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Abstract. Bone loss is caused by occlusal hypofunction and 
is a serious health concern. This is particularly true of tooth 
loss, which is common in the elderly. However, the cellular 
and molecular mechanisms underlying bone loss have yet to be 
fully elucidated. Sclerostin and Wnt/β‑catenin signaling have 
previously been reported to serve important roles in regulating 
bone remodeling. Therefore, the present study aimed to investi-
gate the involvement of sclerostin and Wnt/β‑catenin signaling 
in occlusal hypofunction‑induced alveolar bone remodeling. 
The unilateral maxillary molars of 14 male Sprague‑Dawley 
rats were extracted in order to establish a model of occlusal 
hypofunction. For each rat, the non‑extraction side was treated 
as the control group for comparisons with the extraction side. 
At 8 weeks after tooth extraction, the rats were sacrificed and 
alveolar bone specimens were harvested for X‑ray radiog-
raphy, micro‑computed tomography (CT) and histological and 
immunohistochemical examinations. Bone loss and architec-
ture deterioration were observed at the occlusal hypofunction 
side. The bone mineral density was markedly decreased and 
the ratio of bone volume to total volume was significantly 
decreased at the hypofunction side, as compared with the 
control side (P<0.001). In addition, the number of osteoclasts at 
the hypofunction side were significantly increased compared 
with that in the control side (P<0.001), as demonstrated using 
tartrate‑resistant acid phosphatase staining. Furthermore, the 
protein expression levels of sclerostin and receptor activator 

of nuclear factor‑κB ligand were increased, whereas those 
of β‑catenin were decreased, at the hypofunction side when 
compared with the control side. In conclusion, the results of the 
present study suggested that occlusal hypofunction‑induced 
bone loss may be associated with upregulated expression 
of sclerostin, which, in turn, may inhibit the activity of the 
Wnt/β‑catenin signaling pathway.

Introduction

Tooth loss is a common and serious health concern, particu-
larly in the elderly. Although the incidence of tooth loss has 
declined in industrialized countries, the goal established by 
the World Health Organization of retaining 20 teeth at the age 
of 80 years has not been widely achieved (1,2). Mechanical 
stress has a crucial role in bone remodeling (3,4) and bone loss 
may occur as a result of reduced mechanical force, which is 
defined as disuse osteoporosis (5). Occlusal hypofunction due 
to tooth loss has a negative impact on jaw bone homeostasis (6). 
Tooth loss may lead to a reduced bite force in the antagonistic 
tooth and underlying alveolar bone during chewing. A lack 
of functional occlusion may induce active alveolar bone loss, 
including decreasing bone mass and volume (7,8). In addition, 
in certain pathological conditions, such as estrogen deficiency, 
functional occlusion has been revealed to slow down the rate 
of bone loss (9), whereas occlusal hypofunction was reported 
to accelerate bone loss  (10,11). However, the cellular and 
molecular mechanisms underlying bone loss have yet to be 
fully elucidated.

The Wnt/β‑catenin signaling pathway has an essential role 
in bone remodeling by regulating osteoblast differentiation and 
function (12). Osteocytes, which are the most abundant cells 
in the bone, have a dominant role in sensing and transducing 
mechanical stress (13). Osteocytes express sclerostin, which is 
a SOST gene‑encoded soluble protein that is thought to diffuse 
through the thick network of osteocyte canaliculi to reach the 
bone surface (14,15). Previous studies have demonstrated that 
sclerostin, which typically antagonizes the Wnt/β‑catenin 
signaling pathway by binding to the LRP5/6 receptor to inhibit 
bone formation, is secreted less during mechanical stress, thus 
causing an increase in bone production in this context (16‑18). 
In addition, sclerostin is able to promote osteoclastogenesis 
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and osteoclast resorptive activity by a receptor activator of 
nuclear factor‑κB ligand (RANKL)‑dependent pathway (19). 
In a model of tail suspension unloading‑induced osteoporosis, 
decreased Wnt/β‑catenin signaling associated with upregula-
tion of sclerostin was detected in the femur (20).

Alveolar bone is highly adaptable to the development of 
teeth and occlusal force, and is of unique character, as compared 
with the long bone of limbs (6,7). Upon occlusion, the compo-
nents of the tooth‑periodontal ligament‑alveolar bone complex 
behave in a synergistic manner (21). The reaction of alveolar 
bone to a mechanical stimulus may be affected by multiple 
components of the periodontium (8). Occlusal hypofunction 
has been reported to be a useful unloading model for jaw bone 
research, since it has been associated with tooth loss in patients 
requiring prosthodontic treatment (10,11). However, to the best 
of our knowledge, the expression levels of sclerostin in the 
occlusal hypofunction environment have not been investigated 
to date. Therefore, the present study aimed to investigate the 
roles of sclerostin and Wnt/β‑catenin signaling in the regula-
tion of alveolar bone loss induced by occlusal hypofunction.

Materials and methods

Establishment of a rat model of occlusal hypofunction. A 
total of 14 male Sprague‑Dawley rats (age, 10 weeks) were 
used, sourced from Chengdu Da Shuo Biological Technology 
Co. Ltd. (Chengdu, China). All rats were fed a powder diet 
(Chengdu Da Shuo Biological Technology Co. Ltd.), had free 
access to drinking water and were maintained under a 12‑12 h 
light‑dark cycle at a constant temperature of 23˚C. The present 
study was approved by the Ethics Committee of the West 
China Hospital of Stomatology, Sichuan University (Chengdu, 
China). The maxillary molars of the rats were extracted on the 
left side, whilst the homolateral upper incisors were abraded, 
in order to induce the occlusal hypofunction environment 
(Fig. 1). For each rat, the non‑extraction side was treated as 
the control group for comparisons with the extraction side. 
During the surgical procedure, anesthesia was administered 
intraperitoneally with 0.5% chloral hydrate (West China 
Second University Hospital, Chengdu, China). The rats were 
fed ad libitum throughout the experimental period. At week 8 
after tooth extraction, all rats were sacrificed with an excess of 
chloral hydrate and the mandibles were collected and stored in 
a solution of 0.5% buffered formalin (Baoke Biotechnology, 
Inc., Chengdu, China).

Radiography and micro‑computed tomography (CT) analyses. 
The whole mandibular alveolar bone was examined. The bone 
mineral density (BMD) of the alveolar bone was assessed by 
high resolution X‑ray radiography using a Faxitron MX‑20 
Digital Radiography system (Faxitron Bioptics, LLC, Tucson, 
AZ, USA). The morphological characteristics of the alveolar 
bone were evaluated by micro‑CT analysis. The specimens were 
placed in 10% buffered formalin and scanned using a desktop 
micro‑CT system (µCT 35; Scanco Medical AG, Brüttisellen, 
Switzerland). The region of interest in the alveolar bone was 
selected and the bone volume (BV), total volume (TV) and the 
ratio of bone volume to total volume (BV/TV) were measured.

Histological evaluation and osteoclast activity. The alveolar 
bone samples were fixed overnight in 10% buffered formalin, 
decalcified in 0.5  mol/l ethylene diaminetetraacetic acid 
(pH 7.2) for 2 weeks at room temperature, and embedded in 
paraffin wax. Subsequently, 6‑µm sections were prepared 
using an RM2235 microtome (Leica Microsystems GmbH, 
Wetzlar, Germany) and stained with hematoxylin and eosin 
(H&E; Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China).

Tartrate‑resistant acid phosphatase (TRAP) staining 
was used to calculate the number of osteoclasts. Briefly, 
the sections were stained using a TRAP Staining kit (cat. 
no. 387A; Sigma‑Aldrich, St. Louis, MO, USA) and the number 
of osteoclasts was calculated by two independent investigators 
using an Eclipse E100 microscope (Nikon Corporation, Toyko, 
Japan).

Immunohistochemistry. Demineralized, paraffin embedded 
sections of alveolar bone were prepared in order to detect the 
protein expression levels of sclerostin, β‑catenin, osteoprote-
grin (OPG) and RANKL by immunohistochemical staining. 
Briefly, the specimens were deparaffinized and treated with 
3% hydrogen peroxide to inhibit endogenous peroxidase activity. 
Subsequently, the fixed sections were incubated with primary 
antibodies as follows: Polyclonal rabbit anti‑sclerostin (dilution, 
1:50; cat. no. ab63097; Abcam, Cambridge, UK), polyclonal 
rabbit anti‑OPG (dilution, 1:200; cat. no. ab73400; Abcam) and 
monoclonal rabbit anti‑β‑catenin (dilution, 1:200; ab32572; 
Abcam) at 37˚C for 2 h, followed by incubation with horseradish 
peroxidase (HRP)‑conjugated goat anti‑rabbit immunoglob-
ulin G (dilution, 1:200; sc‑2004; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) at 37˚C for 30  min. Alternatively, 

Figure 1. X‑ray scan of the occlusal hypofunction model. The unilateral maxillary molars of 10‑week‑old male Sprague‑Dawley rats were extracted to establish 
the model of occlusal hypofunction.
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these were incubated with polyclonal goat anti‑RANKL (dilu-
tion, 1:200; cat. no. sc‑7628; Santa Cruz Biotechnology, Inc.), 
followed by HRP‑conjugated rabbit anti‑goat IgG within the 
Polink‑2 Plus Polymer HRP Detection system (cat. no. PV9003; 
Zhongshan Bio‑Tech, Co., Ltd, Beijing, China) for the corre-
sponding duration and temperatures. Finally, the sections were 
stained using a 3,3'‑diaminobenzidine tetrahydrochloride kit 
(OriGene Technologies, Inc.). Immunostained sections were 
scanned using a Nikon Eclipse 800 microscope (Nikon Corpo-
ration), and positive areas representing the degree of antigen 
expression were calculated using Image‑Pro Plus version 6.0 
image analysis software (Media Cybernetics, Inc., Rockville, 
MD, USA). Expression levels are presented as the mean optical 
density (MOD), which was calculated using the following equa-
tion: MOD = Integrated optical density / size of the study area.

Statistical analysis. All data are expressed as the 
mean ±  standard deviation. For quantitative outcomes, a 
paired t‑test was used to compare the differences between 
each group. All statistical analyses were conducted using the 
SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference. 

Results

Alveolar bone histomorphometric evaluation. A decreased 
BMD and bone destruction were observed in the alveolar 
apical area at the occlusal hypofunction side by X‑ray anal-
ysis (Fig. 2A). In addition, high‑resolution micro‑CT images 
of the mandibles revealed decreased trabecular and cortical 
bone masses at the occlusal hypofunction side. Furthermore, 
development of a cavity and bone architecture deterioration 

were detected at the occlusal hypofunction side (Fig. 2B). 
According to quantitative analysis, the BV and BV/TV 
values at the occlusal hypofunction side were significantly 
lower, as compared with those at the control side (P<0.001; 
Fig. 2B). These results were indicative of severe bone loss at 
the occlusal hypofunction side.

Alveolar bone histological evaluation and osteoclast 
activity. Bone deterioration and resorption were observed 
at the occlusal hypofunction side by H&E staining. In addi-
tion, a number of cavities were detected and the trabecular 
architecture appeared to be deteriorated  (Fig.  3A). As 
demonstrated by TRAP staining, the number of osteoclasts 
was significantly higher at the occlusal hypofunction side, 
as compared with the control side (P<0.001; Fig. 3B and C), 
thus indicating that active bone resorption was occurring.

Immunohistochemical results. As compared with the 
control side, the protein expression levels of β‑catenin 
in the osteoblast cytoplasm were decreased, and those 
of sclerostin in the alveolar bone were increased, at the 
occlusal hypofunction side, as demonstrated by immunohis-
tochemical staining (Fig. 4A and B). These results suggested 
that occlusal hypofunction suppresses the Wnt signaling 
pathway. Furthermore, positive RANKL immunoreactivity 
was detected in the osteoblasts and osteocytes, while posi-
tive OPG immunoreactivity was observed in the osteoblasts. 
At the hypofunction side, the protein expression levels of 
RANKL in osteocytes were significantly increased (P<0.001; 
Fig. 5), as compared with the control side. By contrast, there 
was no significant difference in the protein expression levels 
of OPG between the sides (P>0.05; Fig. 5), although stronger 
immunoreactivity was detected at the hypofunction side.

Figure 2. Histomorphometric analysis of alveolar bone. Bone alterations are indicated with arrows. (A) X‑ray analysis detected decreased bone mineral 
density and active bone loss in the alveolar apical area at the hypofunction side. (B) Micro‑computed tomography detected bone architecture deterioration 
and significantly reduced BV and BV/TV values at the hypofunction side, as compared with the control side. ***P<0.001 vs. control side. BV, bone volume; TV, 
total volume.
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Discussion

Tooth loss has been demonstrated to cause severe damage 
and may impair the oral health‑associated quality of life of 
patients  (22). Tooth removal may result in alveolar bone 
resorption and promote structural and compositional changes 
in the overlying soft tissue (23). In addition, tooth loss has been 
reported to diminish functional occlusion in the antagonistic 
tooth, which may lead to tooth extrusion and disuse osteo-
porosis of the alveolar bone (7,8). Therefore, considering the 
potential complications during prosthetic rehabilitation, an 
evaluation of the magnitude of hard and soft tissue changes is 
essential prior to comprehensive prosthodontic treatment (24). 
In the case that the prosthetics rehabilitation is not applied 
immediately, these changes may deteriorate and have an 
unfavorable impact on the oral health. On the contrary, bone 

resorption can be reduced to some degree if the prosthesis 
is applied to balance the occlusal loading on the alveolar 
bone (25). In addition, the functional and cosmetic results of 
prosthodontic treatment depend on the quantity and quality of 
alveolar bone (26). Therefore, it is important to receive timely 
prosthetic restoration when tooth loss occurs.

The bone remodeling process consists of bone forma-
tion and bone resorption. Osteocytes serve a central role in 
the bone remodeling process by sensing and transmitting 
external mechanical loading information to effector cells, 
and function as an orchestrator in the regulation of osteoblast 
and osteoclast activities (27,28). Numerous cell signalling 
molecules have been revealed to be modulated in osteo-
cytes in response to mechanical stress, including adenosine 
triphosphate, nitric oxide, prostaglandin E2 and calcium 
channels (29). However, few of them have been demonstrated 

Figure 4. Immunohistochemical staining of sclerostin and β‑catenin. (A) Sclerostin and (B) β‑catenin positive (+) cells in alveolar bone are indicated with 
arrows. The number of sclerostin+ cells were increased, and the number of β‑catenin+ cells were decreased, at the hypofunction side, as compared with the 
control side. Magnification, x400.

  B  A

Figure 3. Histological evaluation and osteoclast activity. (A) Hematoxylin and eosin staining showed bone resorption occurred at the hypofunction side. 
(B and C) TRAP staining reflected a higher amount of osteoclasts (red arrows) at the hypofunction side (P<0.001). ***P<0.001. Magnification, x100.

  A   B

  C
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to be a prerequisite for loading adaptation  (29). Previous 
studies demonstrated that loading reduces the secretion of 
sclerostin by osteocytes (30), which decreases the amount 
of sclerostin able to bind Lrp5/Lrp6 to antagonize the Wnt 
signaling pathway  (31). Furthermore, downregulation of 
sclerostin in osteocytes has been shown to be an obligatory 
step in the osteogenic response to mechanical loading (32). 
In unloading models, such as in tail suspension, sclerostin 
expression levels increase, thereby inhibiting the Wnt 
signaling pathway, inducing apoptosis, suppressing osteo-
blast activity and decreasing the bone mass (20). Therefore, 
the current strategy of anti‑sclerostin treatment for bone 
loss‑associated diseases, as a potential therapeutic approach, 
has been investigated by numerous studies (33‑36).

In the present study, evident bone loss and architecture dete-
rioration were detected at the occlusal hypofunction side, as 
demonstrated using radiography, micro‑CT and H&E staining. 
A previous study reported that tail suspension unloading 
resulted in the upregulation of sclerostin (20), which was simi-
larly observed in the present study in the occlusal hypofunction 
environment, since occlusal hypofunction is also an unloading 
environment. Upon extraction of the maxillary molars from 
the rats, the reduction in the bite force exposed the mandible to 
unloading. RANKL and OPG are recognized as positive and 
negative controllers of osteoclastogenesis, respectively (37). 
In the present study, the protein expression levels of RANKL 
were significantly increased in osteocytes at the hypofunction 
side. This is consistent with the study by Nakashima et al (38), 
which suggested that osteocytes are a crucial in vivo source 
of RANKL required for osteoclastogenesis. Conversely, the 

protein expression levels of OPG were not significantly different 
at the hypofunction side, as compared with the control side. It 
is hypothesized that the finding of stronger staining for OPG at 
the hypofunction side in the present study may have been the 
result of a negative feedback mechanism aimed to control the 
RANKL‑promoted osteoclastogenesis process. These findings 
may suggest that bone resorption was facilitated. In addition, 
decreased β‑catenin and increased sclerostin expression 
levels were observed in the occlusal hypofunction environ-
ment. Since sclerostin is an antagonist of the Wnt/β‑catenin 
signaling pathway (39,40), the upregulation of sclerostin at the 
occlusal hypofunction side may have inhibited Wnt/β‑catenin 
signaling activity, thereby reducing bone formation, enhancing 
bone resorption and ultimately leading to bone loss.

The association of occlusal hypofunction with bone loss 
has been well‑documented. The present study demonstrated 
that sclerostin‑mediated Wnt/β‑catenin signaling inhibition 
may have a crucial role in this process, and supplied one 
potential molecular explanation for this phenomenon. The role 
of sclerostin‑mediated Wnt/β‑catenin signaling in the regula-
tion of unloading (tail suspension)‑induced bone responses 
has previously been described in the long bone (20). However, 
occlusal unloading differs from tail suspension unloading. 
Typically, the mechanical stimulus is distributed among 
the teeth, periodontal ligament, and throughout the alveolar 
bone. Therefore, the loss of normal occlusal function leads 
not only to bone loss, but also to atrophic alterations in the 
periodontal ligament (41), which may also have an important 
role in alveolar bone loss and remodeling due to periodontal 
ligament fibroblasts responding to mechanical forces (42). 

Figure 5. Immunohistochemical staining of RANKL and OPG. (A) RANKL and (B) OPG positive cells in alveolar bone are indicated with arrows. Quantitative 
immunohistochemical analysis of (C) RANKL and (D) OPG protein expression levels in the alveolar bone from the control and hypofunction sides. As com-
pared with the control side, the protein expression levels of RANKL in osteocytes at the hypofunction side were significantly increased, whereas there were no 
significant difference in the protein expression levels of OPG between the sides. Data are presented as the mean ± standard deviation of triplicate experiments. 
***P<0.001 vs. control side. Magnification, x400. RANKL, receptor activator of nuclear factor‑κB ligand; OPG, osteoprotegrin; MOD, mean optical density. 
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Thus, the occlusal hypofunction model is required for jaw 
bone unloading experiments.

Future studies are required to investigate the roles of 
Wnt/β‑catenin, as well as numerous other signaling pathways, 
in the occlusal hypofunction status and their underlying 
mechanisms. Sclerostin is emerging as a promising thera-
peutic target in bone disease therapy (43). Various animal 
studies demonstrated that the sclerostin antibody was effective 
in preventing unloading‑induced osteoporosis (44,45). Thus, 
it can be hypothesized that anti‑sclerostin treatment may be 
able to protect against occlusal hypofunction‑induced alveolar 
bone loss, and its application in dental prosthetic rehabilitation 
may be promising.

In conclusion, the present study demonstrated that occlusal 
hypofunction‑induced bone loss was associated with sclerostin 
and Wnt/β‑catenin signaling, in which upregulated sclerostin 
may antagonize the activity of the Wnt/β‑catenin signaling 
pathway, thereby inhibiting bone formation and accelerating 
bone resorption.
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