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Abstract. Osteoporosis is characterized by the progressive 
loss of bone mass and the micro‑architectural deterioration of 
bone tissue, leading to bone fragility and an increased risk of 
fracture. Gallium has demonstrated efficacy in the treatment 
of several diverse disorders that are characterized by acceler-
ated bone loss. Osteoblasts orchestrate bone degradation by 
expressing the receptor activator of NF‑κB ligand (RANKL), 
however they additionally protect the skeleton by secreting 
osteoprotegerin (OPG). Therefore, the relative concentration of 
RANKL and OPG in bone is a key determinant of bone mass 
and strength. The current study demonstrated that gallium 
nitrate (GaN) is able to counteract bone loss in an experimental 
model of established osteoporosis. Ovariectomized (OVX) 
rats exhibited significantly increased bone mineral density 
following GaN treatment for 4 and 8 weeks by 19.3 and 37.3%, 
respectively (P<0.05). The bone volume of the OVX + GaN 
group was increased by 40.9% (P<0.05) compared with the 
OVX group. In addition, the current study demonstrated that 
GaN stimulates the synthesis of OPG however has no effect 
on the expression of RANKL in osteoblasts, as demonstrated 
by RT‑qPCR, western blotting and ELISA, resulting in an 
increase in the OPG/RANKL ratio and a reduction in osteo-
clast differentiation in vivo and in vitro.

Introduction

Osteoporosis is characterized by the progressive loss of bone 
mass and the micro‑architectural deterioration of bone tissue, 
resulting in bone fragility and an increased risk of fracture (1). 
Gallium is a group IIIA metal and was first identified in 1875 
by Paul‑Émile Lecoq de Boisbaudran in France (2). Gallium 

has been demonstrated to be efficacious in the treatment of a 
number of diverse disorders that are characterized by acceler-
ated bone loss, including cancer‑associated hypercalcemia, 
bone metastases, Paget's disease, myeloma and fatal cage‑layer 
osteoporosis (2‑9). However, the adverse effects associated 
with gallium limits its use therapeutically for the treatment of 
osteoporosis (10).

Osteoblasts are key cells involved in bone remodeling. 
Osteoblasts orchestrate bone remodeling via the expression 
of receptor activator of nuclear factor‑κB (NF‑κB) ligand 
(RANKL) in response to osteoclast‑stimulating hormones 
and cytokines, including parathyroid hormone, tumor necrosis 
factor and interleukin‑1, however, in addition they protect the 
skeleton by secreting osteoprotegerin (OPG) (11). Osteoclasts 
are important cells in the process of bone resorption, and are 
predominantly regulated by RANKL and OPG, which are 
secreted by osteoblasts (12). Therefore, the relative concentra-
tions of RANKL and OPG in bone are key determinants of 
bone mass and strength. OPG protects bone from excessive 
resorption by binding to RANKL and preventing it from 
binding to receptor activator of NF‑κB (RANK) (13). Thus, 
it is suggested that the balance between RANKL and OPG 
serves an important role in the homeostasis of bone metabo-
lism.

Considering the important role of OPG and RANKL in the 
regulation of osteoclasts and the inhibitory effects of gallium 
nitrate (GaN) on ovariectomized (OVX)‑induced bone 
loss (5), the current study hypothesized that GaN may regulate 
the expression of OPG and RANKL in osteoblasts. Therefore, 
the aim of the present study was to investigate whether GaN 
is able to reduce RANKL and stimulate the expression of 
OPG in osteoblasts in vivo and in vitro, and thereby inhibit the 
differentiation of osteoclasts and prevent bone loss in OVX 
rats. The current study aimed to provide novel insight into the 
mechanisms of the effect of GaN on osteoporosis.

Materials and methods

Chemicals, experimental animals and treatments. GaN was 
purchased from BetaPharma Co., Ltd. (Shanghai, China).

A total of 45  adult Sprague‑Dawley female rats 
(Experimental Animal Center, Shengjing Hospital of China 
Medical University, Shenyang, China) at 8‑10 weeks of age and 
180‑200 g in weight were used. Rats were randomly divided 
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into three groups (15 rats/group), all to receive a supplement 
diet. The rats of two of the groups were to become OVX rats 
and those in the remaining group underwent a sham operation 
(control). Within 1 week of their arrival, rats were anesthe-
tized with an intraperitoneal injection of 10% chloral hydrate 
(3.0 ml/kg; Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, 
China) and underwent either bilateral ovariectomy or a sham 
operation. Animals were kept separately in stainless‑steel 
cages under controlled laboratory conditions (22‑25˚C, 
40‑60% relative humidity, 13 h light/11 h dark cycle) with 
standard rat chow and water available ad libitum for 2 months. 
Following this, group 1 (n=15, sham) and group 2 (n=15, OVX) 
were treated with the vehicle (HyClone™ phosphate‑buffered 
saline; Thermo Fisher Scientific, Inc., Waltham, MA, USA) by 
intraperitoneal injection, and group 3 (n=15, OVX + GaN) was 
treated with GaN injected intraperitoneally (120 µg/kg/day) 
for 8 weeks.

All animal experiments were performed in accordance 
with the international standards for animal experimenta-
tion (14). All procedures were reviewed and approved by the 
Ethical Committee of China Medical University (Shenyang, 
China).

Measurements of bone mineral density (BMD) using 
dual‑energy X‑ray absorptiometry. Dual energy X‑ray absorp-
tiometry (XR‑600; Norland Medical Systems, Inc., Tustin, CA, 
USA) was used to scan the left tibia of all rats to determine the 
level of BMD under chloral hydrate (3.0 ml/kg) anesthesia (for 
~20 min, once per month.

Preparation of tissue. At the time of sacrifice, blood was 
collected from the dorsal aorta under ether anesthesia (Tianjin 
Kermel Chemical Reagent Co., Ltd.). Briefly, after the blood 
was collected, the rats were sacrificed by administering an over-
dose of the anesthetic. Following centrifugation at 1,800 x g at 
4˚C for 10 min, serum was harvested and stored at ‑20˚C until 
analysis. The left tibiae were processed for histology. The right 
tibiae were processed for immunohistochemistry. The left 
femurs were processed for reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). The right femurs were 
processed for western blot analysis. All bone tissues were 
immediately frozen at ‑80˚C.

Bone histomorphometry. The tibia tissues were fixed 
in 4% formaldehyde (Tianjin Kermel Chemical Reagent Co., 
Ltd.) for 16 h at 4˚C for histological evaluation. Following 
fixation, tibiae were decalcified in 10% ethylene diamine 
tetraacetic acid (Tianjin Kermel Chemical Reagent Co., 
Ltd.), dehydrated, embedded in paraffin (Beyotime Institute 
of Biotechnology, Shanghai, China), cut to 5 µm sections and 
stained with hematoxylin and eosin (H&E; Beyotime Institute 
of Biotechnology). The tibial analysis was conducted in the 
proximal metaphysis beginning adjacent to the epiphyseal 
growth plate. The callus total area, callus bony area and 
cartilage area were measured using Image‑Pro Plus software, 
version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Immunohistochemistry. For immunohistochemistry, sections 
were incubated overnight at 4˚C with a polyclonal goat anti‑rat 
OPG (cat. no. orb11189) and polyclonal goat anti‑rat RANKL 

(cat. no. orb11190; 1:100; Biorbyt Ltd., Cambridge, UK). Goat 
serum (Solarbio, Beijing, China) was used as the blocking 
agent. The primary antibodies were detected by incubation 
(30 min at 37˚C) with an anti‑goat IgG secondary antibody 
conjugated with horseradish peroxidase (HRP; cat. no. A0227, 
1:200; Beyotime Institute of Biotechnology, Haimen, China). 
Antibody complexes were visualized using a digital microscope 
(DP73; Olympus, Tokyo, Japan) with 3,3‑diaminobenzine 
solution containing hydrogen peroxide (Beyotime Institute of 
Biotechnology) and then counterstained using hematoxylin. 
The integrated optical density was measured using Image‑Pro 
Plus software, version 6.0 (Media Cybernetics, Inc.).

Osteoblast cell culture. Osteoblasts were isolated from 
the calvariae of four male, 1‑day old Sprague‑Dawley rats 
(Experimental Animal Center, Shengjing Hospital of China 
Medical University) by sequential 0.25% trypsin and diges-
tion with 0.1%  type  II collagenase (HyClone™; Thermo 
Fisher Scientific, Inc.). Cells released in the second and third 
digests were pooled and grown in HyClone™ Dulbecco's 
modified Eagle's medium‑low glucose medium supplemented 
with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 
100 µg/ml streptomycin (HyClone™; Thermo Fisher Scientific, 
Inc.) at 37˚C in humidified 5% CO2 air. The cells were regu-
larly trypsinized and subcultured to prevent cell confluence.

Osteoblast cytotoxicity test of GaN. The cytotoxicity of GaN 
against osteoblasts was investigated using a Cell Counting 
Kit‑8 assay (CCK‑8; Beyotime Institute of Biotechnology). In 
brief, cells were seeded into 96‑well flat‑bottomed plates at a 
density of 5x103 cells/well and then placed in serum‑starved 
conditions for a further 6 h. Subsequently, cells were treated 
with GaN at increasing concentrations (0, 10‑11, 10‑10, 10‑9, 10‑8, 
10‑7, 10‑6 and 10‑5 mol/l) in the presence of 10% FBS for 24 h. 
Following the 24 h incubation, 10 µl CCK‑8 dye was added to 
each well and incubated for 1 h according to the manufactur-
er's instructions. The absorbance of each well was measured 
at 450 nm using a microplate reader (Synergy H4; BioTek 
Instruments, Inc., Winooski, VT, USA).

Enzyme‑linked immunosorbent assay (ELISA). Primary 
osteoblasts were serum starved for 12 h, followed by GaN 
(10‑9 mol/l) stimulation for 24 h. The supernatants of the 
osteoblasts were then collected. For in vivo and in vitro experi-
ments, the supernatants of the osteoblasts and the serum from 
the rats were analyzed to measure the concentration of OPG 
and RANKL using the OPG and RANKL ELISA kits respec-
tively (R&D Systems Inc., Minneapolis, USA), according to 
the manufacturer's instructions.

RNA extraction and RT‑qPCR. The left femurs were placed in 
liquid nitrogen, bone chips were collected and gently mashed 
using a mallet. The bone tissues were then ground into a powder 
in liquid nitrogen using a pestle. For the in vivo and in vitro 
experiments, the total RNA was extracted from the pulverized 
bone powder and cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) according 
to the manufacturer's instructions. The RNA concentration was 
determined by measuring absorbance at 260 nm, and 1 µg total 
RNA was transcribed to cDNA using the PrimerScript™ RT 
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Reagent kit with gDNA Eraser (Takara Biotechnology Co., Ltd., 
Dalian, China) according to the manufacturer's instructions. 
The primers used were as follows: OPG, forward 5'‑GAC​CCC​
AGA​GCG​AAA​CAC​G‑3' and reverse 5'‑GGC​ACA​GCA​AAC​
CTG​AAG​AA‑3'; RANKL, forward 5'‑CAT​CGG​GTT​CCC​
ATA​AAG‑3' and reverse 5'‑GAA​GCA​AAT​GTT​GGC​GTA‑3'; 
β‑actin, forward 5'‑GGA​GAT​TAC​TGC​CCT​GGC​TCC​TAG​
C‑3' and reverse 5'‑GGC​CGG​ACT​CAT​CGT​ACT​CCT​GCT​
T‑3'. RT‑qPCR was conducted using the Exicycler™  96 
(Bioneer Corporation, Daejeon, Korea) using the following 
cycling conditions: 95˚C denaturation step for 10 min followed 
by 40 cycles of 95˚C for 10 sec, 60˚C annealing for 20 sec and 
extension at 72˚C for 30 sec. The detection of the fluorescent 
product was conducted at the end of the 72˚C extension period. 
The housekeeping gene β‑actin was used to normalize the 
quantities of the target genes. Data were analyzed using the 
2‑ΔΔCq method (15), normalizing levels against those of β‑actin. 
To evaluate the mean gene expression level, RT‑qPCR was 
performed in triplicate for each sample.

Western blot analysis. The pulverized bone powder was 
homogenized in radioimmunoprecipitation assay (RIPA) lysis 
buffer [50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X‑100, 
1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS); 
Beyotime Institute of Biotechnology, Shanghai] overnight 
at 4˚C. Cell pellets were lysed directly in the culture bottles 
using the RIPA buffer. The lysates were collected and then 
centrifuged at 16,000 x g for 30 min at 4˚C. The supernatant 
was then collected and the total protein levels were measured 
using a bicinchoninic acid assay kit (Beyotime Institute of 
Biotechnology). Equal amounts of protein (40 µg) were separated 
by SDS‑polyacrylamide gel electrophoresis and transferred 
onto a polyvinylidene fluoride membrane at 4˚C (Beyotime 
Institute of Biotechnology, Shanghai). Following blocking in 
5% fat‑free milk for 1 h, the blots were incubated with the 
following primary antibodies: Anti‑OPG (cat. no. orb11189; 
1:200, Beyotime Institute of Biotechnology), anti‑RANKL 
(cat. no. orb11190; 1:500, Beyotime Institute of Biotechnology) 
and anti‑β‑actin (cat. no.  WL0001, 1:1,000; WanLei Life 
Sciences, Shenyang, China) at 4˚C overnight. Membranes were 
then washed and incubated with HRP‑conjugated secondary 
antibodies (anti‑goat IgG; cat. no. A0277; 1:5,000) at 37˚C for 
2 h. Proteins were detected using enhanced chemilumines-
cence (Synoptics Ltd., Cambridge, UK). Blots were repeated 
at least three times for each condition. Following development, 
the band intensities were quantified using Gel‑Pro‑Analyzer 
software, version 4.0 (Media Cybernetics, Inc.)

Statistical analysis. Values are presented as the mean ± stan-
dard deviation and analyzed using the one‑way analysis of 
variance and Student's t‑test in IBM SPSS 19.0 software (IBM 
SPSS, Armonk, MY, USA). All experiments were repeated a 
minimum of three times, and representative experiments are 
presented throughout. P<0.05 was considered to indicate a 
statistically significant difference.

Results

BMD measurements. The average BMD of rats in each group 
throughout the experimental period is presented in Fig. 1A. 

Following ovariectomy, the BMD of animals was signifi-
cantly reduced at 4 and 8 weeks (P<0.05), by 16.5 and 34.1%, 
respectively. However, the administration of GaN to OVX 
rats significantly increased BMD at 4 and 8 weeks (P<0.05), 
by 19.3 and 37.3%, respectively, compared with the OVX 
rats.

Bone histomorphometry analysis. To investigate the effect 
of GaN on OVX‑induced bone loss in vivo, H&E staining 
(Fig. 2) was conducted. The results of bone histomorphometry 
analysis were expressed as the percentage of bone volume 
(BV), mean trabecular thickness (Tb.Th), mean trabecular 
number (Tb.N) and mean trabecular separation (Tb.Sp). The 
BV in the tibia of the OVX + GaN group increased by 40.9% 
(P<0.05) compared with the OVX group (Fig.  3A). GaN 
significantly increased the BV in the tibia of OVX rats. The 
Tb.Th of the GaN treatment group was significantly increased 
by 43.3% (P<0.01) compared with the OVX group (Fig. 3B). 
The Tb.N exhibited an increase following GaN treatment of 
43.4% (P<0.05) compared with the OVX group (Fig. 3C). In 
addition, treatment with GaN led to a reduction in the Tb.Sp 
by 38.2% (P<0.01) compared with the OVX treatment group 
(Fig. 3D).

Immunohistochemical assessment. To confirm the preven-
tative effect of GaN on OVX‑induced bone loss in  vivo, 

Figure 1. (A) BMD alterations during the experimental period. BMD mea-
surements are from the sham, OVX and OVX + GaN groups, n=15 for each 
group at each time‑point. *P<0.05, compared with the Sham group. (B) The 
GaN concentration of 10‑9 mol/l resulted in the greatest OD value. Values are 
presented as the mean ± standard deviation. *P<0.05, compared with 0 mol/l. 
BMD, bone mineral density; NS, not significant; OVX, ovariectomized rats; 
GaN, gallium nitrate; OD, optical density.

  A

  B



LI et al:  GALLIUM NITRATE ON THE EXPRESSION OF OSTEOPROTEGERIN/RECEPTOR ACTIVATOR772

immunohistochemical assessment was conducted to examine 
the expression of OPG and RANKL in rats. The results 
demonstrated that GaN is able to enhance the expression of 
OPG (P<0.01) compared with the OVX group (Fig. 4), however 
without affecting the expression levels of RANKL compared 
with the OVX treatment group (Fig. 5).

Osteoblast cytotoxicity test. The optimal concentration of 
GaN was determined using a CCK‑8 assay. For the control, the 
concentration of GaN was 0 mol/l. The optical density values of 
the osteoblasts were greatest following treatment with 10‑9 mol/l 
GaN. Therefore, this concentration was selected as the optimal 
concentration of GaN for subsequent investigations (Fig. 1B).

Figure 3. Effects of GaN on bone histomorphometry. (A) The percentage of bone volume. (B) The mean trabecular thickness. (C) The mean trabecular number. 
(D) The mean trabecular separation. Values are presented as the mean ± standard deviaiton. *P<0.05, **P<0.01. GaN, gallium nitrate; OVX, ovariectomized 
rats; NS, not significant.

  A   B

  C   D

  A   B

Figure 2. GaN reduces bone loss in OVX rats. Hematoxylin and eosin staining of the metaphyseal region of the proximal tibiae in sham group rats and OVX 
group rats treated with or without 120 µg/kg/day GaN [magnification; (A) x200, (B) x400]. GaN, gallium nitrate; OVX, ovariectomized rats.



MOLECULAR MEDICINE REPORTS  13:  769-777,  2016 773

Figure 4. OPG immunohistochemical staining of proximal tibiae sections in OVX rats treated with or without 120 µg/kg/day of GaN (magnification, x400). 
(A) Sham group, (B) OVX group, (C) OVX+GaN group and (D) the IOD mean density of OPG expression. Values are presented as the mean ± standard devia-
tion. *P<0.05, **P<0.01. OPG, osteoprotegerin; OVX, ovariectomized rats; GaN, gallium nitrate; IOD, integrated optical density; NS, not significant.

Figure 5. RANKL immunohistochemical staining of proximal tibiae sections in OVX rats treated with or without 120 µg/kg/day of GaN (magnification, x400). 
(A) Sham group, (B) OVX group, (C) OVX + GaN group and (D) the IOD mean density of RANKL expression. Values are presented as the mean ± standard 
deviation. *P<0.05, **P<0.01. RANKL, receptor activator of nuclear factor‑κB ligand; OVX, ovariectomized rats; GaN, gallium nitrate; IOD, integrated optical 
density; NS, not significant.

  A   B

  C   D

  A   B

  C   D
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Figure 6. mRNA expression levels of OPG and RANKL in bone tissue were measured by reverse transcription‑quantitative polymerase chain reaction. Data 
were analyzed using the 2‑ΔΔCq method and normalized to β‑actin. (A) The OPG mRNA relative ratio in vivo. (B) The RANKL mRNA relative ratio in vivo. 
(C) The OPG mRNA relative ratio in vitro. (D) The RANKL mRNA relative ratio in vitro. Values are presented as the mean ± standard deviation. *P<0.05, 
**P<0.01. OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor‑κB ligand; OVX, ovariectomized rats; GaN, gallium nitrate; NS, not significant.

Figure 7. Protein expression levels of OPG and RANKL in bone tissue were measured by western blotting. Data were normalized against β‑actin. (A) The 
OPG protein relative ratio in vivo. (B) The RANKL protein relative ratio in vivo. (C) The OPG protein relative ratio in vitro. (D) The RANKL protein relative 
ratio in vitro. Values are presented as the mean ± standard deviation. *P<0.05, **P<0.01. OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor‑κB 
ligand; OVX, ovariectomized rats; GaN, gallium nitrate; NS, not significant.

  A   B

  C   D

  A   B

  C   D
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GaN affects the mRNA and protein expression ratio of 
OPG/RANKL in vivo and in vitro. To investigate the effect 
of GaN on OPG and RANKL expression in vivo and in vitro, 
OVX rats and osteoblasts were treated with GaN, and the 
mRNA and protein levels of OPG and RANKL in bone tissue 
were measured using RT‑qPCR and western blot analysis, 
respectively (Figs. 6 and 7). In addition, the expression levels 
of OPG and RANKL in the supernatants of osteoblasts 
and the serum of rats were measured using ELISA (Fig. 8). 
Together, the results indicated that GaN increased the expres-
sion levels of OPG, however did not effect RANKL expression 
in GaN‑treated OVX rats and osteoblast cells. These data 
demonstrate that GaN stimulates OPG however does not affect 
RANKL expression in vivo and in vitro.

Discussion

Osteoporosis is the most common bone disorder in aging 
populations and is an important public health issue, with osteo-
porotic fractures having a key impact upon health, in terms of 
acute and long term disability and economic cost (16). The 
World Health Organization describes osteoporosis as a gener-
alized metabolic disease characterized by progressive loss of 
the elements of bone tissue and a simultaneous deterioration 
of skeletal microarchitecture (17), leading to bone fragility and 
resulting in an increased risk of fractures. Epidemiological 
data worldwide have consistently demonstrated that the annual 
incidence of fragility fractures is increasing, in particular in 

ageing populations (18‑23). Furthermore, awareness of osteo-
porosis is increasing, with this multifactorial disease regarded 
as a serious public health issue.

Elemental gallium, a group  IIIA metal, alters the 
mineral, matrix and cellular properties of bone (24,25). In 
animal experiments, gallium has been demonstrated to affect 
OVX osteopenic rats by reducing serum mineral levels and 
increasing bone mineral content  (26). X‑ray diffraction 
analysis of bone powder from gallium‑treated rats demon-
strated alterations characteristic of an increase in the size or 
crystalline perfection of hydroxyapatite minerals (27). The 
current study demonstrated that GaN treatment resulted in 
an increase in tibia trabecular bone parameters, BMD and 
bone strength in OVX rats. The results of histomorphometric 
analysis indicate that GaN administration increased the 
BV and Tb.N, whilst reducing the Tb.Sp in the proximal 
tibia. These results are in accordance with previous studies 
which documented the effect of gallium on osteoporosis in 
OVX rats following short‑term treatment (16,28). However, 
the adverse effects of gallium have limited its use as a 
therapeutic agent for the treatment of osteoporosis (10). A 
common adverse effect is hypocalcemia, which on occasion 
is sufficiently severe to result in transient tetany  (29,30). 
Yeast may be used as an element carrier that is able to 
convert inorganic elements to organic species and thereby 
reduce element‑associated toxicity (31‑33). Previous studies 
have demonstrated that yeast‑incorporated gallium not only 
reduces gallium‑associated toxicity, however additionally 

  A   B

  C   D

Figure 8. Expression levels of OPG and RANKL in the supernatants of osteoblasts and the serum of rats were measured by the enzyme‑linked immunosorbent 
assay. (A) The serum concentration of OPG in vivo. (B) The serum concentration of RANKL in vivo. (C) The supernatant concentration of OPG in vitro. 
(D) The supernatant concentration of RANKL in vitro. Values are presented as the mean ± standard deviation. *P<0.05, **P<0.01. OPG, osteoprotegerin; 
RANKL, receptor activator of nuclear factor‑κB ligand; OVX, ovariectomized rats; GaN, gallium nitrate; NS, not significant.
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maintains its therapeutic effect on improving bone loss and 
promoting fracture healing in OVX female rats (16,26,28).

Bone formation and resorption are normally in physiological 
balance, maintaining a stable bone mass. At the cellular level, 
the beneficial effects of gallium are based on a dual effect on 
osteoblasts and osteoclasts, which control the process of bone 
remodeling. A previous report by Verron et al (34) indicates 
that gallium reduces osteoclastic resorption, differentiation and 
formation in vitro without affecting the viability or activity of 
primary and MC3T3‑E1 osteoblasts. Osteoclasts are key cells 
in bone resorption, and their differentiation is predominantly 
regulated by RANKL and OPG. As such, the balance between 
RANKL and OPG serves a significant role in the homeostasis 
of bone metabolism (35‑39). OPG protects bone from exces-
sive resorption by binding to RANKL and preventing it from 
binding to RANK. Therefore, the relative concentration of 
RANKL and OPG in bone is a major determinant of bone mass 
and strength (13,40,41). The evidence from previous studies led 
to the current study, which investigated the mechanisms under-
lying this regulation using an in vivo experimental model of 
established osteoporosis and an in vitro cell culture system. The 
present study demonstrated the important role of GaN in the 
regulation of the OPG/RANKL axis and the inhibition of osteo-
clastogenesis in vivo and in vitro. These data support the view 
that GaN inhibits differentiation of osteoclasts by stimulating 
OPG without affecting RANKL production in osteoblasts, 
which may indicate the potential mechanism of GaN in the 
prevention of post‑menopausal osteoporosis.

In conclusion, the current study demonstrates that GaN is 
able to counteract bone loss in an experimental model of estab-
lished osteoporosis. In addition, the data have demonstrated 
that GaN stimulates the synthesis of OPG without affecting 
RANKL expression in osteoblasts, resulting in an increase 
in the OPG/RANKL ratio and a reduction in osteoclast 
differentiation in vivo and in vitro. These results suggest that 
GaN may upregulate the secretion of OPG in osteoblasts, and 
subsequently prevent bone loss and osteoporosis.
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