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Abstract. The present study aimed to analyze the effects 
of estrogen deficiency on buccal alveolar bone proper and 
the periodontal ligament in ovariectomized (OVX) rats, 
compared with rats that had been subjected to sham treatment. 
Morphological and histological changes in the periodontium 
were analyzed using micro‑computed tomography and paraffin 
sectioning. Sections were stained using hematoxylin and eosin, 
and tartrate‑resistant acid phosphatase. Expression of receptor 
activator of nuclear factor‑κB ligand (RANKL), dentin matrix 
protein 1 C‑terminal (DMP1‑C) and osteopontin (OPN) were 
analyzed using immunohistochemistry. Histomorphometric 
analysis of buccal alveolar bone proper samples revealed 
porotic changes and disorganized bone structure in OVX 
rats. Furthermore, bone mineral density and pore spacing 
were significantly lower in OVX rats compared with sham 
rats. Porosity was significantly higher in OVX rats compared 
with sham rats  (P<0.01). A greater number of osteoclasts 
were observed along the margins of the buccal alveolar bone 
proper samples from OVX rats compared with those from the 
sham rats. Expression of OPN and RANKL was significantly 
higher, and that of DMP1‑C was significantly lower, in OVX 
rats compared with sham rats. Ovariectomy‑induced osteopo-
rosis is capable of changing the structure of buccal alveolar 
bone proper and the periodontal ligament, which is likely to 
increase the risk of periodontal disease.

Introduction

Cortical porosity and tissue mineral density are associated 
with the mechanical properties of bone, and exert significant 
effects on cortical bone quality. The alveolar bone proper is 
a type of cortical bone, the condition of which is an impor-
tant prognostic factor for patients with periodontal diseases. 
Periodontitis is a chronic destructive disease, which is char-
acterized by inflammation of the supporting tissues of the 
teeth, resulting in periodontal tissue damage and alveolar bone 
loss (1,2).

Osteoporosis is a growing public health problem, which is 
characterized by bone mass reduction and micro‑architectural 
deterioration in the bone  (3). Osteoporosis is primarily 
observed in post‑menopausal women, in response to a reduc-
tion in estrogen levels in the blood, which leads to excessive 
bone remodeling (4). Studies have shown that estrogen defi-
ciency leads to bone loss in the long bones and vertebrae. 
However, the effects of estrogen deficiency on human alveolar 
bone proper remain unclear (5,6,7).

Since osteoporosis and periodontal diseases are types of 
bone resorptive diseases, it is hypothesized that osteoporosis 
is associated with periodontal disease progression  (8‑11). 
However, certain studies have failed to demonstrate an 
association between estrogen deficiency and periodontitis, 
a prominent cause of tooth loss, in elderly patients (12‑14). 
Moriya et al (13) demonstrated that periodontal destruction 
may not be caused by osteoporosis alone. Furthermore, a 
study by Kribbs et al (14) suggested that osteoporosis does 
not cause a reduction in alveolar crest height. However, the 
results of their study demonstrated that there may be an 
association between osteoporosis and residual ridge density. 
By contrast, a number of studies have reported a reduc-
tion in alveolar ridge height in patients with reduced bone 
mineral density (BMD) (15,16). Dvorak et al (17) showed that 
cortical porosity in the alveolar bone region was greater in 
osteoporotic sheep compared with healthy sheep, and these 
differences were more pronounced at the endosteal surfaces 
of the mandibular cortex.

The clinical diagnosis of periodontal disease is typically 
confirmed using dental x‑rays and panoramic pantomograms, 
which are used in order to observe the changes in periodontal 
ligament width and alveolar crest height in 2D images. 
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However, a finding of similar alveolar ridge height and 
periodontal ligament width in patients with and without osteo-
porosis, does not exclude changes in cortical bone structure, as 
these imaging techniques may not detect subtle changes. An 
improved understanding of the associations between alveolar 
bone microstructure and estrogen deficiency may improve 
methods for periodontal tissue evaluation in patients with 
periodontal disease.

The aim of the present study was to analyze buccal 
alveolar bone proper and periodontal ligament changes in 
ovariectomized (OVX) rats and to clarify the associations 
between osteoporosis and periodontal disease. The current 
study may provide novel insights into the prevention and 
diagnosis of post‑menopausal women with periodontal 
disease.

Materials and methods

Animal experiments. Female Wistar rats (n=20; age=8 weeks; 
Cyagen Biosciences, Guangzhou, China) were used in the 
present study. All rats were maintained under the identical 
conditions and fed on standard Rodent diet with free access 
to food and  water. Animals were divided randomly: ten 
were subjected to ovariectomy (OVX group) in which the 
ovaries were removed bilaterally. The remaining ten animals 
received a sham surgery (sham group) in which the ovaries 
were exposed and some of the fat tissues around the ovary 
were removed. Prior to the experiments, protocols were 
approved by the Ethics Committee of Harbin Medical 
University (Heilongjiang, China) and experiments were 
performed according to the University's Guidelines for 
Animal Experimentation.

Tissue preparation and histological analysis. All rats were 
sacrificed using chloral hydrate (Sigma‑Aldrich, St. Louis, 
MO, USA) at 12 weeks after surgery. In order to conduct the 
histological analysis, the rats were decapitated, mandible 
dissected out and any adhering soft tissue was removed 
and then fixed in 4% paraformaldehyde, at 4˚C overnight. 
Following a wash phase using phosphate‑buffered saline, 
the specimens were decalcified in 10% ethylenediamine-
tetraacetic acid for 2‑4 weeks, dehydrated and embedded in 
paraffin using standard histological procedures, according 
to the methods described in a previous study  (18). Serial 
sections (4‑µm) were prepared. Sections were subjected to 
hematoxylin and eosin (H&E) staining, tartrate‑resistant acid 
phosphatase (TRAP) staining and immunohistochemical 
(IHC) analysis.

TRAP staining. In order to detect osteoclast activity, TRAP 
staining was performed, according to the methods described 
in a previous study  (19,20). Paraffin sections (4‑µm) were 
deparaffinized using xylene (Beijing Zhongshan Golden 
Bridge, Beijing, China) and then rehydrated. Following rehy-
dration, samples were placed in 0.2 M acetate buffer (Beijing 
Zhongshan Golden Bridge) for 20 min, at room temperature. 
Subsequently, sections were incubated for 30‑60 min at 37˚C 
in a mixture containing 0.8% naphthol AS‑BI phosphate 
(Sigma‑Aldrich, St Louis, MO, USA), 0.7% fast red violet 
salt (Sigma‑Aldrich) and 50  mM sodium tartate, diluted 

in 0.2 M acetate buffer (pH 5.4), until osteoclasts appeared 
red. Samples were then counter‑stained using hematoxylin, 
air dried and examined using a light microscope (Nikon 80i; 
Nikon Corporation, Tokyo, Japan). Osteoclasts were counted 
along the margins of the buccal alveolar bone proper in 
TRAP‑stained sections.

IHC. IHC was performed using Diaminobenzidine Detection 
Kit (cat. no. PV-6000-D; Beijing Zhongshan Golden Bridge), 
according to the manufacturer's instructions (21‑23). Tissue 
slices were dewaxed in xylene and rehydrated. Endogenous 
peroxidases were inhibited by incubation in 0.3% peroxide for 
30 min at room temperature, followed by repeated washing 
in PBS. All sections were treated with 5% normal goat serum 
(cat. no. ZLI‑9022; Beijing Zhongshan Golden Bridge) for 
30 min at room temperature. The sections were subsequently 
incubated overnight at 4˚C with one of the following primary 
antibodies: Rabbit anti-OPN polyclonal antibody (1:200; 
cat.  no.  ab8448; Abcam, Cambridge, MA, USA), rabbit 
anti-DMP1-C polyclonal antibody (1:500; cat.  no.  M176; 
Takara Bio, Inc., Otsu, Japan) and mouse anti-RANKL 
monoclonal antibody (1:800; cat. no. ALX-804-244-C100, 
Alexis Biochemicals, San Diego, CA, USA), followed by 
washing with PBS. According to the PV‑6000-D direction, 
the sections were incubated with the secondary antibodies 
(goat anti-rabbit/mouse immunoglobulin  G). Antibody 
complexes were visualized by the addition of a buffered 
diaminobenzidine substrate for 3 min and the reaction was 
inhibited by rinsing the sections in PBS. The intensity of 
immunostaining was assessed, according to the previously 
described method (23).

Figure  1. Micro‑computed tomography images of a rat mandibular 
alveolar bone, indicating the ROI. Distance between T1 and T3=500 µm. 
A 200x200x200‑µm cube was prepared for analyses with the T2 and T3 
surfaces at the base. T1, sagittal plane passing through the centers of M1 
mesial and distal roots; T2, coronal plane that penetrates the center of the 
M1 medial root; T3, sagittal surface parallel to T1 and perpendicular to T2; 
M, mesial root; B, buccal root; D, distal root; L, lingual root; ROI, region 
of interest.
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Micro‑computed tomography (micro‑CT) scanning and alve‑
olar bone analysis. Samples were analyzed using a Scanco 
Medical micro‑CT  35 (Scanco Medical  AG, Bassersdorf, 
Switzerland) with the following parameters: 6‑µm voxels, 
114 milliamperes, 70 peak kilovoltage and an exposure time 
of 300 milliseconds. 3D reconstructions were performed in 
order to assess the morphological characteristics of the rat 
mandibles. Alveolar bone histomorphometrics were measured 
directly from the region of interest (ROI).

The ROI was manually established in the buccal alveolar 
bone proper of the mandibular first molar (M1). The sampling 

regions of the buccal alveolar bone proper from the mesial 
roots of the M1 were standardized using the following char-
acteristics: A sagittal plane (T1), which passes the center of 
the M1 mesial and distal roots; a coronal plane (T2), which 
penetrates the center of M1 medial root; and a sagittal surface 
(T3), which represents the observation surface and is parallel 
to T1 and perpendicular to T2. The distance between T1 and 
T3 was 500 µm. Cubes of 200x200x200 µm, with T2 and T3 
surfaces as their bases, were then selected for analysis (Fig. 1). 
Cube size used in the present study was selected according to 
the methods described in a previous study (24). The following 

Figure 2. Representative images illustrating micro‑computed tomography image analysis in buccal alveolar bone proper of the M1 mesial root. (A) and 
(C) represent the sham rats, and (B) and (D) represent OVX rats. (C) and (D) are of higher magnification, compared with those of (A) and (B). In OVX rats, a 
higher degree of bone remodeling was observed on the surface of buccal alveolar bone proper compared with that of sham rats. B, buccal root; L, lingual root; 
OVX, ovariectomized.

Figure 3. Micro‑computed tomography histomorphometric comparisons between sham and OVX rats. (A) PoV/TV, (B) Po.Dm., (C) Po.Sp., and (D) BMD. 
Values represent the mean ± standard deviation. *P<0.05 and **P<0.01, compared with sham rats. PoV/TV, porosity (pore volume/total volume); Po.Dm., 
pore diameter; Po.Sp., pore spacing; BMD, bone mineral density; OVX, ovariectomized rats.
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3D micro‑architecture parameters of the ROI were evaluated: 
BMD; porosity (pore volume/total volume; %); pore diameter 
(mm); and pore spacing (mm).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Statistical analyses were conducted using SPSS 
version 13 (SPSS Inc., Chicago, IL, USA). Sham and OVX 

Figure 4. H&E staining and TRAP staining of alveolar bones from sham and OVX rats. (A)‑(D) were subjected to H&E staining, and (E)‑(H) were subjected 
to TRAP staining. (A), (B), (E) and (F) were obtained from sham rats, while (C), (D), (G) and (H) were obtained from OVX rats. (B), (D), (F) and (H) represent 
higher magnification images of the black squares shown in (A), (C), (E) and (G). (B) A healthy lamellar bone structure was observed in the buccal alveolar bone of 
sham rats. (D) Compared with sham rats, the buccal alveolar bone from OVX rats exhibited larger osteocyte lacunae and smaller lamellar bone structure. (E) and 
(G) Osteoclasts are multinuclear cells that appear red following TRAP staining and form a line along the margin of the buccal alveolar bone proper. (magnification 
of A, C, E and G, x100; magnification of B, D, F and H, x400). (I) A significant increase in TRAP‑positive cells was observed along the margin of the buccal 
alveolar bone proper when compared with the controls. TRAP, tartrate‑resistant acid phosphatase; OVX, ovariectomy group; H&E, hematoxylin and eosin.
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Figure 5. Representative immunohistochemical images of alveolar bone in samples from the mandibular first molar. (A), (B), (E), (F), (I) and (J) were obtained 
from sham rats and (C), (D), (G), (H), (K) and (L) from OVX rats. (B), (D), (F), (H), (J) and (L) represent higher magnification images of the black squares 
shown in (A), (C), (E), (G), (I) and (K). (A)‑(D) IHC for RANKL; (E)‑(H) IHC for OPN; (I)‑(L) IHC for DMP1‑C. RANKL was predominantly expressed in 
the cytoplasm of osteoblast and periodontal ligament cells in sham and OVX rats. (D) OVX rats exhibited high levels of RANKL expression, in particular in 
the periodontal ligament, adjacent to alveolar bone proper, compared with sham rats. The distribution of OPN expression was similar in sham and OVX rats. 
(E) and (G) OPN was predominantly observed in areas containing newly formed bone from sham and OVX rats. (F) and (H) A relatively strong signal for OPN 
was observed in the alveolar bone proper in OVX rats, while the signal for OPN was generally weak in rats in the sham group, compared with the OVX rats. 
DMP1‑C expression was observed in the extracellular matrix surrounding osteocyte lacunae of newly formed bone samples. In sham rats, DMP1‑C expression 
was higher compared with that in the OVX rats. (magnification of A, C, E, G, I and K, x100; magnification of B, D, F, H, J and L, x400). OVX, ovariectomy 
group; IHC, immunohistochemistry; RANKL, receptor activator of nuclear factor κB ligand; OPN, osteopontin; DMP1‑C; dentin matrix protein 1 C‑terminal.
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groups were compared using t‑tests and P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Micro‑CT histomorphometry analysis of alveolar bone 
structure. 3D images obtained using micro‑CT scanning 
were used to visualize the ROI in buccal alveolar bone proper 
samples from OXV and sham rats (Fig. 1). A greater degree 
of bone remodeling was observed on the surface of buccal 
alveolar bone proper samples from OVX rats compared with 
those of the sham rats (Figs. 2 and 3). Table I summarizes the 
morphological values measured using micro‑CT. Porosity 
was significantly higher in OVX rats compared with sham 
rats (P=0.006). A higher density of pores was observed on the 
surfaces of buccal alveolar bone proper in OVX rats compared 
with those of the sham rats (Fig. 3A). No significant differ-
ence in pore diameter was observed between OVX and sham 
rats (Fig. 3B). BMD and pore spacing were significantly lower 
in OVX rats compared with the sham rats (P=0.014 and 0.001, 
respectively; Fig. 3C and D).

H&E staining and TRAP staining in alveolar bone samples 
from OVX rats. A reduction of lamellar bone structure in buccal 
alveolar bone proper was observed in OVX rats. A greater 
number of osteocytes was observed in alveolar bone samples 
from OVX rats compared with that in sham rats (Fig. 4A,B). 
Furthermore, the lacunae of osteocytes were larger in OVX 
rats compared with those in sham rats (Fig. 4A‑D). Moreover, 
the periodontal ligament structure became discontinuous and 
a greater number of pores were observed along the buccal 
alveolar bone proper in OVX rats compared with that of 
sham rats.

TRAP staining was performed in order to evaluate 
periodontal tissue remodeling in the buccal alveolar bone in 
OVX and sham rats. Osteoclasts were recognized as multi-
nuclear cells, which appeared dark red following TRAP 
staining  (Fig. 4E‑H). The number of TRAP‑positive cells 
observed along the margin of the buccal alveolar bone proper 
was significantly lower in OVX rats compared with the sham 
rats (Fig. 4I).

IHC analyses of RANKL, OPN and DMP1‑C in the buccal 
alveolar bone and periodontal ligament in OVX rats. In order 
to confirm the involvement of the osteoclastogenic factor, 
RANKL, in the remodeling of periodontal tissues in OVX rats, 

an IHC assay was conducted. RANKL staining in periodontal 
tissues from sham rats was weak, compared with that in OVX 
rats (Fig. 5A‑D). In particular, RANKL expression was high in 
the periodontal ligament, adjacent to alveolar bone proper in 
OVX rats (Fig. 5C and D).

Estrogen deficiency led to significantly higher OPN 
expression levels in the periodontal ligament and adjacent 
alveolar bone in OVX rats compared with sham rats. OPN 
expression was observed in regions of new bone formation in 
the sham rats (Fig. 5E and F). By contrast, the entire region 
of the alveolar bone exhibited high OPN expression in OVX 
rats, in particular in the un‑mineralized regions surrounding 
the osteocytesin (Fig. 5G and H).

DMP1‑C expression was localized to the mineralized bone 
areas. DMP1‑C expression was markedly higher in the alveolar 
bone of the sham rats than that of the OVX rats (Fig. 5I‑L). In 
addition, lower levels of DMP1‑C expression were observed in 
the osteoid and hypomineralized region of the alveolar bone in 
OVX rats compared with that in sham rats.

Discussion

The purpose of the present study was to evaluate the influ-
ence of estrogen deficiency on the buccal alveolar bone proper 
and periodontal ligament in rats. The current study aimed to 
investigate the possible association between osteoporosis and 
periodontal disease, in order to develop effective techniques 
for the prevention and diagnosis of periodontal disease in 
postmenopausal women.

In the present study, the effects of estrogen deficiency on 
the alveolar bone proper and periodontal ligament in OVX rats 
were investigated. A number of microstructural differences 
were observed in the buccal alveolar bone proper between 
OVX and sham rats. Porosity levels were markedly higher in 
OVX rats compared with those of the sham rats. Pore spacing 
was significantly lower in OVX rats compared with sham rats. 
Bone formation and resorption levels were significantly higher 
in OVX rats compared with those in sham rats. Following 
periodontal bacterial infection, changes in the alveolar bone 
microstructure, are likely to lead to a higher level of jawbone 
resorption (11,25‑27). Overall, the results of the present study 
demonstrate that estrogen deficiency may exert effects on 
alveolar bone metabolism and lead to an increased risk of 
periodontal disease.

Buccal alveolar bone proper mass was significantly lower 
in the OVX rats compared with that in the sham rats. Therefore, 

Table I. Micro‑architectural measurements in the buccal alveolar bone proper of the mesial root of the mandibular first molar.

Measurement	 Sham	 OVX	 P‑value

PoV/TV (%)	 2.84±0.73	 7.90±3.25	 0.006b

Po.Dm. (µm)	 11.00±2.00	 12.00±2.00	 0.112
Po.Sp. (µm)	 58.00±6.00	 45.00±5.00	 0.001b

BMD (mg cm3)	 1219.05±36.12	 1150.49±40.28	 0.014a

aP<0.05 and bP<0.01. PoV/TV, porosity (pore volume/total volume); Po.Dm., pore diameter; Po.Sp., pore spacing; BMD, bone mineral density. 
OVX, ovariectomized rats.
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estrogen deficiency may affect the process of alveolar bone 
remodeling in OVX rat mandibles. Payne et al (28) indicated 
that estrogen deficiency in postmenopausal women is associ-
ated with a loss of alveolar bone density. A number of studies 
have demonstrated a positive correlation between levels of 
skeletal BMD expression and periodontal disease (15,16,25). 
Wactawski‑Wende  et  al  (29) demonstrated an associa-
tion between alveolar bone loss and periodontal disease in 
post‑menopausal women. Therefore, estrogen deficiency may 
lead to periodontal disease in post‑menopausal women. Low 
bone density levels and porotic changes were observed in 
alveolar bone samples from OVX rats compared with sham 
rats. Therefore, estrogen deficiency in alveolar bone proper 
may lead to osteoblast inhibition and osteoclast induction.

Estrogen deficiency may exert complex effects in bone 
samples. Estrogen levels have been reported to exert direct 
anabolic effects on bone cells (30‑33). Osteoblasts differentiate 
into osteocytes, which promote bone formation. By contrast, 
multinucleated osteoclasts promote bone resorption (23). In 
the present study, expression levels of extracellular matrix 
proteins, including OPN and DMP1‑C, were used in order to 
indicate osteoblast and osteoclast differentiation. RANK is a 
key signaling pathway involved in osteoclast differentiation. 
RANK receptors are expressed on the surface of osteoclast 
precursors. Osteoblasts produce RANKL, which coordinates 
bone remodelling via the stimulation of nearby osteoclasts, 
which subsequently stimulates adjacent osteoblasts (34).

In the present study, RANKL expression was higher in 
OVX rats compared with sham rats and, therefore, osteoclast 
activity was greater, which led to higher levels of alveolar 
bone loss and changes in alveolar bone structure. Furthermore, 
osteoclastogenesis has been shown to be induced in periodon-
tium samples from OVX rats, suggesting that alveolar bone 
resorption may be associated with the increased osteoclast 
activity (35).

The periodontal ligament is located between the hard 
tissue, cementum and the alveolar bone, which are associated 
with periodontal development and regeneration. The results 
of the present study demonstrated that the periodontal liga-
ment structure became discontinuous, and porotic changes 
were observed along the buccal alveolar bone proper in OVX 
rats compared with sham rats. Therefore, estrogen deficiency 
may lead to osteoclastogenesis induction via the upregula-
tion of RANKL expression in periodontal ligament cells. 
Furthermore, estrogen‑deficient periodontal ligament cells 
may be involved, not only in the maintenance and remodeling 
of the ligament, but also in the metabolism of adjacent alveolar 
bone tissue.

OPN is a multifunctional protein involved in bone turnover, 
osteoclastogenesis and osteoblast function. It is predomi-
nantly observed in the cement line and resorption sites (21). 
OPN activation in osteoblasts may accelerate the adhesion of 
osteoclasts and cause osteoclast activation, thereby increasing 
alveolar bone resorption. Furthermore, OVX‑induced bone 
resorption using OPN‑knockout in mice demonstrated that 
OPN is involved in bone remodeling (36‑38). In the present 
study, OPN was expressed in the periodontal ligament and 
adjacent alveolar bone in OVX rats. This observation suggests 
that estrogen deficiency may led to an enhanced risk of peri-
odontal destruction in OVX rats.

DMP1 is an acidic non‑collagenous protein that is 
associated with osteogenesis and dentinogenesis. DMP1 
predominantly occurs as proteolytically produced 37 kDa 
(DMP1‑N) and 57 kDa (DMP1‑C) fragments in the bone and 
dentine extracellular matrices (23). DMP1‑N is expressed in 
un‑mineralized predentin, while DMP1‑C is predominantly 
expressed in mineralized dentine and bone tissue (39). Thus, 
DMP1‑C is a marker for the mineralization of osteoid and 
immature bone formation. In the present study, the signal for 
DMP1-C in alveolar bone samples from OVX rats was mark-
edly lower compared with samples from the sham rats. This 
suggested that the low expression of the DMP1-C in OVX rats 
may lead to low levels of osteogenesis in the alveolar bone. 
Therefore, bone remodeling in periodontal tissues is enhanced 
in estrogen‑deficient rats.

In conclusion, estrogen deficiency may lead to an increase 
in RANKL and OPN expression levels, which may contribute 
to enhanced levels of osteoclast activation and migration. In 
addition, the results of the present study suggest that estrogen 
deficiency may lead to alveolar bone damage. Therefore, 
further research into the influence of estrogen deficiency on 
alveolar bones of post‑menopausal women is required. In order 
to elucidate the effects of estrogen deficiency on periodontal 
disease, it is necessary to conduct further in vivo experiments 
using OVX animals.
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