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 2 

Abstract  20 

Residual ridge resorption (RRR) is a chronic and progressive bone resorption following 21 

tooth loss. It causes deterioration of the oral environments and leads to the pathogenesis 22 

of various systemic diseases. However, the molecular mechanisms and risk factors for 23 

RRR progression are still unclear and controversial. In this study, we developed a tooth 24 

extraction model using mice for analyzing long-term morphological and gene expression 25 

changes in the alveolar bone. We further applied ovariectomy to this model to elucidate 26 

the effects of osteoporosis on RRR progression. As a result, the alveolar bone loss was 27 

biphasic and consisted of rapid loss in the early stages and subsequently slow and 28 

sustained bone loss over a long period. Gene expression analysis indicated that 29 

ovariectomy increased the expression of pro-inflammatory cytokines in the alveolar bone 30 

and prolonged the activation of osteoclasts same as histological analysis. Furthermore, 31 

the expressions of Tnfsf11 and Sema4d kept increasing for a long time in OVX mice. 32 

Administration of neutralization antibodies for receptor activator of NF-κB ligand 33 

(RANKL) effectively suppressed RRR. Similarly, inhibition of Semaphorin 4d (Sema4d) 34 

also improved alveolar bone loss. This study demonstrated that osteoporosis is a risk 35 

factor for RRR and that RANKL and Sema4d suppression are potential treatments. 36 

 37 
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Introduction 38 

Residual ridge resorption (RRR) is a continuous, often lifelong, alveolar bone resorption 39 

occurring after tooth loss. Losing teeth in adult is the result of injury or disease, such as 40 

dental avulsion, tooth decay, and periodontal disease. The proportion of people who lost 41 

their teeth increases with age. In Japan, 40% of people in their late 40s and 60% of people 42 

in their early 50s have lost at least one tooth1. In the United States. 26% of adults aged 65 43 

or older have eight or fewer teeth and about 17% in them have lost all of their teeth27. 44 

RRR therefore can occur in anyone with a high probability. 45 

 RRR follows initial wound healing, which includes epithelial integrity 46 

restoration accompanied by bone formation within the extraction socket and bone 47 

resorption at the edge of the socket. After the initial rapid healing stage, bone resorption 48 

slows down but sometimes persists for a long time. As RRR progresses, dentures become 49 

unstable, and dental implant placement becomes difficult, thus worsening the oral health-50 

related quality of life and social activity. Several studies have suggested that prolonged 51 

alveolar bone resorption is caused by aging, excessive mechanical stress, and 52 

periodontitis3-5. However, the risk factors of RRR progression are still controversial. 53 

Osteoporosis is a metabolic disease that affects postmenopausal women. This 54 

disease is commonly characterized by low bone mass and bone tissue deterioration, which 55 
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can lead to increased risk of bone fractures. However, not all individuals with 56 

osteoporosis develop RRR. Some animal studies have demonstrated positive correlations 57 

between alveolar bone loss or delayed healing of extraction sockets and systemic 58 

osteoporosis6, 7. Contrarily, others have shown a weak relationship or no relevance at all8, 59 

9. Thus, the relationship between osteoporosis and jawbone resorption has not been 60 

elucidated. 61 

The treatment for osteoporosis mainly involves two drug types. Most of the 62 

currently available drugs for osteoporosis are bisphosphonates or anti-RANKL 63 

monoclonal antibody drugs. These drugs inhibit osteoclastic bone resorption; however, 64 

they can sometimes, but not necessarily, induce drug-related osteonecrosis of the jaw 65 

(ARONJ) following tooth extraction10, 11. Another type of drug promoting osteoblastic 66 

bone formation is parathyroid hormone (PTH). Intermittent administration of PTH can 67 

treat osteoporosis of long bones and vertebrae12, and some studies have indicated that 68 

intermittent PTH therapy could increase the mineral density of the jawbone in animal 69 

models13, 14. However, intermittent PTH treatment only initially increases bone formation 70 

and promotes bone resorption; therefore, the treatment period is limited. A Sost-specific 71 

antibody treatment, which promotes bone formation and inhibits bone resorption, was 72 

developed and used clinically. An animal study suggested that sclerostin inhibition 73 
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increased the alveolar bone volume and architecture in rats with alveolar bone loss15. 74 

Semaphorin 4d (Sema4d) is expressed by osteoclasts and is a mediator of 75 

osteoclast–osteoblast communication. Moreover, it inhibits osteoblastic bone formation. 76 

Injection of Sema4d-specific antibodies into ovariectomized mice was shown to promote 77 

osteoblastic bone formation without affecting osteoclastic bone resorption in the femur16. 78 

However, there have only been a few reports on the therapeutic effect of Sema4d 79 

inhibition on jawbone loss following tooth extraction. 80 

This study aimed to 1) elucidate the factor of alveolar bone resorption using a 81 

murine tooth extraction model and 2) investigate whether injection of RANKL-specific 82 

antibodies or Sema4d-specific antibodies could be a useful approach to the suppression 83 

of alveolar bone resorption in an ovariectomized mouse model of postmenopausal 84 

osteoporosis. 85 

  86 
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RESULTS 87 

Maxillary teeth extractions in mice does not induce long-term loss of maxillary 88 

alveolar bone volume 89 

RRR in humans is characterized by sustained loss of the mandible and maxillary bone 90 

mass for prolonged periods following tooth extraction. However, there is little 91 

information about bone morphological changes after extraction in other mammals, 92 

including rodents. Therefore, we investigated the morphological changes of the maxillary 93 

alveolar bones of mice following teeth extractions using µCT imaging. At 16 weeks after 94 

teeth extractions, the maxillary bone was absorbed on the maxillary sinus side and the 95 

maxilla alveolar crest side but was only absorbed slightly on the buccal side 96 

(Supplementary Fig. S1 online). 97 

We examined the long-period changes of BV on the extracted and non-extracted 98 

sides of the maxillary bone from day 0 to 24 weeks following teeth extractions. The BV 99 

of the extracted side rapidly decreased to 73.6% ± 1.51% (mean ± standard deviation) by 100 

9 weeks post-extraction (Fig. 1a). Subsequently, although the alveolar BV slightly 101 

decreased, there was no significant difference between 9 and 24 weeks (P = 0.27 102 

calculated using Student’s t-test). This result suggested that alveolar bone resorption 103 

following teeth extractions is rarely long-lasting in healthy mice. 104 
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The CT value at an extraction socket of the first molar recovered to 80.0% ± 105 

0.06% of the amount of the adjacent alveolar bone of the buccal side at 5 weeks post-106 

extraction, indicating that the extraction socket of the first molar was almost filled with 107 

new bone by 5 weeks post-extraction (Fig. 1b). 108 

These results indicated that the sharp decrease in alveolar BV in the weeks 109 

following teeth extractions was related to the activation of bone remodeling during 110 

healing of the extraction socket17, 18. 111 

 112 

Ovariectomy promotes long-term resorption of the maxillary bone after teeth 113 

extractions 114 

Postmenopausal osteoporosis could be one of the possible risk factors for ridge 115 

resorption19. We analyzed bone morphology following teeth extractions using OVX mice 116 

as an animal model for osteoporosis. The images obtained via superimposition of CT-3D 117 

images revealed that the height and width of the alveolar bone were reduced after 16 118 

weeks post-extraction in OVX mice (Fig. 2a). 119 

The temporal observation of alveolar BV with µCT indicated that the BV in 120 

OVX mice rapidly decreased to 69.7% ± 2.60% at 5 weeks post-extraction and 121 

subsequently decreased gradually to 55.3% ± 2.63% by 17 weeks following teeth 122 
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extractions. This result indicated that alveolar bone resorption in OVX mice continues 123 

over the long term. Meanwhile, the BV in the sham mice decreased to 84.5% ± 0.30% at 124 

5 weeks and then slightly decreased, but was not statistically significant (P = 0.267 125 

calculated using Student’s t-test), to 79.5% ± 0.49% at 17 weeks (Fig. 2b). This kinetic 126 

BV change in the sham mice was almost identical to the non-treated mice (Fig. 1a). 127 

The ratio of the CT values in the extraction socket of sham mice recovered to 128 

84.2% ± 3.05% at 5 weeks after extraction and reached 96.7% ± 0.89% at 17 weeks, 129 

whereas the CT value in that of OVX mice only recovered to 55.5% ± 1.33% at five weeks 130 

and subsequently remained almost unchanged during our observation period up to 17 131 

weeks (66.1% ± 3.06%) following teeth extractions (Fig. 2c). This result indicated that 132 

the extraction socket was not entirely restored in the OVX mice. 133 

 134 

Prolonged activation of bone remodeling during the restoration of extraction sockets 135 

in OVX mice 136 

We examined the temporal distribution of osteoclasts during healing of the extraction 137 

sockets using enzymatic histochemistry of TRAP, which demonstrated that osteoclasts 138 

increased around the extraction sockets immediately after teeth extractions (Fig. 3a). High 139 

TRAP activity persisted in the tooth extraction area, especially on the surface of the 140 
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buccal side of the alveolar bone of OVX mice even at 12 weeks following teeth 141 

extractions. Quantitative image analysis revealed that there was prolonged activation of 142 

osteoclasts around the tooth extraction site of OVX mice (Fig. 3b). 143 

Furthermore, quantitative PCR analysis confirmed that the increased expressions 144 

of gene expression encoding the osteoclast-related molecules—Acp5, Mmp9, and Ctsk, 145 

Ccl2—were sustained up to 12 weeks following teeth extractions in the alveolar bone of 146 

OVX mice (Fig. 4). These data suggested that osteoclast activities were sustained for a 147 

long time after teeth extractions in the alveolar bone of OVX mice. 148 

We detected persistent increases in the expressions of genes encoding osteoblast-149 

related molecules, including Alpl, Bglap, Tnfsf11, Dkk1, Slc2a1, Sema4d, Sost, and Runx2, 150 

except for Tnfrsf11b, in OVX mice (Fig. 4). Similar increased expressions in OVX mice 151 

were observed for genes encoding proinflammatory cytokines, including Tnf, Ifng, and 152 

Il1a, except for Il17 (Fig. 4). 153 

 154 

Neutralization of RANKL or Sema4d can prevent bone resorption of alveolar bone 155 

RANKL is expressed on the surface of osteoblasts and enhances osteoclastogenesis20. 156 

Sema4d derived from osteoclasts inhibits osteoblastic bone formation16. Consequently, 157 

both molecules may promote bone resorption. We confirmed that the increased 158 
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expressions of genes Tnfsf11 and Sema4d encoding RANKL and Sema4d, respectively, 159 

in alveolar bone were sustained at least until 12 weeks after teeth extractions (Fig. 4). 160 

We examined the effects of antibodies for RANKL and Sema4d. As a result, both 161 

neutralizing antibodies increased the volumes of alveolar bone after teeth extractions; the 162 

BV was increased to 126.5% and 130.0% at 12 weeks after teeth extractions of OVX mice 163 

administered with anti-RANKL and anti-Sema4d antibodies, respectively, compared with 164 

that of the control experiment (Fig. 5). These data indicated the possibility that 165 

neutralization of RANKL or Sema4d inhibits long-time bone resorption and sustainably 166 

increases bone formation in alveolar bone after teeth extractions. 167 

  168 
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Discussion 169 

Bone loss in the mandibular or maxillary bones, which lasts long following tooth loss, is 170 

characteristic of RRR in humans. In this study, we used mice as an experimental model 171 

to observe long-term maxillary BV for up to 24 weeks after teeth extractions. We found 172 

that, in healthy mice, a sharp decrease in BV was observed in the short period after teeth 173 

extractions, and subsequently, the loss of BV was slight or almost none. Conversely, 174 

ovariectomized mice, used as animal model of postmenopausal osteoporosis, had long-175 

lasting gradual loss of BV after a short and sharp decrease. The decrease in BV observed 176 

in ovariectomized mice was similar to that during RRR in humans, which shows a 177 

biphasic decline, with a sharp reduction in the early stage and a gradual long-lasting 178 

decrease thereafter21. The long-lasting loss of maxilla BV after teeth extractions may be 179 

promoted by risk factors such as osteoporosis but is not observed in healthy conditions. 180 

Postmenopausal osteoporosis leads to micro-architectural deterioration of bone 181 

tissue and low bone mineral density22. Some clinical studies reported that the RRR 182 

increased in osteoporotic edentulous patients23, 24. However, other studies demonstrated 183 

that there was no statistical relationship between edentulous jaw resorption and 184 

osteoporosis25, 26. Thus, the relationship between RRR and osteoporosis is still 185 

controversial and has not been sufficiently elucidated. Our experimental study on a novel 186 
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animal model revealed the possibility that postmenopausal osteoporosis due to reduced 187 

ovarian function exacerbates RRR. 188 

Ovariectomy increases osteoclast formation and the lifespan by producing 189 

osteoclastogenic cytokines and stimulating bone resorption, resulting in rapid bone loss. 190 

We found transient increases in several osteoclastogenic cytokines after teeth extractions. 191 

In healthy mice, these transient increases immediately returned to near their original level. 192 

Contrarily, in OVX mice, higher levels of expression of osteoclastogenic cytokines, 193 

including Tnfsf11, Tnfrsf11b, Sema4d, and Tnf, were found to persist for more extended 194 

periods, at least until 12 weeks after teeth extractions. Enzymatic histochemistry revealed 195 

that the activity of osteoclasts persists in the maxilla of OVX mice after teeth extractions. 196 

Our results indicated that osteoclast activation by ovariectomy has a persistent and short-197 

term effect on RRR. 198 

 We focused on Sema4d, which functions as an inhibitor of bone formation by 199 

suppressing osteoblast differentiation and modulating osteoblast mobility27, 28. Sema4d 200 

derived from osteoclasts played a role as an inhibitor of bone formation, and mice with 201 

targeted deletion of gene encoding Sema4d or its receptor, Plexin-B1, had increased BV. 202 

We further demonstrated that administration of a neutralization antibody for Sema4d 203 

efficiently prevented femur bone loss in ovariectomized mice16. In our experimental 204 
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model, administration of Sema4d neutralization antibodies into OVX mice significantly 205 

suppressed the loss of alveolar BV after teeth extractions. This result suggested that 206 

Sema4d is a factor involved in the promotion of bone resorption after tooth extraction and 207 

that inhibition of Sema4d may be a useful treatment for RRR. Consistent with our study, 208 

a recent study reported the therapeutic effects of small interfering RNA for silencing 209 

Sema4d mRNA, which increased the BV over the total volume of the mandibular bone 210 

and prevented alveolar bone height loss in an osteoporotic model29. 211 

 RANKL is a tumor necrosis factor (TNF) cytokine family and functions as a key 212 

factor for osteoclast differentiation and activation. Human anti-RANKL neutralizing 213 

antibodies are utilized for the treatment of osteoporosis and cancer-induced bone diseases. 214 

Administration of RANKL antibodies into OVX mice also suppressed long-lasting 215 

alveolar bone resorption after teeth extractions in our experimental model. It has been 216 

pointed out that RANKL-neutralizing antibodies have the risk of causing antiresorptive 217 

agent-related osteonecrosis of the jaw (ARONJ), which is local osteonecrosis of the 218 

maxilla and mandible with no symptoms in other bones30, 31. In our experimental model, 219 

however, no significant signs of maxilla bone necrosis were found. This result indicated 220 

that some additional factors, such as chronic inflammation caused by periodontal disease 221 
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or excessive stimulation from dentures, may be required for the onset of ARONJ in 222 

addition to the suppression of osteoclasts by inhibiting RANKL function. 223 

 With long-term observation of the maxillary bone in this study, we demonstrated 224 

that suppression of bone resorption by administration of anti-RANKL or anti-Sema4d 225 

antibodies could improve long-lasting alveolar bone resorption following teeth 226 

extractions. The mechanism underlying the development of RRR is still unclear. Our 227 

experimental model, therefore, will be a good tool for studying ridge resorption and 228 

developing therapeutic drugs. 229 

In conclusion, 1) bone resorption after tooth extraction did not progress without a 230 

risk factor in our murine model; 2) postmenopausal osteoporosis delays the healing of 231 

extraction sockets and can be a risk factor for RRR; and 3) administration of anti-RANKL 232 

antibodies or anti-Sema4d antibodies may be a good therapeutic method to delay bone 233 

loss by RRR. 234 

 235 

 236 

 237 

 238 

 239 
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Materials and methods 240 

Animals 241 

BALB/cAJcl female mice were used in all experiments and were purchased from the 242 

CLEA Japan, Inc. The mice were maintained in conventional conditions under standard 243 

condition of 12/12 hours of light/dark cycle at temperature 25˚C ± 3˚C and 35% to 60% 244 

humidity at the animal facility of Graduate School of Medicine, Hokkaido University. 245 

One-week acclimation period was provided before the start of the experiment. All animal 246 

experiments followed ARRIVE guidelines and approved by the animal care guidelines 247 

for the Care and Use of Laboratory Animals in Hokkaido University Graduate School of 248 

Medicine, Japan (approval number: 150139).  249 

 250 

The teeth extractions of mice 251 

The left maxillary first molar (M1) and second molar (M2) were extracted from 7-week-252 

old mice under anesthesia via intraperitoneal injection of an anesthesia cocktail of 0.75 253 

mg/kg medetomidine (Nippon Zenyaku Kogyo Co., Ltd.), 4 mg/kg midazolam (Maruishi 254 

Pharmaceutical Co., Ltd.), and 5 mg/kg butorphanol (Meiji Seika Pharma Co., Ltd.; 255 

supplementary Fig. S2a online). After the teeth extractions, the mice were awakened via 256 

injection of 0.75 mg/kg atipamezole (Nippon Zenyaku Kogyo Co., Ltd.), which is an 257 
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antagonistic regent for medetomidine. The group of mice without teeth extractions were 258 

used as an experimental control. Three independent experiments were performed using 259 

three mice in each experimental group. The heads of mice at day 0 to 24 weeks post-260 

extraction were scanned using micro x-ray computed tomography (µCT; Latheta LC-200, 261 

HITACHI, Japan) at 24-μm voxel resolution with an energy level of 50 kV under 262 

anesthesia (supplementary Fig. S2b online). We weighed the mice daily to confirm that 263 

no significant weight loss occurred. 264 

The µCT images were imported into the ImageJ software and then processed into 265 

three dimensional images to measure the maxillary alveolar bone volume (BV) and CT 266 

value. The BVs were compared with the non-extracted sides. The measurement range of 267 

BV was between the M1 mesial buccal root and M2 distal buccal root (Fig. 1a). The CT 268 

value of the extraction socket of M1 was compared with the alveolar bone of the buccal 269 

side of the same side. The region of interest (ROI)-1 was placed in the maxilla alveolar 270 

bone of the buccal side, and ROI-2 was placed in the extraction socket (Fig. 1b). Mice 271 

were sacrificed at 24 weeks post-extraction. 272 

 273 

Changes in the morphology of maxillary alveolar bones after teeth extractions in 274 

OVX mice 275 
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Five-week-old female mice were divided into two groups, sham-operated and 276 

ovariectomized (OVX), with each group consisting of three mice. Two independent 277 

experiments were performed. Ovariectomies were performed under anesthesia via 278 

intraperitoneal injection with a cocktail of 0.75 mg/kg medetomidine, 4 mg/kg midazolam, 279 

and 5 mg/kg butorphanol. Ovaries were removed using small bilateral dorsal flank 280 

incisions after the hair was shaved. Sham-operated mice received similar incisions under 281 

anesthesia without ovary removal and used as an experimental control. The maxillary 282 

molars (M1 and M2) of the sham mice and OVX mice were extracted at 2 weeks 283 

following surgery. The changes in the maxillary bone by µCT were assessed, and the BV 284 

and CT values of the maxillary extraction sockets were measured. We monitored the 285 

weight of the mice daily to confirm that no significant weight loss occurred. Mice were 286 

sacrificed and maxillary bones were harvested at 16 weeks post-extraction. 287 

 288 

Tissue preparation for enzymatic histochemistry of tartrate-resistant acid 289 

phosphatase (TRAP)  290 

OVX and sham-operated mice were euthanized by intraperitoneal injection with an 291 

overdose of pentobarbital sodium 1 day, 1 week, 3 weeks, 5 weeks, and 12 weeks after 292 

tooth extraction. They were perfused with physiological saline through the heart, followed 293 
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by 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). The heads of the mice were 294 

removed, immersed in the same fixative for 24 h, and decalcified with 5% EDTA for 4 295 

weeks at 4°C. The decalcified tissues were dipped in 30% sucrose solution overnight at 296 

4°C, embedded in OCT compound (Sakura Finetek, Tokyo, Japan), and quickly frozen in 297 

liquid nitrogen. Frozen sections, about 16 μm in thickness, were mounted on MAS-coated 298 

glass slides. 299 

 Histological sections were stained with TRAP Staining Kit in accordance with 300 

the manufacturer’s protocol (Wako, Japan). The nuclei were stained with hematoxylin. 301 

The stained sections were observed and captured by a light microscope with digital 302 

camera (BX51 with DP-80, Olympus, Tokyo, Japan). The ratio of the total area of TRAP-303 

positive cells to the surface area of the bone on the extracted side in both sham mice and 304 

OVX mice was calculated using the ImageJ software. 305 

 306 

Quantitative PCR analysis 307 

For the RNA preparation from the maxillary bone, the tissues were snap-frozen in liquid 308 

nitrogen and homogenized in liquid nitrogen using a mortar and pestle to powderize it. 309 

TRIzol○R  Reagent (Life Technologies) was added to the homogenized tissues, and the total 310 

RNA was purified with a high salt solution (Nippon Gene). First-strand cDNA synthesis 311 
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was completed using ReverTraAce ○R  (TOYOBO). Quantitative PCR reactions were 312 

conducted using Rotor-Gene 6000 equipment (Qiagen) or StepOnePLUSTM (Thermo 313 

Fisher Scientific K.K.) using KAPA SYBR○R  Green Fast PCR Kit (KAPA Biosystems). 314 

Most of the specific primers were designed by Primer Bank32 and are presented in 315 

Supplementary Table S online. 316 

 317 

Administration of neutralized antibodies into OVX mice 318 

The molars (M1 and M2) were extracted at 2 weeks after ovariectomy. Ovariectomized 319 

7-week-old mice were divided into three groups (n = 3 per group). OVX mice were 320 

intraperitoneally administered PBS or 1 mg/kg anti-Sema4d antibody (clone BMA-12, 321 

BioLegend) once every 3 days for 8 weeks or were injected with 5 mg/kg anti-RANKL 322 

antibodies (clone OYC1, ORIENTAL YEAST CO., LTD.) only once on the next day 323 

following teeth extractions. The mice were subjected to µCT analysis, and the BV and 324 

CT values were measured at 12 weeks following teeth extractions. Mice were sacrificed 325 

and maxillary bones were harvested at 12 weeks post-extraction. 326 

 327 

Statistics 328 
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Statistical analyses in certain time point were conducted using Student’s t test.  329 

Differences between groups in time-dependent changes were analyzed statistically using 330 

two-way analysis of variance (ANOVA) or two-way ANOVA followed by Bonferroni’s 331 

multiple comparisons test by calculating with Prism software. The results were expressed 332 

as mean ± S.D. 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 
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Figure legends 502 

Fig. 1 503 

Resorption of the maxillary alveolar bone after teeth extractions in mice. 504 

(a) Bone volumes of both the extracted and non-extracted sides were determined with 505 

μCT analysis. The measurement range of bone volume is indicated in purple in the µCT-506 

3D image of the upper images, which is between the M1 mesial buccal root and M2 distal 507 

buccal root. M1, M2, and M3 denote the first molar, second molar, and third molar, 508 

respectively. The graph in the lower panel shows the time-dependent changes in the bone 509 

volumes of the teeth-extracted and the non-extracted sides. Data are expressed as mean ± 510 

S.D. (n = 3). The data shown in the graphs are representative of three independent 511 

experiments. (b) The selected regions of interest (ROIs) in or areas near the extraction 512 

socket of the first molar are displayed in the circled areas of the µCT image in the upper 513 

panel. The graph in the lower panel shows the time-dependent changes in the ratio of the 514 

CT values of the maxilla alveolar bone of the extracted region (ROI-2) to the non-515 

extracted buccal side (ROI-1). Each symbol represents an individual mouse. The data 516 

shown in the graphs are representative of three independent experiments. ***P < 0.005; 517 

calculated using two-way ANOVA 518 

 519 
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Fig. 2 520 

Ovariectomy prolongs maxillary bone resorption after teeth extractions. 521 

(a) Ventral views (upper images) and lateral views (lower images) of μCT-3D images of 522 

the maxilla at day 0 (red) and 16 weeks (green) post-extraction of OVX mice are shown 523 

in the left and the middle images, respectively. The right image shows a superimposed 524 

illustration of day 0 and 16 weeks post-extraction. The arrows indicate decreased regions 525 

of the alveolar bone after 16 weeks post-extraction. (b) The graph shows the time-526 

dependent changes in the bone volumes of the teeth-extracted and the non-extracted sides 527 

as described in Figure 1a. Data are expressed as mean ± S.D. (n = 3). (c) The graph shows 528 

the time-dependent changes in the ratio of the CT values of the maxilla alveolar bone of 529 

the extracted region (ROI-2) to the non-extracted buccal side (ROI-1), as described in 530 

Figure 1b. The data shown in the graphs are representative of two independent 531 

experiments. ***P < 0.005; calculated using two-way ANOVA 532 

 533 

Fig. 3 534 

Prolonged increase of osteoclasts in the maxillary bone of OVX mice. 535 

(a) Enzymatic histochemistry staining for TRAP (red) on the decalcified maxillary 536 

alveolar bone at day 1, 3 weeks, and 12 weeks of sham or OVX mice following teeth 537 
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extractions. The arrows indicate TRAP-positive signals inside and around the extraction 538 

socket. The arrowheads indicate TRAP-positive signals on the buccal side of the 539 

maxillary alveolar bone. Bars: 100 μm. (b) The graph shows the time-dependent changes 540 

in the ratio of the total area of TRAP-positive cells to the surface area of the maxilla 541 

alveolar bone of the extracted side in sham or OVX mice. The bone of the extracted side 542 

was around M2. Data are expressed as mean ± S.D. (sham mice: n = 4–5. OVX mice: n 543 

= 4–6), ***P < 0.005; calculated using two-way ANOVA followed by Bonferroni’s 544 

multiple comparisons test 545 

 546 

Fig. 4 547 

Ovariectomy sustains prolonged high expression of several mRNAs encoding bone 548 

metabolism and proinflammatory cytokines after teeth extractions. 549 

The expressions of mRNA encoding bone metabolism and proinflammatory cytokines in 550 

the maximally alveolar bone were examined via quantitative PCR in both OVX mice and 551 

sham mice. The heatmap shows logFC normalized to the expression level of day 0 of the 552 

sham mice. Three mice were used in each group 553 

 554 

Fig. 5 555 
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Administration of neutralization antibodies for RANKL or Sema4d can prevent 556 

prolonged bone resorption of the maxillary alveolar bone of OVX mice. 557 

The graphs show maxillary alveolar ridge volumes at 12 weeks after teeth extractions of 558 

OVX mice administrated with anti-RANKL antibodies (a) or anti-Sema4d antibodies (b). 559 

The bone volume was measured as described in Figure 1a. The data shown in the graphs 560 

are representative of two independent experiments. * P < 0.05, ** P < 0.01 (calculated 561 

using Student’s t-test) 562 

 563 

 564 



Figures

Figure 1

Resorption of the maxillary alveolar bone after teeth extractions in mice. (a) Bone volumes of both the
extracted and non-extracted sides were determined with μCT analysis. The measurement range of bone
volume is indicated in purple in the µCT3D image of the upper images, which is between the M1 mesial
buccal root and M2 distal buccal root. M1, M2, and M3 denote the �rst molar, second molar, and third
molar, respectively. The graph in the lower panel shows the time-dependent changes in the bone volumes
of the teeth-extracted and the non-extracted sides. Data are expressed as mean ± S.D. (n = 3). The data
shown in the graphs are representative of three independent experiments. (b) The selected regions of
interest (ROIs) in or areas near the extraction socket of the �rst molar are displayed in the circled areas of
the µCT image in the upper panel. The graph in the lower panel shows the time-dependent changes in the
ratio of the CT values of the maxilla alveolar bone of the extracted region (ROI-2) to the non-extracted



buccal side (ROI-1). Each symbol represents an individual mouse. The data shown in the graphs are
representative of three independent experiments. ***P < 0.005; calculated using two-way ANOVA

Figure 2

Ovariectomy prolongs maxillary bone resorption after teeth extractions. (a) Ventral views (upper images)
and lateral views (lower images) of μCT-3D images of the maxilla at day 0 (red) and 16 weeks (green)



post-extraction of OVX mice are shown in the left and the middle images, respectively. The right image
shows a superimposed illustration of day 0 and 16 weeks post-extraction. The arrows indicate decreased
regions of the alveolar bone after 16 weeks post-extraction. (b) The graph shows the time-dependent
changes in the bone volumes of the teeth-extracted and the non-extracted sides as described in Figure 1a.
Data are expressed as mean ± S.D. (n = 3). (c) The graph shows the time-dependent changes in the ratio
of the CT values of the maxilla alveolar bone of the extracted region (ROI-2) to the non-extracted buccal
side (ROI-1), as described in Figure 1b. The data shown in the graphs are representative of two
independent experiments. ***P < 0.005; calculated using two-way ANOVA



Figure 3

Prolonged increase of osteoclasts in the maxillary bone of OVX mice. (a) Enzymatic histochemistry
staining for TRAP (red) on the decalci�ed maxillary alveolar bone at day 1, 3 weeks, and 12 weeks of
sham or OVX mice following teeth 32 extractions. The arrows indicate TRAP-positive signals inside and
around the extraction socket. The arrowheads indicate TRAP-positive signals on the buccal side of the
maxillary alveolar bone. Bars: 100 μm. (b) The graph shows the time-dependent changes in the ratio of



the total area of TRAP-positive cells to the surface area of the maxilla alveolar bone of the extracted side
in sham or OVX mice. The bone of the extracted side was around M2. Data are expressed as mean ± S.D.
(sham mice: n = 4–5. OVX mice: n = 4–6), ***P < 0.005; calculated using two-way ANOVA followed by
Bonferroni’s multiple comparisons test

Figure 4



Ovariectomy sustains prolonged high expression of several mRNAs encoding bone metabolism and
proin�ammatory cytokines after teeth extractions. The expressions of mRNA encoding bone metabolism
and proin�ammatory cytokines in the maximally alveolar bone were examined via quantitative PCR in
both OVX mice and sham mice. The heatmap shows logFC normalized to the expression level of day 0 of
the sham mice. Three mice were used in each group 

Figure 5



Administration of neutralization antibodies for RANKL or Sema4d can prevent prolonged bone resorption
of the maxillary alveolar bone of OVX mice. The graphs show maxillary alveolar ridge volumes at 12
weeks after teeth extractions of OVX mice administrated with anti-RANKL antibodies (a) or anti-Sema4d
antibodies (b). The bone volume was measured as described in Figure 1a. The data shown in the graphs
are representative of two independent experiments. * P < 0.05, ** P < 0.01 (calculated using Student’s t-
test)
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