complex interplay of health factors related to oral and systemic bone disease may 
contribute to altered extraction socket healing. A proposed mechanistic diagram demonstrates some of the relationships between aging, periodontal 
disease or inflammation, and osteoporosis. 

was significantly higher in the OVX-ABL group vs the sham-
VEH and OVX-VEH groups. Most of the implant samples 
displayed histological signs of peri-implant osteonecrosis after 
14 and 21 d in both treatment groups (OVX-VEH and OVX-
ABL). The peri-implant defects demonstrated minimal new 
bone formation or a complete absence of osseous filling, 
accompanied by osteolysis around the implant. In this type 
of peri-implant defect, a defect fill of more than 20% is 
typically expected after 14 d in young gonad-intact male 
rats. 28 Peri-implant bone fill and peri-implant BMD within 
the peri-implant defect did not exhibit significant changes in 
either group. These results contrast with multiple studies our 

group has published using the same implant model in younger 
animals showing normal tooth extraction socket healing and 
implant osseointegration.26,28,43-45 

While the present study provides new information on 
extraction socket healing in the maxillary alveolar bone of 
6-mo-old, OVX female Sprague–Dawley rats, the adverse 
healing outcomes represent a limitation of the study and 
should be considered when interpreting adverse outcomes in 
peri-implant healing. Furthermore, the current study only used 
female rats, limiting the generalizability of findings to males, 
and additional animal groups with varying ages or periods of 
bone depletion were not included. While the current model
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simulates osteoporosis in rats that are older than what is 
conventionally used for dental extraction studies, differences 
in bone metabolism, anatomy, and physiology between 
rats and humans should be considered when extrapolating 
the findings to human populations. Whether osteoporosis 
and aging have a synergistic negative impact on extraction 
socket healing in humans remains unknown, as patients 
directly undergo osteoporosis therapy and are not included 
untreated in clinical studies.46 However, it is known that 
trauma, infection, or inflammation can trigger osteonecrosis 
without antiresorptive or antiangiogenic medications in 
humans with osteoporosis.47 Specific to the aging process in 
rodents, radicular hypercementosis and hypermineralization 
of cementum tend to occur; resultant irregularities in the 
apical root morphology and low elastic modulus of cementum 
increased the difficulty of the molar extraction procedure 
and may have influenced socket healing in the 6-mo-old 
animals.48,49 How aging alone affects human alveolar bone 
healing is scarcely investigated and based on limited existing 
evidence, chronological age seems to not influence implant 
survival.50 The delayed extraction socket healing and altered 
peri-implant bone metabolism associated with aging and 
estrogen deficiency may have compromised dental implant 
placement in the present study and masked any potential 
effect of ABL on implant osseointegration or peri-implant 
regeneration. Considering the clinical outcomes following 
tooth extraction in the present study, earlier administration 
of bone anabolic therapies at the time of ovariectomy surgery 
may be beneficial for future research. 

Conclusion 
This study demonstrated that 6-mo-old rats with sham-
operation or ovariectomy exhibited impaired tooth extraction 
socket healing. The observed delayed wound repair, such as 
alveolar osteitis, decreased BMD, and impaired osseointegra-
tion underscore the demanding nature of this model. ABL 
exhibited a positive effect on native alveolar bone density 
while limitations with poor extraction socket healing masked 
effects on the implant outcomes. 

Acknowledgments 
The authors acknowledge the Interdisciplinary Translational Projects 
(ITP) Program from NIH/NIDCR U24 DE029462. The authors thank 
Michelle Lynch in the University of Michigan School of Dentistry 
Micro-CT core for her role in the micro-CT analysis. The authors also 
thank Emma Snyder-White and Carol Whitinger in the Orthopaedic 
Research Laboratories Histology Core, University of Michigan Medical 
School (U24 DE029462) for their contributions to the histologic analy-
sis. Special thanks to Abigail Baldwin for her assistance with animal care 
and study procedures and Balazs Feher for his insight into the statistical 
analysis. Material support for the study drug was generously provided 
by Radius Health. We are grateful to Institut Straumann provided 
material support for the dental implants. S.M. was supported by the 
Osteology Foundation and the Uehara Memorial Foundation and T.S. 
by the Sunstar Foundation. Figures created with BioRender.com. 

Author contributions 
The authors confirm contribution to the paper as follows: study con-
ception and design: Jessica M. Latimer, Shogo Maekawa, William 
V. Giannobile; data collection: Jessica M. Latimer, Shogo Maekawa, 
Takahiko Shiba, Tobias Fretwurst, Michael Chen, James V. Sugai; 

analysis and interpretation of results: James V. Sugai, Shogo Maekawa, 
Takahiko Shiba, Tobias Fretwurst, Lena Larsson, James V. Sugai, Paul 
Kostenuik, Bruce Mitlak, Beate Lanske, William V. Giannobile; initial 
draft manuscript preparation: Jessica M. Latimer, Shogo Maekawa, 
Takahiko Shiba, Tobias Fretwurst; all authors reviewed the results, 
edited, and approved the final version of the manuscript. 

Supplementary material 
Supplementary material is available at JBMR Plus online. 

Conflicts of interest 
B.M. and B.L. are employees of Radius Health, Inc. P.K. is a consultant 
to Amgen Inc, AgNovos, Ascendis, Ashi Bio, Mesentech, NextCure, 
Beren Therapeutics, Radius Health, UCB, and Myovant/Sumimoto. 

Data availability 
The data underlying this article will be shared on reasonable request to 
the corresponding author. 

References 
1. Martínez-Maestre M, González-Cejudo C, Machuca G, Torre-

jón R, Castelo-Branco C. Periodontitis and osteoporosis: a sys-
tematic review. Climacteric. 2010;13(6):523-529. https://doi.o 
rg/10.3109/13697137.2010.500749 

2. Wright NC, Looker AC, Saag KG, et al. The recent prevalence of 
osteoporosis and low bone mass in the United States based on bone 
mineral density at the femoral neck or lumbar spine. J Bone Miner 
Res. 2014;29(11):2520-2526. https://doi.org/10.1002/jbmr.2269 

3. Yu B, Wang CY. Osteoporosis and periodontal diseases - an update 
on their association and mechanistic links. Periodontol 2000. 
2022;89(1):99-113. https://doi.org/10.1111/prd.12422 

4. Seeman E, Hopper JL, Bach LA, et al. Reduced bone mass in daugh-
ters of women with osteoporosis. N Engl J Med. 1989;320(9):554-
558. https://doi.org/10.1056/NEJM198903023200903 

5. Michalowicz BS, Diehl SR, Gunsolley JC, et al. Evidence of 
a substantial genetic basis for risk of adult periodontitis. J 
Periodontol. 2000;71(11):1699-1707. https://doi.org/10.1902/jo 
p.2000.71.11.1699 

6. Nordin BEC, WIshart JM, Clifton PM, et al. A longitudinal 
study of bone-related biochemical changes at the menopause. 
Clin Endocrinol. 2004;61(1):123-130. https://doi.org/10.1111/ 
j.1365-2265.2004.02066.x 

7. Karasik D, Rivadeneira F, Johnson ML. The genetics of bone 
mass and susceptibility to bone diseases. Nat Rev Rheumatol. 
2016;12(6):323-334. https://doi.org/10.1038/nrrheum.2016.48 

8. Papapanou PN, Sanz M, Buduneli N, et al. Periodontitis: consensus 
report of workgroup 2 of the 2017 World Workshop on the Classi-
fication of Periodontal and Peri-Implant Diseases and Conditions. 
J Periodontol. 2018;89(Suppl 1):S173-s182 

9. Hajishengallis G. Aging and its impact on innate immunity 
and inflammation: implications for periodontitis. J Oral Biosci. 
2014;56(1):30-37. https://doi.org/10.1016/j.job.2013.09.001 

10. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The 
hallmarks of aging. Cell. 2013;153(6):1194-1217. https://doi.o 
rg/10.1016/j.cell.2013.05.039 

11. Yamada S, Uchida K, Iwamoto Y, et al. Panoramic radiography 
measurements, osteoporosis diagnoses and fractures in Japanese 
men and women. Oral Dis. 2015;21(3):335-341. https://doi.o 
rg/10.1111/odi.12282 

12. Fretwurst T, Nelson K. Influence of medical and geriatric fac-
tors on implant success: an overview of systematic reviews. 
Int J Prosthodont. 2021;34(1):s21-s26. https://doi.org/10.11607/i 
jp.7000

BioRender.com
BioRender.com
BioRender.com
BioRender.com
BioRender.com
BioRender.com
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae113#supplementary-data
https://doi.org/10.3109/13697137.2010.500749
https://doi.org/10.3109/13697137.2010.500749
https://doi.org/10.3109/13697137.2010.500749
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1002/jbmr.2269
https://doi.org/10.1111/prd.12422
https://doi.org/10.1111/prd.12422
https://doi.org/10.1111/prd.12422
https://doi.org/10.1111/prd.12422
https://doi.org/10.1056/NEJM198903023200903
https://doi.org/10.1056/NEJM198903023200903
https://doi.org/10.1056/NEJM198903023200903
https://doi.org/10.1056/NEJM198903023200903
https://doi.org/10.1056/NEJM198903023200903
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1902/jop.2000.71.11.1699
https://doi.org/10.1111/j.1365-2265.2004.02066.x
https://doi.org/10.1111/j.1365-2265.2004.02066.x
https://doi.org/10.1111/j.1365-2265.2004.02066.x
https://doi.org/10.1111/j.1365-2265.2004.02066.x
https://doi.org/10.1111/j.1365-2265.2004.02066.x
https://doi.org/10.1038/nrrheum.2016.48
https://doi.org/10.1038/nrrheum.2016.48
https://doi.org/10.1038/nrrheum.2016.48
https://doi.org/10.1038/nrrheum.2016.48
https://doi.org/10.1038/nrrheum.2016.48
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.job.2013.09.001
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1111/odi.12282
https://doi.org/10.1111/odi.12282
https://doi.org/10.1111/odi.12282
https://doi.org/10.1111/odi.12282
https://doi.org/10.11607/ijp.7000
https://doi.org/10.11607/ijp.7000
https://doi.org/10.11607/ijp.7000
https://doi.org/10.11607/ijp.7000


JBMR Plus, 2024, Volume 8 Issue 10 11

13. Aghaloo T, Pi-Anfruns J, Moshaverinia A, Sim D, Grogan T, 
Hadaya D. The effects of systemic diseases and medications on 
implant osseointegration: a systematic review. Int J Oral Max-
illofac Implants. 2019;34(S):s35-s49. https://doi.org/10.11607/jo 
mi.19suppl.g3 

14. Lemos CAA, de Oliveira AS, Faé DS, et al. Do dental 
implants placed in patients with osteoporosis have higher 
risks of failure and marginal bone loss compared to those in 
healthy patients? A systematic review with meta-analysis. Clin 
Oral Investig. 2023;27(6):2483-2493. https://doi.org/10.1007/ 
s00784-023-05005-2 

15. Apaza-Bedoya K, Galarraga-Vinueza ME, Correa BB, Schwarz F, 
Bianchini MA, Magalhães Benfatti CA. Prevalence, risk indicators, 
and clinical characteristics of peri-implant mucositis and peri-
implantitis for an internal conical connection implant system: a 
multicenter cross-sectional study. J Periodontol. 2023;95(6):582-
593. https://doi.org/10.1002/JPER.23-0355 

16. Mendes V, Dos Santos GO, Calasans-Maia MD, Granjeiro JM, 
Moraschini V. Impact of bisphosphonate therapy on dental 
implant outcomes: an overview of systematic review evidence. 
Int J Oral Maxillofac Surg. 2019;48(3):373-381. https://doi.o 
rg/10.1016/j.ijom.2018.09.006 

17. Bashutski JD, Eber RM, Kinney JS, et al. Teriparatide and osseous 
regeneration in the oral cavity. N Engl J Med. 2010;363(25):2396-
2405. https://doi.org/10.1056/NEJMoa1005361 

18. Miller PD, Hattersley G, Riis BJ, et al. Effect of abaloparatide vs 
placebo on new vertebral fractures in postmenopausal women with 
osteoporosis: a randomized clinical trial. JAMA. 2016;316(7):722-
733. https://doi.org/10.1001/jama.2016.11136 

19. Hattersley G, Dean T, Corbin BA, Bahar H, Gardella TJ. Bind-
ing selectivity of abaloparatide for PTH-type-1-receptor confor-
mations and effects on downstream signaling. Endocrinology. 
2016;157(1):141-149. https://doi.org/10.1210/en.2015-1726 

20. Savoca MR, Arcury TA, Leng X, et al. Severe tooth loss in 
older adults as a key indicator of compromised dietary quality. 
Public Health Nutr. 2010;13(4):466-474. https://doi.org/10.1017/ 
S1368980009991236 

21. Emami E, de Souza RF, Kabawat M, Feine JS. The impact 
of edentulism on oral and general health. Int J Dent. 
2013;2013(1):498305. https://doi.org/10.1155/2013/498305 

22. Watanabe Y, Hirano H, Arai H, et al. Relationship between frailty 
and oral function in community-dwelling elderly adults. J Am  
Geriatr Soc. 2017;65(1):66-76. https://doi.org/10.1111/jgs.14355 

23. Lin Z, Rios HF, Volk SL, Sugai JV, Jin Q, Giannobile WV. Gene 
expression dynamics during bone healing and osseointegration. 
J Periodontol. 2011;82(7):1007-1017. https://doi.org/10.1902/jo 
p.2010.100577 

24. Wang CW, Yu SH, Fretwurst T, et al. Maresin 1 promotes 
wound healing and socket bone regeneration for alveolar 
ridge preservation. J Dent Res. 2020;99(8):930-937. https://doi.o 
rg/10.1177/0022034520917903 

25. Maekawa S, Cho Y-D, Kauffmann F, et al. BMP gene-
immobilization to dental implants enhances bone regenera-
tion. Adv Mater Interfaces. 2022;9(22):2200531. https://doi.o 
rg/10.1002/admi.202200531 

26. Dunn CA, Jin Q, Taba M Jr, Franceschi RT, Bruce Rutherford R, 
Giannobile WV. BMP gene delivery for alveolar bone engineering 
at dental implant defects. Mol Ther. 2005;11(2):294-299. https:// 
doi.org/10.1016/j.ymthe.2004.10.005 

27. Yousefzadeh N, Kashfi K, Jeddi S, Ghasemi A. Ovariectomized rat 
model of osteoporosis: a practical guide. EXCLI J. 2020;19:89-
107. https://doi.org/10.17179/excli2019-1990 

28. Yu SH, Hao J, Fretwurst T, et al. Sclerostin-neutralizing antibody 
enhances bone regeneration around oral implants. Tissue Eng 
Part A. 2018;24(21-22):1672-1679. https://doi.org/10.1089/ten. 
tea.2018.0013 

29. Hyde ER, Luk B, Cron S, et al. Characterization of the rat 
oral microbiome and the effects of dietary nitrate. Free Radic 

Biol Med. 2014;77:249-257. https://doi.org/10.1016/j.freeradbio 
med.2014.09.017 

30. Só BB, Silveira FM, Llantada GS, et al. Effects of osteoporosis on 
alveolar bone repair after tooth extraction: a systematic review of 
preclinical studies. Arch Oral Biol. 2021;125:105054. https://doi.o 
rg/10.1016/j.archoralbio.2021.105054 

31. Shoji K, Basso N, Elsubeihi ES, Heersche JN. Short-term effect 
of ovariectomy on osteoprogenitors in the healing rat mandibular 
incisor extraction socket. Osteoporos Int. 2008;19(8):1193-1201. 
https://doi.org/10.1007/s00198-007-0558-y 

32. Jee JH, Lee W, Lee BD. The influence of alendronate on the 
healing of extraction sockets of ovariectomized rats assessed by 
in vivo micro-computed tomography. Oral Surg Oral Med Oral 
Pathol Oral Radiol Endod. 2010;110(2):e47-e53. https://doi.o 
rg/10.1016/j.tripleo.2010.03.025 

33. Liu X, Zhang R, Zhou Y, et al. The effect of Astragalus extractive 
on alveolar bone rebuilding progress of tooth extracted socket 
of ovariectomied rats. Afr J Tradit Complement Altern Med. 
2014;11(5):91-98. https://doi.org/10.4314/ajtcam.v11i5.15 

34. Kim JW, Tatad JCI, Landayan MEA, Kim SJ, Kim MR. Animal 
model for medication-related osteonecrosis of the jaw with prece-
dent metabolic bone disease. Bone. 2015;81:442-448. https://doi.o 
rg/10.1016/j.bone.2015.08.012 

35. Johnston BD, Ward WE. The ovariectomized rat as a model for 
studying alveolar bone loss in postmenopausal women. Biomed 
Res Int. 2015;2015:635023 

36. Chen CH, Wang L, Serdar Tulu U, et al. An osteopenic/osteoporotic 
phenotype delays alveolar bone repair. Bone. 2018;112:212-219. 
https://doi.org/10.1016/j.bone.2018.04.019 

37. Tomkinson A, Reeve J, Shaw RW, Noble BS. The death of osteo-
cytes via apoptosis accompanies estrogen withdrawal in human 
bone. J Clin Endocrinol Metab. 1997;82(9):3128-3135 

38. Tomkinson A, Gevers EF, Wit JM, Reeve J, Noble BS. The 
role of estrogen in the control of rat osteocyte apoptosis. J 
Bone Miner Res. 1998;13(8):1243-1250. https://doi.org/10.1359/ 
jbmr.1998.13.8.1243 

39. Song S, Guo Y, Yang Y, Fu D. Advances in pathogenesis and 
therapeutic strategies for osteoporosis. Pharmacol Ther. 2022; 
237:108168. https://doi.org/10.1016/j.pharmthera.2022.108168 

40. Cheung WH, Miclau T, Chow SK, Yang FF, Alt V. Fracture healing 
in osteoporotic bone. Injury. 2016;47(Suppl 2):S21-S26. https:// 
doi.org/10.1016/S0020-1383(16)47004-X 

41. Boskey AL, Coleman R. Aging and bone. J Dent Res. 
2010;89(12):1333-1348. https://doi.org/10.1177/002203451037 
7791 

42. Varela A, Chouinard L, Lesage E, et al. One year of abaloparatide, 
a selective peptide activator of the PTH1 receptor, increased bone 
mass and strength in ovariectomized rats. Bone. 2017;95:143-150. 
https://doi.org/10.1016/j.bone.2016.11.027 

43. Chang PC, Seol YJ, Cirelli JA, et al. PDGF-B gene therapy 
accelerates bone engineering and oral implant osseointegra-
tion. Gene Ther. 2010;17(1):95-104. https://doi.org/10.1038/ 
gt.2009.117 

44. Chang PC, Seol YJ, Kikuchi N, Goldstein SA, Giannobile WV. 
Functional apparent moduli as predictors of oral implant osseoin-
tegration dynamics. J Biomed Mater Res B Appl Biomater. 
2010;94(1):118-126. https://doi.org/10.1002/jbm.b.31631 

45. Chang PC, Seol YJ, Goldstein SA, Giannobile WV. Determination 
of the dynamics of healing at the tissue-implant interface by means 
of microcomputed tomography and functional apparent moduli. 
Int J Oral Maxillofac Implants. 2013;28(1):68-76. https://doi.o 
rg/10.11607/jomi.2614 

46. Lesclous P, Cloitre A, Catros S, et al. Alendronate or Zoledronic 
acid do not impair wound healing after tooth extraction in 
postmenopausal women with osteoporosis. Bone. 
2020;137:115412. https://doi.org/10.1016/j.bone.2020.115412 

47. Ruggiero SL, Dodson TB, Aghaloo T, Carlson ER, Ward BB, 
Kademani D. American Association of Oral and Maxillofacial

https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.11607/jomi.19suppl.g3
https://doi.org/10.1007/s00784-023-05005-2
https://doi.org/10.1007/s00784-023-05005-2
https://doi.org/10.1007/s00784-023-05005-2
https://doi.org/10.1007/s00784-023-05005-2
https://doi.org/10.1002/JPER.23-0355
https://doi.org/10.1002/JPER.23-0355
https://doi.org/10.1002/JPER.23-0355
https://doi.org/10.1002/JPER.23-0355
https://doi.org/10.1002/JPER.23-0355
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1016/j.ijom.2018.09.006
https://doi.org/10.1056/NEJMoa1005361
https://doi.org/10.1056/NEJMoa1005361
https://doi.org/10.1056/NEJMoa1005361
https://doi.org/10.1056/NEJMoa1005361
https://doi.org/10.1056/NEJMoa1005361
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1001/jama.2016.11136
https://doi.org/10.1210/en.2015-1726
https://doi.org/10.1210/en.2015-1726
https://doi.org/10.1210/en.2015-1726
https://doi.org/10.1210/en.2015-1726
https://doi.org/10.1017/S1368980009991236
https://doi.org/10.1017/S1368980009991236
https://doi.org/10.1017/S1368980009991236
https://doi.org/10.1017/S1368980009991236
https://doi.org/10.1155/2013/498305
https://doi.org/10.1155/2013/498305
https://doi.org/10.1155/2013/498305
https://doi.org/10.1111/jgs.14355
https://doi.org/10.1111/jgs.14355
https://doi.org/10.1111/jgs.14355
https://doi.org/10.1111/jgs.14355
https://doi.org/10.1902/jop.2010.100577
https://doi.org/10.1902/jop.2010.100577
https://doi.org/10.1902/jop.2010.100577
https://doi.org/10.1902/jop.2010.100577
https://doi.org/10.1902/jop.2010.100577
https://doi.org/10.1177/0022034520917903
https://doi.org/10.1177/0022034520917903
https://doi.org/10.1177/0022034520917903
https://doi.org/10.1002/admi.202200531
https://doi.org/10.1002/admi.202200531
https://doi.org/10.1002/admi.202200531
https://doi.org/10.1002/admi.202200531
https://doi.org/10.1016/j.ymthe.2004.10.005
https://doi.org/10.1016/j.ymthe.2004.10.005
https://doi.org/10.1016/j.ymthe.2004.10.005
https://doi.org/10.1016/j.ymthe.2004.10.005
https://doi.org/10.1016/j.ymthe.2004.10.005
https://doi.org/10.17179/excli2019-1990
https://doi.org/10.17179/excli2019-1990
https://doi.org/10.17179/excli2019-1990
https://doi.org/10.17179/excli2019-1990
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1089/ten.tea.2018.0013
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1016/j.archoralbio.2021.105054
https://doi.org/10.1007/s00198-007-0558-y
https://doi.org/10.1007/s00198-007-0558-y
https://doi.org/10.1007/s00198-007-0558-y
https://doi.org/10.1007/s00198-007-0558-y
https://doi.org/10.1007/s00198-007-0558-y
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.1016/j.tripleo.2010.03.025
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.4314/ajtcam.v11i5.15
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2015.08.012
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1016/j.bone.2018.04.019
https://doi.org/10.1359/jbmr.1998.13.8.1243
https://doi.org/10.1359/jbmr.1998.13.8.1243
https://doi.org/10.1359/jbmr.1998.13.8.1243
https://doi.org/10.1359/jbmr.1998.13.8.1243
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/j.pharmthera.2022.108168
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1016/S0020-1383(16)47004-X
https://doi.org/10.1177/0022034510377791
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1016/j.bone.2016.11.027
https://doi.org/10.1038/gt.2009.117
https://doi.org/10.1038/gt.2009.117
https://doi.org/10.1038/gt.2009.117
https://doi.org/10.1038/gt.2009.117
https://doi.org/10.1002/jbm.b.31631
https://doi.org/10.1002/jbm.b.31631
https://doi.org/10.1002/jbm.b.31631
https://doi.org/10.1002/jbm.b.31631
https://doi.org/10.1002/jbm.b.31631
https://doi.org/10.11607/jomi.2614
https://doi.org/10.11607/jomi.2614
https://doi.org/10.11607/jomi.2614
https://doi.org/10.11607/jomi.2614
https://doi.org/10.11607/jomi.2614
https://doi.org/10.1016/j.bone.2020.115412
https://doi.org/10.1016/j.bone.2020.115412
https://doi.org/10.1016/j.bone.2020.115412
https://doi.org/10.1016/j.bone.2020.115412
https://doi.org/10.1016/j.bone.2020.115412
https://doi.org/10.1016/j.bone.2020.115412


12 JBMR Plus, 2024, Volume 8 Issue 10

Surgeons’ position paper on medication-related osteonecrosis 
of the jaws-2022 update. J Oral Maxillofac Surg. 2022;80(5): 
920-943. https://doi.org/10.1016/j.joms.2022.02.008 

48. Gómez PA, Cabrini RL. Anatomic variations of the root canal 
of the rat according to age. Acta Odontol Latinoam. 2004;17 
(1-2):39-42 

49. Ho SP, Yu B, Yun W, Marshall GW, Ryder MI, Marshall SJ. 
Structure, chemical composition and mechanical properties of 

human and rat cementum and its interface with root dentin. 
Acta Biomater. 2009;5(2):707-718. https://doi.org/10.1016/j.a 
ctbio.2008.08.013 

50. Schimmel M, Srinivasan M, McKenna G, Müller F. Effect of 
advanced age and/or systemic medical conditions on dental 
implant survival: a systematic review and meta-analysis. Clin 
Oral Implants Res. 2018;29(Suppl 16):311-330. https://doi.o 
rg/10.1111/clr.13288

https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.joms.2022.02.008
https://doi.org/10.1016/j.actbio.2008.08.013
https://doi.org/10.1016/j.actbio.2008.08.013
https://doi.org/10.1016/j.actbio.2008.08.013
https://doi.org/10.1016/j.actbio.2008.08.013
https://doi.org/10.1016/j.actbio.2008.08.013
https://doi.org/10.1111/clr.13288
https://doi.org/10.1111/clr.13288
https://doi.org/10.1111/clr.13288
https://doi.org/10.1111/clr.13288

	 Healing sequelae following tooth extraction and dental implant placement in an aged, ovariectomy model
	Introduction
	Materials and methods  
	Results
	Discussion
	Conclusion
	 Acknowledgments
	Author contributions
	Supplementary material
	Conflicts of interest
	Data availability


