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Abstract

Background/Objectives: Estrogen is a key female hormone; however, its role in periodon-
titis remains poorly understood. This study investigated the effects of 17β-estradiol (E2)
on experimental periodontitis using an ovariectomy (OVX) model with E2 administra-
tion. Methods: Female mice aged 8–10 weeks underwent OVX, followed by induction of
ligature-induced periodontitis, and subsequent quantification of alveolar bone resorption.
Additional groups received an aromatase inhibitor or E2 supplementation after OVX, with
subsequent induction of periodontitis and evaluation of bone resorption. Histological anal-
ysis assessed multinucleated giant cells and tartrate-resistant acid phosphatase-positive
osteoclasts on the bone surface. Gingival tissue was analyzed for gene expression related
to osteoclastogenesis. The effect of E2 on osteoclast differentiation from bone marrow cells
was also examined. Results: OVX significantly reduced serum E2 levels and decreased
alveolar bone resorption. Aromatase inhibitor administration similarly reduced bone loss.
Histological evaluation revealed a reduced number of resorbing osteoclasts in OVX mice,
whereas E2 supplementation increased osteoclast numbers. No significant changes in
inflammatory cytokine or receptor activator of nuclear factor-kappa B ligand (RANKL)
expression were observed. E2 promoted osteoclast differentiation in vitro, and treatment
with E2 prior to RANKL stimulation further increased the number of osteoclasts. This
effect was suppressed by an estrogen receptor antagonist. Moreover, E2 enhanced the
expression of osteoclast differentiation–associated genes in the presence of RANKL, an
effect abolished by tamoxifen. Conclusions: E2 increased alveolar bone resorption in
experimental periodontitis, likely by promoting osteoclast differentiation, independent of
inflammatory cytokine or RANKL gene expression.

Keywords: ovariectomy; anastrozole; estrogen; osteoclasts; periodontitis

1. Introduction
Recent advances in research on female health have highlighted the importance of sex-

specific factors in disease susceptibility and progression. Although many health challenges
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are shared between males and females, the physiological roles of female sex hormones,
particularly estrogen, warrant focused investigation. The effects of estrogen on periodontal
tissues have been reviewed extensively [1], with its impact believed to vary depending on
age, hormonal status, and systemic background.

Clinical observations suggest that estrogen may modulate periodontal inflammation.
Gingival inflammation reportedly exacerbates during adolescence [2] and menstruation [3],
and the development of gingivitis and periodontitis during pregnancy [4,5] further sup-
ports a hormonal influence. Conversely, estrogen deficiency following menopause is
a well-established risk factor for osteoporosis [6], and the use of estrogen inhibitors in
postmenopausal patients with breast cancer is associated with an elevated risk of peri-
odontitis [7]. However, the effects of estrogen replacement therapy on periodontal disease
remain controversial, with studies reporting both beneficial [8] and negligible outcomes [9].

These conflicting findings underscore the need for a more precise understanding of
estrogen’s role in inflammation-induced alveolar bone destruction. Therefore, the present
study aimed to elucidate the effects of 17β-estradiol (E2) on alveolar bone resorption using
a murine model of experimental periodontitis, combining ovariectomy (OVX)-induced E2
deficiency with exogenous E2 administration.

2. Materials and Methods
2.1. Animal Experiments

All experiments were conducted using the minimum number of animals neces-
sary, with sample size calculated using the G*Power software (version 3.1.9.7) (α = 0.05,
power = 0.8 or 0.9). Female wild-type (WT) and C57BL/6J mice aged 8–12 weeks were
purchased from Japan Clea (Tokyo, Japan) and housed under a 12-h light/dark cycle (lights
on at 8:00 a.m., off at 8:00 p.m.) at 22 ± 2 ◦C with ad libitum access to food and water. Mice
were randomly assigned to the experimental groups.

OVX was performed as described previously [10]. A small flank incision (3–5 mm)
was made under aseptic conditions to expose the ovaries, which were ligated at the fal-
lopian tubes and excised. To minimize the influence of endogenous ovarian hormones,
all animals underwent ovariectomy prior to estradiol administration. E2 administration
followed established protocols [11]. Moreover, E2 pellets (SE-121, Innovative Research of
America, Sarasota, FL, USA) were implanted via a 0.5 cm incision in the neck skin, with
a subcutaneous pocket created laterally using blunt dissection. A sham-operated group
served as the control for E2 pellet implantation, in which a neck skin incision was made in
OVX mice without E2 pellet insertion.

As previously reported [12], experimental periodontitis was induced by silk ligation
of the second maxillary molar 30 days after OVX and maintained for 1 week. To enable
direct comparison between groups under comparable inflammatory conditions, ligatures
were applied to all experimental animals. The period for OVX was determined according
to previous reports, which demonstrated that bone metabolism changes become evident
at 4 weeks after OVX in both the jawbone and femur [13,14]. The ligature period was
set to 7 days based on prior studies [15], as severe alveolar bone resorption occurs by
this time, with no further increase thereafter. Therefore, in this study, the ligature was
applied for 7 days. A shorter ligature duration limits the detection of differences in bone
resorption. E2 was administered concurrently with OVX, and a sham-operated group
(neck incision only) was included. To assess the impact of E2 synthesis inhibition, WT
mice received anastrozole (200 µg/kg/day, 11987; Cayman Chemical, Arbor, MI, USA)
for 1 week, followed by ligature-induced periodontitis for 1 week, as described previous
report [16]. Serum E2 levels ere measured using an enzyme-linked immunosorbent assay
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kit (KGE014, R&D Systems, Minneapolis, MN, USA) by Hokudo (Hokkaido, Japan) to
verify the reduction in endogenous hormone levels after ovariectomy.

2.2. Evaluation of Alveolar Bone Resorption
Micro-Computed Tomography (CT) Analysis

Imaging was performed using CosmoScan GXIII (Rigaku, Tokyo, Japan) at 100 kV,
120 µA, 25.8 µm/pixel resolution, and 25.8 µm slice thickness. Alveolar bone resorption
between the maxillary first and second molars was quantified as previously reported [17].
To minimize inter-sample variation, regions with clearly visible bifurcation of the second
molar were selected. For micro-CT analysis, two measurement points were obtained from
each specimen, and all values were included in the analysis. Therefore, the reported values
represent measurement points rather than the number of animals. Bone resorption was
measured as the distance from the cementoenamel junction (CEJ) to the alveolar bone
crest (ABC) along the distal root of the first molar and the mesial root of the second molar.
ImageJ software (version 1.54p) was employed for measurements.

Sagittal sections spanning the first to third molars included ~50 layers, with layer 1
corresponding to the palatal crown of the first molar and layer 50 to the buccal mesial root.
Representative images were obtained from around layer 30.

Furthermore, three-dimensional analysis of alveolar bone was performed using CTAn
software (Bruker) (version 1.12.0.0 +). Bone volume/total volume (BV/TV) was calculated
within a defined region of interest (ROI) in the palatal alveolar bone adjacent to the second
molar, corresponding to the area of ligature-induced bone loss. The ROI was defined based
on anatomical landmarks, including the cementoenamel junction (CEJ) and alveolar bone
crest (ABC), to ensure consistent evaluation across samples. In addition, bone loss volume
(%) was defined as 100 − BV/TV (%) within the same ROI.

2.3. Histological Evaluation

Maxillary bones were decalcified in 10% ethylenediaminetetraacetic acid for 1 week,
dehydrated in ethanol and xylene, and embedded in paraffin. Serial 7 µm sections were cut
in the buccal-palatal plane and stained with hematoxylin-eosin (HE) and tartrate-resistant
acid phosphatase (TRAP). Histomorphometric analysis was performed using an optical
microscope with ×10 eyepiece and ×4 or ×10 objective lenses.

Alveolar bone resorption was assessed within a 500 µm × 500 µm area in sagittal
sections encompassing the distal roots of the first and second molars. The CEJ–ABC distance
was measured along the mesial root of the second molar. Among the serial sections, after the
furcation was identified, three to six sections at 100-µm intervals were averaged to obtain
a single value for each animal, and three animals per group were utilized for statistical
analysis. Additionally, multinucleated giant cells and TRAP-positive cells on the bone
surface within a 500 µm × 500 µm area beneath the furcation of the second molar were
counted as previously described [18].

2.4. Gene Expression Analysis

Messenger ribonucleic acid (mRNA) expression in the gingival tissue was analyzed as
previously described [19]. Mice were euthanized, and palatal gingival tissue was excised
and stored in RNAlater (r0901, Sigma-Aldrich, St. Louis, MO, USA) at 4 ◦C for 24 h. Total
RNA was extracted using the RNeasy Fibrous Tissue Mini Kit (QIAGEN, Valencia, CA,
USA). Additionally, RNA from cultured cells was isolated using RNAiso Plus (TaKaRa Bio,
Shiga, Japan).

Complementary DNA was synthesized using 500 ng of RNA with Sensiscript Reverse
Transcriptase (QIAGEN, Valencia, CA, USA), LightCycler, and SYBR Green. Polymerase
chain reaction was performed with initial denaturation at 95 ◦C for 10 min, followed by
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40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Gene expression was quantified using
the ∆∆Ct method and normalized to glyceraldehyde 3-phosphate dehydrogenase. Primer
sequences are listed in Supplementary Table S1.

2.5. Evaluation of the Number of Osteoclasts

Bone marrow mesenchymal cells were isolated from the tibiae and femurs of
13–15-week-old female mice. After erythrocyte depletion, the cells were cultured in
alpha minimum essential medium supplemented with 25 ng/mL macrophage colony-
stimulating factor (M-CSF; 576404, BioLegend, San Diego, CA, USA) for 10 days to induce
macrophage differentiation. Osteoclastogenesis was induced by co-stimulation with M-CSF
and 100 ng/mL receptor activator of nuclear factor-κB ligand (RANKL; 769404, BioLegend,
San Diego, CA, USA) for 7–10 days. β-Estradiol (10 nM, E2758, Sigma-Aldrich, St. Louis,
MO, USA) or tamoxifen (10 nM, 13258, Cayman Chemical, Arbor, MI, USA) stimulation fol-
lowed the schedule and concentration displayed in Supplementary Figure S1. To determine
the optimal estradiol concentration for osteoclast differentiation, bone marrow-derived
macrophages were treated with estradiol at concentrations of 0, 0.1, 1, 10, 100, and 1000 nM.
Based on this dose–response analysis, 10 nM estradiol was selected for subsequent exper-
iments (Supplementary Figure S2). Cells were fixed in 10% formalin and stained using
the TRAP/ALP staining kit (294-67001, FUJIFILM WAKO, Osaka, Japan). TRAP-positive
multinucleated cells were counted as osteoclasts.

2.6. Statistical Analysis

Statistical analyses were performed using JMP Pro version 18 (JMP Statistical Dis-
covery LLC, NC, USA). For comparisons among three or more groups, Tukey’s multiple
comparison test or Dunnett’s test was used for normally distributed data. In contrast, the
Steel–Dwass test was employed for non-normally distributed data. Comparisons between
two groups were conducted using Student’s t-test or the Mann–Whitney U test. A signif-
icance level of α = 0.05 was applied throughout the experiment. All experiments were
conducted with biological replicates. Different analyses required independent specimens;
therefore, sample sizes varied across experiments depending on the type of analysis. Para-
metric analyses were applied to the in vitro data, whereas non-parametric analyses were
used for the in vivo data. Sample size estimation was performed using JMP software based
on a two-sample comparison. The significance level (α) was set at 0.05 and the statistical
power was set at 0.8, with alveolar bone resorption (exposed root length) defined as the
primary outcome, as previously described [20].

3. Results
3.1. Effects of OVX and Anastrozole Administration on Alveolar Bone Resorption in
Experimental Periodontitis

Uterine atrophy and reduced serum E2 levels were confirmed after OVX, consistent
with the outcomes of previous reports [21] (Figure 1A,B). Alveolar bone resorption was
quantified following OVX to assess the impact of E2 deficiency on periodontitis-induced
bone destruction. The CEJ–ABC distance was significantly decreased in OVX mice com-
pared with in WT controls, indicating decreased bone loss (Figure 1C). Histological analysis
corroborated these findings, demonstrating a marked decrease in bone resorption in OVX
mice (Figure 1D). Similarly, administration of the aromatase inhibitor anastrozole in WT
mice significantly decreased alveolar bone resorption (Figure 1E).
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Figure 1. Effects of ovariectomy (OVX) and aromatase inhibition on ligature-induced periodontitis.
(A) Representative image displaying uterine shrinkage following OVX. Scale bar = 10 mm. (B) Serum
17β-estradiol (E2) levels in sham-operated and OVX mice (sham [n = 8], OVX [n = 8]). ** p < 0.01.
(C) Evaluation of bone resorption in experimental periodontitis after OVX. Upper panels: visual
assessment using Giemsa staining. The white line indicates alveolar bone crest (ABC). The black
dotted line indicates the cementoenamel junction (CEJ). Lower panels: micro-computed tomography
images. Central Panel: Quantification of the distance from the cementoenamel junction to the alveolar
bone crest (sham [n = 21], OVX [n = 20]). Right panel: Quantification of bone loss volume (%) (sham
[n = 11], OVX [n = 10]), * p < 0.05 (D) Histological evaluation of alveolar bone resorption (sham
[n = 3], OVX [n = 3]). Scale bar = 500 µm. * p < 0.05. (E) Effect of aromatase inhibitor (anastrozole) on
ligature-induced periodontitis. Representative Giemsa-stained images (control [n = 13], anastrozole
[n = 18]). ** p < 0.01.

3.2. Effects of E2 Administration on Alveolar Bone Resorption

To determine whether the OVX-induced reduction in bone resorption was E2-dependent,
exogenous E2 was administered to OVX mice, and alveolar bone resorption was evaluated
(Figure 2A). E2 supplementation physiologically increased the serum estradiol concentration
to an average of 72.4 pg/mL. Moreover, E2 supplementation reversed the OVX-induced de-
crease in bone resorption and significantly increased bone resorption (Figure 2B). Histological
evaluation further revealed that E2 pellet administration increased bone loss from the CEJ to
the alveolar crest, compared with that in untreated OVX mice (Figure 2C).
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Figure 2. Role of 17β-estradiol (E2) in ligature-induced periodontitis in ovariectomy (OVX) mice.
(A) Experimental schedule. (B) Evaluation of bone resorption in OVX mice with or without E2
pellet administration. The sham operation group (Sham) underwent a neck skin incision without
E2 pellet implantation in OVX mice. The group with E2 pellets implanted in the neck skin is
referred to as the “E2 pellets” group. Upper panels: Giemsa-stained images. Lower panels: micro-
computed tomography images. The white line indicates alveolar bone crest (ABC). The black dotted
line indicates the cementoenamel junction (CEJ). Central panel: Quantification of cementoenamel
junction–alveolar bone crest distance (sham [n = 12], E2 pellet [n = 10]). Right panel: Quantification
of bone loss volume (%) (sham [n = 6], E2 pellet [n = 5]) * p < 0.05. (C) Histological evaluation of
alveolar bone resorption (sham [n = 3], E2 pellet [n = 3]). Scale bar = 500 µm. * p < 0.05.

3.3. Histopathological Evaluation of E2-Related Bone Resorption

Histological analysis was performed to investigate the cellular mechanisms underlying
E2-mediated bone resorption. OVX mice exhibited a marked reduction in the number of
multinucleated giant cells compared with those in non-OVX controls (Figure 3A,C). In
contrast, E2 administration increased the number of multinucleated giant cells (Figure 3B,D).
TRAP staining revealed a significant decrease in the number of TRAP-positive osteoclasts
in OVX mice (Figure 3E,G), while E2 supplementation restored the number of osteoclasts
(Figure 3F,H). Despite these changes, gene expression analysis of inflammatory cytokines
and RANKL in gingival tissue revealed no significant differences between OVX and non-
OVX groups, and E2 administration did not alter their expression (Figure 3I,J).
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Figure 3. 17β-estradiol (E2)-mediated osteoclastogenesis in ligature-induced periodontitis. (A,B) Hema-
toxylin and eosin-stained images displaying multinucleated giant cells on the bone surface in ovariec-
tomy (OVX) mice (A) and OVX mice with E2 pellet administration (B). The black arrow points to
multinucleated giant cells. Scale bar = 500 µm. (C,D) Quantification of multinucleated giant cells (sham
[n = 13], OVX [n = 16]) (OVX [n = 10], OVX + E2 [n = 9]). * p < 0.05, ** p < 0.01. (E,F) Tartrate-resistant
acid phosphatase (TRAP)-stained images demonstrating osteoclasts on the bone surface in sham and
OVX mice (E), and OVX mice with or without E2 pellet administration (F). The black arrow points to
TRAP-positive cells. (G,H) Quantification of TRAP-positive cells (sham [n = 13], OVX [n = 16]) (OVX
[n = 10], OVX + E2 [n = 9]). ** p < 0.01. (I,J) Messenger ribonucleic acid expression of osteoclast-related
genes in the gingival tissue from OVX and E2-treated mice. Expression levels of interleukin (IL)1β, IL6,
and receptor activator of nuclear factor-κB ligand (n = 5/group). * p < 0.05.

3.4. Evaluation of the Effect of E2 on Osteoclast Differentiation

Given the lack of change in inflammatory cytokine and RANKL expression, the di-
rect effect of E2 on osteoclast differentiation was examined. E2 stimulation was applied
according to the schedule illustrated in Supplementary Figure S1. Co-stimulation with E2
and RANKL significantly increased the number of osteoclasts (Figure 4A). Interestingly,
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E2 administration before RANKL stimulation enhanced osteoclastogenesis, whereas post-
RANKL stimulation E2 treatment reduced the number of osteoclasts (Figure 4B); these
effects were suppressed by tamoxifen, a selective estrogen receptor antagonist, as con-
firmed in macrophages [22,23] (Figure 4C). To elucidate the mechanisms by which estrogen
enhances osteoclast formation, we evaluated the mRNA expression of genes related to
osteoclast differentiation from the early stage to maturation [24].

  

  

  
 

 

 
 
 
 
 

 

 

 

   

   

   

   

   

   

 
 
 
 
  
 
 
  
  
 
  

 
  
  
 
 
  
 
  
 
 
  
  
 
 
 
 
  
  

 
  

     

  

      

        

     

  

  
       

 

   

   

   

   

    

 
 
 
 
  
 
  
  
 
  
 
 
  
  
 
  
  
 

  
  
  
 
 
 
  
  
 
  
 

       

  

     

 

 

    

  

   
 

   

   

   

   

    

 
 
 
 
  
 
  
  
 
  
 
 
  
  
 
  
  
 

  
  
  
 
 
 
  
  
 
  
 

    

 

 

 

Figure 4. The role of 17β-estradiol (E2) in osteoclast differentiation. (A) Tartrate-resistant acid
phosphatase-stained images of multinucleated osteoclasts with or without E2 treatment (RANKL − E2
− [n = 5], RANKL − E2 1 nM [n = 5], RANKL − E2 10 nM [n = 5], RANKL+ E2 − [n = 5], RANKL+
E2 1 nM [n = 5], RANKL+ E2 10 nM [n = 5]). * p < 0.05. (B) Effect of pre- or post- treatment with E2 on
osteoclast differentiation (Pre E2 [n = 4], Post E2 [n = 5]). * p < 0.05. (C) Effect of tamoxifen, an estrogen
receptor antagonist, administered 24 h before E2 stimulation (Tam − [n = 5], Tam + [n = 5]). * p < 0.05.

In addition, we examined whether estradiol induces osteoclast apoptosis, as previously
reported among its effects on osteoclasts [25]. Post- or pre-stimulation with E2 after RANKL
application did not alter the expression of apoptosis-related genes, including caspase-3, -8, and
-9, compared with the control (Figure 5A). However, E2 stimulation increased the expression
levels of NFATc1 and DC-STAMP, with the increase inhibited by tamoxifen (Figure 5B).
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Figure 5. The role of 17β-estradiol (E2) in messenger ribonucleic acid (mRNA) expressions related to
apoptosis and osteoclast differentiation. (A) Caspase 3, 8, 9 mRNA expressions in osteoclasts with E2
pre- or post-treatment were analyzed. Schedule was the same as Supplementary Figure S1 (C) (receptor
activator of nuclear factor-κB ligand [RANKL] − E2 − [n = 6], RANKL + E2 − [n = 6], RANKL + Pre E2
[n = 6], RANKL + Post E2 [n = 6]). (B) Osteoclasts differentiation associated genes, Nfatc1, DC-stamp,
Cathepsin k and Acp5 in osteoclasts with or without E2 and tamoxifen were analyzed. Schedule was same
as Supplementary Figure S1 (D) (RANKL − E2 − Tam − [n = 6], RANKL+ E2− Tam − [n = 6], RANKL
+ E2 + Tam − [n = 6], RANKL + E2 + Tam + [n = 6)]. * p < 0.05, ** p < 0.01.

4. Discussion
This study provides the first evidence that E2 enhances osteoclast activity and increases

alveolar bone resorption in experimental periodontitis. Notably, in this study, E2 increased
the number of osteoclasts by stimulating macrophages prior to osteoclast differentiation in
an estrogen receptor-dependent manner.

Sex differences in periodontal disease are multifactorial, with both males and females
exhibiting distinct risk profiles [26]. Biological effects of sex hormones differ between sexes
and vary across life stages. Although one study identified no significant association between
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serum estrogen levels and periodontitis in adult females [27], hormone replacement therapy
for postmenopausal estrogen deficiency has been reported to suppress periodontitis-induced
bone resorption [8]. However, clinical comparisons between postmenopausal and pregnant
or menstruating females are confounded by differences in age, diet, and other background
factors, making the isolation of estrogen’s specific effects difficult.

To address this, we employed a controlled experimental model to evaluate the role
of E2 in periodontitis at the molecular level. OVX was used to induce E2 deficiency.
Previous studies reported conflicting results: some discovered no impact of OVX on
periodontitis-induced bone loss [28], whereas others observed enhanced bone resorption
following long-term OVX [29]. These discrepancies may stem from differences in the
timing of evaluation after OVX, as prolonged E2 deficiency can cause osteoporosis and
altered bone properties. In our study, evaluation was performed 4 weeks after OVX—an
interval sufficient to confirm E2 reduction while minimizing confounding effects from bone
remodeling. The present study was designed to evaluate the role of estradiol under uniform
inflammatory conditions induced by ligature placement in all experimental groups, rather
than to examine all combinations of OVX and ligation status.

We confirmed uterine atrophy and reduced serum E2 levels following OVX. OVX sup-
pressed alveolar bone resorption induced by silk ligation, as evidenced by both micro-CT
and histological analyses. To further validate the role of E2, we administered an aromatase
inhibitor, anastrozole, which reduced the serum E2 levels in mice and humans [30,31] and
suppressed bone resorption consistent with the OVX model.

To investigate the effects of E2 supplementation, we administered E2 pellets in OVX
mice. E2 has been reported to exacerbate asthma [32] and alleviate psoriasis [33], indicating
that its role in inflammation remains tissue- and context-dependent. In our model, E2 ad-
ministration exacerbated experimental periodontitis, suggesting that its pro-inflammatory
or pro-resorptive effects may be specific to periodontal tissues or the ligature-induced
inflammatory mechanism.

Histological evaluation revealed that OVX reduced the number of multinucleated
giant cells and TRAP-positive osteoclasts, whereas E2 administration increased both cell
types. These findings suggest that E2 promotes osteoclast differentiation, contributing to
increased bone resorption. Osteoclasts have been reported to be induced in experimental
periodontitis, spreading not only near the silk filament, but also throughout the entire
alveolar bone, consistent with our findings [34]. To explore the underlying mechanism, we
examined the expression of key genes involved in osteoclastogenesis, including interleukin
(IL)-1β [35], IL-6 [36], RANKL [37], and osteoprotegerin (OPG), a decoy receptor of RANK.
Surprisingly, no significant changes in gene expression were observed after OVX or E2
treatment, indicating that E2 may not modulate osteoclast-related gene expression in the
gingival tissue. Furthermore, OPG was not detected in periodontal tissue with or without
OVX or estradiol administration.

We therefore evaluated the direct effect of E2 on osteoclast differentiation in vitro. Bone
marrow-derived macrophages were stimulated with M-CSF and RANKL, with E2 admin-
istered at various time points. E2 enhanced osteoclast differentiation when applied prior
to RANKL stimulation but suppressed differentiation when administered after RANKL
exposure. This phase-dependent effect was abolished by tamoxifen, implicating estrogen
receptor-mediated signaling during the macrophage-to-osteoclast precursor transition. Pre-
vious reports indicate that E2 increases Fas ligand expression in osteoclast precursor cells
and mature osteoclasts, directly inducing osteoclast apoptosis [38]. However, other reports
indicate that E2 does not affect mature osteoclasts [39], leaving uncertainties regarding the
phase of cell differentiation and the mechanism by which E2 reduces osteoclasts. Further-
more, the process of inducing differentiation from bone marrow cells to osteoclasts involves
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heterogeneous cells. Additionally, only a subset of these cells is believed to differentiate into
mature osteoclasts [40]. This study’s results suggest that applying low E2 concentrations
during the undifferentiated stage of osteoclasts promotes osteoclast differentiation. Osteo-
clast differentiation was enhanced in bone marrow cells treated with E2 before RANKL
administration, whereas administering E2 after initiating RANKL treatment suppressed
osteoclast differentiation. Furthermore, E2-stimulated osteoclast differentiation was sup-
pressed by tamoxifen, an estrogen receptor antagonist, suggesting that E2 stimulation
during the differentiation of macrophages to osteoclast precursor cells is involved in estro-
gen receptor-mediated osteoclast differentiation. Previous studies evaluating E2-induced
macrophage transcription and function reported that E2 modulated gene expression related
to the cell cycle and stimulated cell proliferation [41]. Furthermore, another report indicated
that the number of pre-differentiated cells in bone marrow or macrophages influenced
osteoclast differentiation [42], supporting the interpretation of the present study’s findings.
In this study, bone marrow cells were stimulated with M-CSF for a longer duration before
RANKL exposure than in previous reports, which used 30 ng/mL M-CSF for 4 days before
RANKL stimulation [43]. Another study reported the use of CD11c-positive cells isolated
from bone marrow before RANKL stimulation [44]. These methodological differences from
the current study may account for the discrepancies observed in osteoclast formation. This
study has certain limitations. Osteoclast differentiation was assessed using mouse-derived
cells; future studies using human peripheral blood monocytes would improve clinical
relevance. Furthermore, we did not evaluate periodontitis in a long-term OVX model with
established osteoporosis, nor did we investigate extended periods of ligation. Severe bone
resorption may occur 7 days after ligation; however, changes beyond this time point were
not assessed in the present study. This study focused on the early phase of ligature-induced
alveolar bone resorption, which has been reported to reach a plateau within approximately
7 days in mice [15]. Investigating how osteoporotic bone changes influence periodontal
inflammation could provide insights into disease mechanisms in postmenopausal females.
In addition, analyses were not performed blinded, and incorporating blinding may have
been necessary for optimization.

In the current study, together with previous reports, estrogen was identified to regulate
osteoclast fate in a manner dependent on cell heterogeneity. Prolonged M-CSF stimulation
of bone marrow cells may promote macrophage and pre-osteoclast proliferation and het-
erogeneity via cell-cycle activation [45,46], accompanied by increased mRNA expression
of differentiation-related genes (NFATc1 and DC-STAMP) [24] and osteoclast-maturation
genes (cathepsin K and Acp5) [24], as observed in our findings. After RANKL exposure, E2
suppresses osteoclastogenesis by activating apoptotic pathways, including ERα-dependent
FasL signaling and caspase cascades (caspase-8 and caspase-9), together with mitochon-
drial Bax/Bak activity [39], which collectively dismantle mature osteoclasts and limit bone
resorption. The dynamics of ERα expression explain these timing-specific effects [47], clari-
fying why E2 can both protect bone and exacerbate inflammation-driven resorption. To the
best of our knowledge, this study is the first to demonstrate that females possess an active
immune response against infection as a self-defense mechanism, with estrogen thought to
contribute to this process [48]. Periodontitis triggered by an activated immune response
may serve as a self-defense mechanism by promoting the loss of infected teeth [49], with
E2 playing a potential role in this process.

5. Conclusions
This study demonstrates that short-term E2 reduction suppresses experimental peri-

odontitis, whereas E2 administration promotes alveolar bone resorption. The underlying
mechanism appears to involve estrogen receptor-mediated activation of macrophages,
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enhancing osteoclast induction. These findings contribute to a deeper understanding of
hormonal regulation in periodontal disease and may inform future therapeutic strategies.
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