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Abstract This study aimed to investigate the impact of or-
ganic gallium (OG) on osteoporotic fracture healing in ovari-
ectomized female Sprague-Dawley rats, as well as study the
mechanisms of OG on osteoporotic fracture healing. Forty-
five female Sprague-Dawley rats were divided into three
groups: sham operation group (Sxas control group), ovariec-
tomized group (Ovx), and Ovx treated with OG group (Ovx +
OG). Rat femoral fractures were studied using a standardized
fracture-healing model utilizing bone fixation with an
intramedullary pin. Six weeks later, analyses of micro-CT,
histomorphometric, RNA extraction, RT-qPCR, and serum
were performed following sacrifice of all mice. In comparison
with Ovx group, OG can significantly increase bone volume
(BV), tissue volume (TV), BV/TV radio, bone strength, callus
bony area, and as similar to BMP-2 expression. OG treatment
elevated OPG messenger RNA (mRNA) and inhibited
RANKL mRNA, and showed an effect on OPG/RANKL ra-
tio. OG treatment can inhibit the expression of TNF-α and IL-
6. In conclusion, current study results indicate that organic OG
can positively affect the OPG/RANKL ratio and inhibit the
expression of serum inflammatory cytokines; thus, it can im-
prove osteoporotic fracture healing.
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Introduction

Osteoporosis has become a critical medical problem; it is a
disease which has the characteristics of bone tissue micro-
structure degenerative changes and low bone mass; it can lead
to fragile bone and an increased incidence of fractures [1].
Depending on the etiology, it can be divided into primary
and secondary types: primary osteoporosis includes senile
and postmenopausal osteoporosis, and secondary osteoporo-
sis consists of only a small proportion [2]. Ovarian rat model is
the most commonly used postmenopausal osteoporotic animal
model. The same mechanisms control gains in bone mass and
losses, in young and aged rats and humans [3].

The most dangerous part of osteoporosis is fracture which
could be caused by even minor trauma or daily activities, even
in common sites like spine, hip, and distal forearm [4–10]. The
process of fracture healing is complex and most of it remains
unclear. Osteoporotic fracture healing process can significant-
ly accelerate trabecular bone resorption; bone formation is
slowed down bymembrane bone formation and endochondral
bone formation. Endochondral ossification delay; callus and
callus collagen fibers within the loose arrangement are
inconsistent with the main stress and healing strength.
Osteoporotic fracture healing process has different character-
istics in tissue, cell ultra-structure, many aspects of cytokines,
and other mechanical properties compared with normal frac-
ture healing.

Therapies used to treat osteoporosis (bisphosphonate, para-
thyroid hormone, vitamin D, estrogen) can interfere with frac-
ture healing processes [11–15]. Paul Emile Lecoq de
Boisbaudran first reported gallium (Ga) in 1875. It is an
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element which shows semi-metallic properties; it can be used
to treat tumor, resorptive, inflammatory, and immunosuppres-
sive diseases [16–20]. Generally speaking, its anti-tumor func-
tions were studied and have been shown to be effective in
curing Paget’s disease, hypercalcemia, and myeloma [21,
22]. As a potential bone resorption inhibitor, elemental galli-
um may treat osteoporosis and affect osteoporosis fracture
healing process, but gallium also has side effects, which limit
its use in treating osteoporosis [23–25]. On the contrary, or-
ganic gallium is a better choice since it can maintain effects
but without strong gallium-related toxicity. Yeast can change
it from an inorganic element to organic species which make it
a good gallium carrier [26–28]. Thus, in this study, we mainly
aim to explore yeast-incorporated gallium functions in osteo-
porotic fracture healing, as well as provide the mechanisms of
it in osteoporotic fracture healing.

Materials and Methods

Organic Gallium

As described before [28], yeast cell lines (obtained from the
Institute of Microbiology, Chinese Academy of Sciences)
were implanted into a 125-ml Erlenmeyer flask which
contained 30 ml YEPG medium (10 g yeast extract, 10 g
peptone, 20 g glucose, and 3 g gallium nitrate per liter) and
incubated for 20 h with rotary shaker (200 rpm at 28 °C).
Gallium content was tested following cell harvest, and organic
gallium (OG) was the yeast enriched in gallium. The gallium
concentration in the yeast was tested using spectrophotometry,
which was 471.2 ± 17.2μg/g. The yeast enrichedwith gallium
(OG) was dissolved in PBS to prepare a solution in which
concentration of gallium was 20 μg/ml.

Animals and Fracture Model

Sprague-Dawley female rats (n = 45; weighing 234–290 g; 3-
month-old; Beijing HFKBioscience Co., Ltd.) were randomly
allocated to three groups (15 rats/group): sham operation
group (Sxas control group), ovariectomized group (Ovx),
and Ovx treated with OG group (Ovx + OG) [3, 29]. All rats
were housed 48% humidity and 20 °C constant temperature
under 12-h dark/light cycles for 12 weeks. When rats were
24 weeks old, the osteoporosis of rats in Ovx group was mea-
sured at their lumbar vertebrae using dual-energy X-ray spec-
troscopy (DR-4500A; Hologic, MA, USA), which was ap-
plied to detect bone mineral density (BMD).

Experimental protocols were reviewed and approved by
Chinese Legislation for animal usage. An injection of pento-
barbitone sodium (40 mg/kg) was used to anesthetize rats. A
closed femoral fracture model was developed with rats in both
Sx and Ovx groups using intramedullary pins to stabilize the

fracture. The fracture created was confirmed to be reproduc-
ible without observed infection.

Following surgery, Ovx rats were randomly allocated in
equal numbers to Ovx + OG and Ovx + vehicle groups.
Stomach lavaging to deliver OG and PBS was adopted for
the study. After that, Sx and Ovx rats were treated with vehicle
(PBS) through stomach lavaging, and Ovx + OG rats with
yeast-bound gallium (at a gallium dosage of 120 μg/kg/day)
for 6 weeks. Then all rats were sacrificed for micro-computed
tomography (micro-CT), histomorphometric, RT-qPCR, and
serum analysis.

Micro-computed Tomography Measurement

After sacrifice, all rat bone samples were measured using a
micro-computed tomography (μCT) system (SCANCO
Medical AG, Switzerland) and the results were analyzed using
micro-view bone analysis software [3, 30]. Along femur
length direction, whole length of the femur bone with fracture
callus was scanned. Three hundred slices with thickness of
40 μm were then placed through the original fracture area.
Fracture area was located at the site of center slice. To accu-
rately match the region of interest (ROI) between all samples,
we defined center fracture callus as formation of new bone
tissue and original tissues were excluded. Eighty slices with
thickness of 40 μm were then placed below and above the
center fracture callous. Data were mainly focused on cortical
thickness, outer callus, and marrow contour. The following
parameters were recorded: tissue volume (TV), bone volume
(BV), and BV/TV ratio, plus mean trabecular number (Tb.N),
mean trabecular thickness (Tb.Th), and mean cortical thick-
ness (Ct.Th).

After the micro-CT inspection, fractured femurs were fixed
through transcardiac perfusion with 4% paraformaldehyde
(Shanghai XinYu Biotech Co., Ltd.) in a phosphate buffer
for 24 h at room temperature (RT) and decalcified using
10% EDTA (pH 7.4) for 28 days (medium was changed every
5 days) at RT, and then embedded in paraffin.

Hematoxylin-Eosin Staining

Each specimen longitudinally was sliced into 5-μm-thick
slices, and the center section was chosen for analysis of each
callus. Fractured femur tissue section was chosen and stained
with hematoxylin and eosin (H&E) (Shanghai XinYu Biotech
Co., Ltd.) for routine morphological analysis. Image-Pro 4.0
was used to measure bony area, total area of callus, and carti-
lage area.

Biomechanical Measurement

The rats’ femoral neck mechanical strength was measured by
the vertical pressure to load on the femoral head (Shimadzu
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EZ-1, Osaka, Japan). Briefly, the rat femoral specimens were
fixed with methyl methacrylate cement until the lesser tro-
chanter to keep a vertical position. The vertical stress was
done at the top of the femoral head from the cylinder. The
direction of force is consistent with the long axis of the fem-
oral shaft. The load was applied at an unchanging displace-
ment rate of 2 mm/min until the rats’ femoral neck fracture.
The breakage load determined as the biomechanical charac-
teristic of the bone was recorded at the peak force as Newton
(N) at the point of the rat femoral neck fracture.

Immunohistochemical Staining for BMP-2
and Tartrate-Resistant Acid Phosphatase Staining

Immunohistochemistry for BMP-2 expression was assessed
[31]. Serial 5-μm-thick sections were cut from the embedded
specimens for immunohistochemical staining. Briefly, specif-
ic antibodies for BMP-2 (Abcam) were used for section im-
munohistochemistry staining overnight according tomanufac-
turer’s protocols to identify osteogenesis biomarkers. A goat
anti-rabbit horseradish peroxidase (HRP) was used to verify
the immunoreactivity in specimens. Following this, PBS (pH
7.4) was used for washing the sections. Results of immuno-
globulin G (IgG) of isotype-matched control and primary an-
tibody indicated background staining did not exist. Images of
BMP-2 sections were captured using a high-resolution camera
(Nikon DS-Fi1Nikon Corporation, Japan). The camera was
linked to a microscope (OlympusBX-51, Japan) which was
linked to a computer and results were analyzed with NIS-
Elements software (Nikon Corporation, version 4.3).
Relative areas of staining and optical density were respective-
ly measured to determine BMP-2 expression.

To reveal osteoclasts, tissue sections were stained using
tartrate-resistant acid phosphatase (TRAP), and any TRAP-
positive multinucleated cell number was then calculated and
was expressed as osteoclasts per millimeter of trabecular bone
length.

RNA Extraction and rtPCR

A combination of liquid nitrogen and a bone tissue pulverizer
(Shanghai XinYu Biotech Co., Ltd.) and RNeasy kit (Qiagen,
Inc., Valencia, CA, USA) was used to crush left femurs to
isolate RNA, according to the manufacturer’s protocol.
Reverse transcription was performed with the SuperScript®
II Reverse Transcriptase kit (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer’s protocol.
Subsequently, PCR was performed in order to assess the ex-
pression of messenger RNA (mRNA) using the GeneAmp®
PCR System 9700 (Applied Biosystems; Thermo Fisher
Scientific, Inc.) using PrimeSTAR HS DNA Polymerase with
GC Buffer (Takara Bio, Dalian, China). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the internal

loading control [32]. The primers were designed using Primer
Premier 5.0 software (Premier Biosoft International, Palo
Alto, CA, USA) and synthesized by Sangon Biotech Co.
Ltd. (Shanghai, China) as follows:

OPG: forward 5′-TCCTGGCACCTACCTAAAACAGCA-
3′; reverse 5′-CTACACTCTCGGCATTCACTTTGG-3′;
RANKL: forward 5′-CACACCTCACCATCAATGCTGC-3′;
reverse 5′-GAAGGGTTGGACACCTGAATGC-3′; BMP-2:
forward 5′-CGTGAGGATTAGCAGGTCTTT-3′; reverse 5′-
GGCGTTTCCGCTGTTTG-3′; RUNX2: forward 5′-TGCT
GGAGTGATGTGGTTTTCT-3 ′ ; reverse 5 ′-CCCC
TGTTGTGTTGTTTGGTAA-3′; ALP: forward 5′-CCGA
TGGCACACCTGCTT-3′; reverse 5′-GAGGCATACGCCAT
CACATG-3′; GAPDH: forward 5′-AGAAGGCTGGGGCT
CATTTG-3′; reverse 5′-AGGGGCCATCCACAGTCTTC-3′

Stratagene Mx3000P software (Agilent Technologies, Inc.,
USA) was used to normalize mRNA to avoid housekeeping
gene and GAPDH affect, and 2−ΔΔCq method was used to
calculate fold changes [33]. qPCR was conducted three times
for each sample in order to measure the mean gene expression.

Western Blot

For Western blot analysis, the tissues were lysed using the
RIPA buffer (Pierce, Rockford, IL, USA) in the presence of
protease inhibitor cocktail (Pierce). Equivalent amounts of
protein were resolved and mixed with 5X lane marker reduc-
ing sample buffer (Pierce), electrophoresed in a 10% SDS-
acrylamide gel and transferred onto nitrocellulose membranes
(Santa Cruz Biotechnology, USA). The membranes were
blocked with 5% non-fat milk in Tris-buffered saline. Then
the membranes were first probed by BMP-2 (sc-6267),
RUNX2 (sc-8566), ALP (sc-365765), and GAPDH (sc-
365062) antibody (SANTA, USA) and subsequently with
HRP-conjugated secondary antibodies. Protein bands were
visualized using enhanced chemiluminescence (ECL
Western blotting detection, Amersham Life Science,
Amersham, UK).

Measurement of TNF-α and IL-6 Level

Blood samples collected from dorsal aorta were centrifuged
(3000g for 10min) to collect serum (− 20 °C for preservation).
TNF-α and IL-6 concentrations were measured using an
ELISA kit (Shanghai XinYu Biotech Co., Ltd.). An IL-6- or
TNF-α-specific monoclonal antibody was pre-coated onto a
microplate. Samples and internal control antibodies were pre-
pared into 96-well plates, and TNF-α and IL-6 were all bound
to immobilize antibody. After unbound substances were
washed away, TNF-α- or IL-6-specific polyclonal antibody
was bound onto wells. Optical density was measured at
450 nm. Results were standardized using internal controls
supplied with each kit.
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Data Analysis

All data were described as mean ± SD, SPSS 20.0 software
(SPSS, Chicago, IL, USA) was used for analysis, and one-
way ANOVA was used for comparisons between groups.
Differences with P values of < 0.05 were considered to be
significant.

Results

Effect of OG Treatment on BV, TV, BV/TV, Tb.Th, Tb.N,
and Ct.Th of the Fractured Femurs

After 6 weeks of OG treatment, micro-CT results of frac-
tured femur for BV, TV, BV/TV, Tb.Th, Tb.N, and Ct.Th
(shown in Table 1) were recorded. In comparison with BV
of Ovx + vehicle, BV of Ovx + OG showed an increase of
34.7% (P < 0.05). The BV/TV ratio of femoral fracture
calluses in the Ovx + OG group was significantly in-
creased by 22.3 and 8.6% in comparison with Ovx +
vehicle and Sx + vehicle, respectively. Trabecular thick-
ness (Tb.Th) of Ovx + OG group showed a significant
increase of 27.2% in comparison with the Ovx + vehicle
group. However, Tb.N showed a decrease in the Ovx +
OG group in comparison with the Sx + vehicle group.
Although cortical thickness (Ct.Th) was decreased in the
Ovx + OG group in comparison with Sx + vehicle group,
the difference was not statistically significant.

OG Treatment Can Affect Bone Formation Morphology
in Fractured Femurs

After sacrifice of animals, specimens of fractured femurs
were collected to observe the histological changes using a
light microscope. Rats’ femur callus callous area was an-
alyzed using histomorphometric parameters, and three to
five sections were chosen in each callus region. Figure 1
shows the histopathological results of fractured femurs
after H&E staining. Image-Pro 4.0 was used to measure
callus bony area, cartilage area, and callus total area
(Fig. 2). Compared with sham group, the callus bony area

in Ovx + vehicle group was 10.7% lower (P < 0.05).
Additionally, the callus total area in the Ovx + OG group
was 10.2 and 22.7% (both P < 0.05) higher than the cal-
lous total areas in the Sx + vehicle and Ovx groups, re-
spectively. The cartilage area of Ovx + vehicle group
showed a significant increase in comparison with Sx +
vehicle group (P < 0.05).

OG Treatment Can Affect Rat Femoral Neck
Biomechanical Strength

After sacrifice of animals, specimens of femurs were collected
to observe the biomechanical measurement. The breakage
load was recorded at the peak force as Newton (N) at the point
of the rat femoral neck fracture (Fig. 3). The mean maximal
fracture load of femoral neck in Ovx + OG group was 29.1%

Table 1 Bone structural variables of the femoral fracture calluses by micro-CT (mean ± standard deviation)

Groups BV (mm) TV (mm) BV/TV (%) Tb.Th (μm) Tb.N (1/mm) Ct.Th (μm)

Sx + vehicle 81.5 ± 9.7 226.6 ± 26.5 35.98 ± 3.4 104.5 ± 12.6 3.5 ± 0.4 272.6 ± 21.6

OVX + vehicle 64.8 ± 11.6* 203.1 ± 36.8* 31.9 ± 5.6* 87.0 ± 11.2* 2.9 ± 0.5* 240.3 ± 21.7*

OVX + OG 87.3 ± 12.7# 223.9 ± 32.1# 39.0 ± 3.1*,# 110.7 ± 14.4# 3.3 ± 0.4*,# 263.9 ± 27.3#

BV bone volume, TV tissue volume, BV/TV the ratio of bone volume to tissue volume, Tb.Th the mean trabecular thickness, Tb.N the mean trabecular
number, Ct.T the mean cortical thickness

*P < 0.05 compared to Sx + vehicle; #P < 0.05 compared to Ovx + vehicle

Fig. 1 H&E staining was used to observe fractured femur specimens
under a light microscope. Histological appearance of callus zones OVX
+ OG group (a) and OVX + vehicle group (b). a, b Magnification × 40
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higher than that in Ovx + vehicle group (P < 0.05). The
strength of femoral neck in Ovx + OG group was similar with
Sx + vehicle group.

OG Treatment Does Not Affect BMP-2 Expression
and Bone Formation in Fractured Femurs

The fractured femur sections were stained using immuno-
histochemistry to explore if OG treatment can affect
BMP-2 expression [33] (Figs. 3 and 4a). The expression

level of BMP-2 was detected using OD test and staining
in relative area between the groups. After healing for
6 weeks, immunohistochemical staining showed BMP-2
expression in Ovx + OG group was similar to that of
Ovx + vehicle (P > 0.05), but when compared with the
Sx + vehicle group, a significant reduction was observed
(Fig. 3, P < 0.05). After healing for 6 weeks, Western blot
and real-time PCR showed the expression of BMP-2,
RUNX2, and ALP in different groups. Results showed
that Ovx + OG group was similar to that of Ovx + vehicle
(P > 0.05), but when in comparison with Sx + vehicle, a
significant reduction was observed (Fig. 4e, f, P < 0.05).
From all the results above, we can conclude that OG
treatment had no significant effects on bone formation.

Effect of OG Treatment on Osteoclast Activity
in the Fractured Femurs

After 6 weeks of healing, the fractured femur sections
were stained with TRAP (Fig. 5) to verify the influence
of OG treatment on osteoclast numbers. Only TRAP-
positive multi-nucleated cells located in callus tissue were
identified osteoclasts. In comparison with Ovx + vehicle,
osteoclasts in callus tissue per square millimeter showed a
significant decrease in the Ovx + OG group (32.6%,
P < 0.05), indicating OG treatment can inhibit differenti-
ation and function of osteoclast.

OG Treatment Affects OPG and RANKL mRNA
in Fractured Femurs

OPG and RANKL mRNA expression was measured to
explore the mechanism of OG regulation on osteoclast
differentiation. As shown in Fig. 6, OG treatment in-
creased OPG mRNA but decreased RANKL in the Ovx
+ OG group in comparison with the Ovx + vehicle group

Fig. 2 OG affects bone formation histological morphology. Image-Pro 4.0 was used to measure callus bony area (a), cartilage area (b), and callus total
area (c). Data were set as mean ± SD. *P < 0.05 in comparison with Sx + vehicle; #P < 0.05 in comparison with OVX + vehicle

Fig. 3 OG treatment can affect rat femoral neck biomechanical strength.
The breakage load was recorded at the peak force as Newton (N) at the
point of the rat femoral neck fracture. Data were set as mean ± SD (N).
*P < 0.05 in comparison with Sx + vehicle; #P < 0.05 in comparison with
OVX + vehicle
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(P < 0.05), which demonstrated that OG can stimulate
OPG expression and inhibit RANKL expression. This is
in agreement with previous reports that showed OG
can regulate osteoclast differentiation and function
through affecting the OPG/RANKL mRNA expression
ratio [34, 35].

OG Treatment Can Regulate Expression of Serum
Inflammatory Cytokines TNF-α and IL-6
in the Fractured Femurs

OG treatment effects on TNF-α and IL-6 are shown in Fig. 7.
In comparison with the Ovx + vehicle group, both IL-6 and

Fig. 4 OG treatment can affect
BMP-2 expression.
Immunohistochemistry
appearance of BMP-2 in Sx +
vehicle (a), OVX + vehicle (b),
and OVX + OG group (c), and
IOD BMP-2 expression mean
density (d). Original
magnifications of a, b, and c are
× 40. Data were set as mean ± SD.
*P < 0.05 in comparison with Sx
+ vehicle; #P < 0.05 in
comparison with OVX + vehicle.
a, b Magnification × 40. e, f
Western blot analysis and real-
time PCR were performed to
determine the expression of
BMP-2, RUNX2, and ALP in
different groups. *P < 0.05
comparison with Sx + vehicle
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TNF-α showed lower levels in the Ovx + OG group
(P < 0.05). IL-6 and TNF-α showed an increase in group
Ovx + OG in comparison with group Sx + vehicle, but the
difference was not statistically significant (P > 0.05). From all
the results above, OG treatment inhibits TNF-α and IL-6 [35].

Discussion

Gallium (Ga) is an element which shows semi-metallic prop-
erties, and it can be used to treat tumor, resorptive, inflamma-
tory, and immunosuppressive diseases [36]. As a potential
inhibitor of bone resorption, elemental gallium may affect
the osteoporotic fracture healing process [37]. Animal

experimental results showed a reduction of serum mineral
and an increase of bone mineral effect of yeast-incorporated
gallium in ovariectomized osteopenic rats. However, no evi-
dence of how OG influences osteoporotic fracture healing has
been found. Thus, the current research primarily aims to ex-
plore mechanisms of OG in osteoporotic fracture healing.

Experimental results proved that OG treatment can increase
callus bone volume, trabecular thickness, cortical thickness,
and bony area in osteoporotic fractures in femurs of rats. There
is a report showing that BV/TV is the best trabecular bone
determinant and other morphological variables cannot do
any further contribution [38, 39]. Thus, in osteoporotic frac-
ture healing, an increase of callus parameter is of high impor-
tance in improving bone strength. In addition, OG treatment
can increase the mean maximal fracture load of rat femoral
neck in the experiment. Our data strongly suggest that OG can
promote osteoporotic fracture healing.

BMP-2, expressed as the critical regulatory factor in the
formation of bone tissue, belongs to the TGF-beta superfam-
ily. BMP-2 is the only bone-derived BMP molecule which
clearly can induce the entire cartilage and bone formation
process by itself. There is increasing evidence that the BMP
effects come from cooperation of a set of BMP-2-like

Fig. 5 OG treatment can affect osteoclast differentiation. TRAP staining
appearance of osteoclast in OVX + vehicle group (a) and OVX + OG
group (b). Mean osteoclast number in fracture callus section per square
millimeter (c). Original magnifications of a and b are × 200. Data were set
as mean ± SD. *P < 0.05 in comparison with Sx + vehicle; #P < 0.05 in
comparison with OVX + vehicle

Fig. 6 OG treatment affects RANKL and OPG expression. The 2−ΔΔCq

method was used for data analysis. The OPG mRNA relative value (a)
and the RANKL mRNA relative value (b). Data were set as mean ± SD.
*P < 0.05 in comparison with Sx + vehicle; #P < 0.05 in comparison with
OVX + vehicle
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molecules [40]. This current study demonstrated that the ex-
pression of BMP-2 was similar in the Ovx + OG group to
OVX + vehicle, and osteoclast numbers showed a significant
decrease in the Ovx + OG group in comparison with Ovx +
vehicle group. Above all, these changes in bone properties
which are mainly mediated through gallium were due to bone
resorption suppression but not bone formation [40].

Osteoporotic fracture healing process normally proceeds in
successive stages named the fracture, granulation, modeling,
and remodeling stages. Osteoblasts and osteoclasts play a very
important role in various stages of fracture healing.

Gallium has been shown an inhibitory action on both the
differentiation and reabsorption activities of osteoclasts.
However, the specific mechanism is not very clear. Hall
et al. demonstrated that Ga inhibited activity of osteoclasts
in a dose-dependent manner (100 μg/ml) [41], similar data
was obtained by Verron et al. [42]. As noted by Strazic
et al., gallium dose-dependently inhibited the tumor cell-
induced osteoclastic differentiation of RAW 264.7 cells

in vitro [43]. Verron et al. showed gallium considerably dis-
turbed both the initial induction and the auto-amplification
step of Nfatc1 gene, in the early stages of osteoclast differen-
tiation. In addition, TRPV-5 calcium channel, which is located
within the plasma membrane, is a target of Ga action on hu-
man osteoclast progenitor cells [42]. In the experiment, we
also observed OG treatment can inhibit differentiation and
function of osteoclast.

Few studies have showed the effect of gallium on osteo-
blast activity. Stern et al. demonstrated that gallium may en-
hance osteoclastic activity in osteopenia rats [44]. Jenis et al.
showed that gallium induced an increase of collagen-1 gene
expression and reduction of osteoclastic gene expression in
osteoblast-like rat osteosarcoma cells and normal diploid rat
osteoblasts in vitro [45]. The reason for this difference may be
due to the dose of gallium and the environment in vitro and
in vivo.

The main function of bones is to provide a framework to
support the body and work with skeletal muscles, tendons,
ligaments, and joints to allow movement. Bone formation
and resorption of bone are commonly in homeostasis, ensur-
ing maintenance of a stable bone mass. The homeostasis is
mainly maintained through osteoblast and osteoclast cooper-
ation [46]. Osteoprotegerin (OPG) is a protein with potential
osteoclast genesis inhibitory activity that is naturally
expressed in osteoblasts/stromal cells [47, 48]. RANKL, pro-
duced by osteoblasts/stromal cells, is a transmembrane ligand
which can bind to RANK. RANKL/RANKL interaction can
initiate a gene expression and signaling cascade which leads to
osteoclast precursor cell differentiation and maturation to ma-
ture osteoclasts. As a decoy receptor, osteoprotegerin compet-
itively binds to RANKL and can prevent binding of RANKL
to RANK, further inhibiting osteoclast differentiation.
Estrogen does not directly affect osteoclasts but suppresses
osteoclast differentiation by regulating osteoblast and
RANKL/OPG ratio. The RANKL/OPG ratio was used to de-
termine osteoclast differentiation and function [48–50].

Results of this study showed that OG can regulate the
OPG/RANKL ratio and inhibit osteoclast genesis. These
results support that OG can regulate osteoclast differentiation
and function through stimulating OPG expression
and inhibiting RANKL expression, which suggests a possible
mechanism that OG can prevent postmenopausal
osteoporosis.

As potent bone resorption cytokines, IL-6and TNF-α can
promote osteoclast formation, induce bone resorption, and
affect the normal bone remodeling [51, 52]. TNF-α and IL-
6, which are secreted by monocytes and macrophages, can
function on osteoclast precursor cells, either directly or indi-
rectly to differentiate them into osteoclasts which perform a
primary role in bone resorption. TNF-α affects the OPG/
RANKL/RANK system via prostaglandin E2, induces
RANKL expression, reduces OPG expression, promotes

Fig. 7 Effect of OG on levels of the serum inflammatory cytokines TNF-
α and IL-6. TNF-α level in serum (a) and IL-6 level in serum (b). Data
were set as mean ± SD (pg/ml). *P < 0.05 in comparison with Sx +
vehicle; #P < 0.05 in comparison with OVX + vehicle. TNF-α, tumor
necrosis factor-α; IL-6, interleukin-6
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differentiation of osteoclast precursors, and activates mature
osteoclast formation [53]. Choi et al. demonstrated that galli-
um nitrate reduced the serum levels of TNF-α, IL-6, and
IFN-γ (P < 0.05) and the mRNA expression levels of these
cytokines in joint tissues in type II collagen-induced arthritis
in mice through its inhibition of the NF-κB pathway [54].
Makkonen et al. have studied that gallium inhibited dose-
dependently the secretion of IL-6, TNF-α, and NO from the
LPS-induced macrophage-like RAW 264 cells in vitro [55]. In
addition, gallium inhibited serum TNF-α levels in nude mice
bearing a canine adenocarcinoma model of hum oral
hyperkalemia of malignancy [56]. Gallium has been shown
to accumulate at inflammation sites and has shown anti-
inflammatory and immunosuppressive activity, and this has
been observed in human disease animal models [24]. IL-6
and TNF-α expression showed an increase in osteoporotic
patients. In comparison with the Ovx group, expression of
IL-6 and TNF-α in OG group was significantly suppressed
with significant difference (P < 0.05). OG inhibited serum
TNF-α and IL-6 levels to further reduce osteoclast formation
and differentiation. Our data strongly suggest that OG can
promote osteoporotic fracture healing.

Conclusions

In conclusion, the present study demonstrates that OG in-
creases callus area and trabecular microstructure properties
and can decrease the number of osteoclast in Ovx osteoporotic
fracture in rats. OG stimulates OPG expression and inhibits
RANKL expression, as well as affecting the OPG/RANKL
ratio. OG can also inhibit the expression of serum inflamma-
tory cytokines. OG can regulate osteoclast differentiation and
functions by these mechanisms to improve osteoporotic frac-
ture healing.
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