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Alendronate promotes osteoblast differentiation and
bone formation in ovariectomy-induced osteoporosis
through interferon-f/signal transducer and
activator of transcription 1 pathway
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Abstract. Alendronate is commonly used for the treatment
of postmenopausal osteoporosis; however, the underlying
pathological molecular mechanisms of its action remain
unclear. In the present study, the alendronate-treated signaling
pathway in bone metabolism in rats with ovariectomy induced
by osteoporosis was investigated. Rats with osteoporosis
were orally administered alendronate or phosphate-buffered
saline (control). In addition, the interferon-f (IFN-f)/signal
transducer and activator of transcription 1 (STAT1) signaling
pathway was investigated in osteoblasts following treatment
with alendronate in vitro and in vivo. During the differentiation
period, IFN-f (100 ng/ml) was used to treat the osteoblast cells,
and the activity, viability and bone metabolism-associated gene
expression levels (STAT1, p-STAT1, Fral, TRAF6 and SOCS1)
were analyzed in osteoblast cells. Histopathological changes
were used to evaluate osteoblasts, osteoclasts, inflammatory
phase of bone healing and osteonecrotic areas. The results
demonstrated that alendronate significantly inhibited the
activity of osteoporotic osteoclasts by stimulating expression
of IFN-f3, as well as markedly improved the viability and
activity of osteoblasts compared with the control group. In
addition, alendronate increased the expression and phosphory-
lation levels of STATI in osteoclasts, enhanced osteoblast
differentiation, upregulated the expression levels of alkaline
phosphatase and osteocalcin, and increased the expression
of osteoblast differentiation-associated genes (osteocalcin,
osterix and Runx?2). Inhibition of IFN-f expression canceled
the benefits of alendronate-mediated osteoblast differentiation.
Notably, alendronate enhanced bone formation in rats with
osteoporosis induced by ovariectomy. In conclusion, these
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findings suggest that alendronate can regulate osteoblast
differentiation and bone formation in rats with osteoporosis
induced by ovariectomy through upregulation of IFN-/STAT1
signaling pathway.

Introduction

The human skeletal system comprises highly dynamic tissue
that exhibits continuous bone formation by osteoblasts and bone
resorption by osteoclasts to maintain homeostasis (1). Previous
studies have suggested that dysfunction of remodeling and
metabolism of osteoblasts and osteoclasts are associated with the
progression of osteoporosis in individuals aged >50 years (2,3).
Osteoporosis exhibits complex pathology and etiology, and
is considered as a multifactorial polygenic disease associated
with environmental, hormonal, nutritional and genetic factors.
Studies have indicated that estrogen concentration is correlated
with the pathogenesis of osteoporosis by regulating bone
homeostasis and preventing postmenopausal bone loss (4,5).
Although numerous perspective studies on postmenopausal
osteoporosis have been reported, the molecular mechanisms of
the pathogenesis induced by postmenopausal osteoporosis are
not completely understood.

The clinical consequences of osteoporosis include fractures
in the upper extremities, hip and even spine, which result in the
loss of function and independence, impaired quality of life, as
well as increased morbidity and mortality (6-8). Various treat-
ments for postmenopausal osteoporosis, including farnesyl
pyrophosphate synthase inhibitor, have been proposed in a
large number of preclinical and clinical studies (9-11). In addi-
tion, the downregulation of levels of osteoassociated hormones
have been detected in the blood plasma of postmenopausal
women with and without osteoporosis in clinical trials (12,13).
Furthermore, comprehensive treatments with anti-resorptive
agents, such as alendronate, have been investigated for the
prevention of new non-vertebral fractures in patients with
postmenopausal osteoporosis (14). In the present study, the
alendronate-mediated benefits and mechanism for the treat-
ment of rats with ovariectomy-induced osteoporosis were
investigated.

Previous studies have demonstrated the efficacy of long-term
alendronate treatment on postmenopausal osteoporosis and
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bone material properties (13,15). In addition, arterial stiffness
was improved following monthly bisphosphonate treatment in
women with postmenopausal osteoporosis (16). The effects
of other drug treatments on endothelial function, glucose
metabolism and inflammation markers have also been inves-
tigated in patients with postmenopausal osteoporosis (17-19).
Furthermore, a previous study examined the effects of
short-term treatment with alendronate (70 mg; once-a-week)
in women with postmenopausal osteoporosis, determined
by bone turnover markers, and suggested that alendronate
treatment was beneficial in these patients (18).

Signal transducer and activator of transcription 1 (STAT1)
signaling pathway is strongly activated by interferon-f§
(IFN-B) in the pathogenesis and progression of osteoporosis,
and previous results contributed to further understanding the
pathological signaling pathways involved in osteoporosis (20).
The importance of STATI1 gene expression in monocytes
has been reported, and the progression of osteoporosis was
observed to be regulated by the expression and phosphoryla-
tion levels of STAT1 (21). These findings suggest that STAT1
gene expression may be associated with the initiation and
development of osteoporosis.

In the present study, the therapeutic effects and molecular
mechanism of alendronate were investigated in osteoblast
cells and in rats with osteoporosis induced by ovariectomy.
The potential involvement of the IFN-B/STATI signaling
pathway mediated by alendronate in the progression of ovari-
ectomy-induced osteoporosis was also examined. The findings
suggested that alendronate regulated osteoblast differentiation
and bone formation through upregulation of IFN-B/STAT1
pathway in the rats. These results may contribute to the clinical
treatment of patients with postmenopausal osteoporosis.

Materials and methods

Ethical statement. The present study was conducted in strict
accordance with the guidelines for the Care and Use of
Laboratory Animals of Jining No. 1 People's Hospital (Jining,
China). All experimental protocols and animals were approved
by Ethics Committee of the Animal Experiments Defense
Research of Jining No. 1 People's Hospital (Jining, China). All
surgery and euthanasia procedures aimed to minimize animal
suffering.

Animal study. Female Wistar albino rats (age, 6-8 weeks)
were purchased from Shanghai Slack Experimental Animals
Co., LTD (Shanghai, China). Rats (n=40) were fed under
pathogen-free conditions and maintained in a controlled envi-
ronment (temperature, 23+1°C; humidity, 50-60%), as well
as an artificial simulation of 12h light/dark cycles. All rats
underwent oophorectomy in order to establish an osteoporosis
model and to analyze the efficacy of alendronate treatment.
Experimental procedures were conducted according to
a previous study (22). The induction lasted 14 days and
the mandibular cortical width was used as an indicator of
osteoporosis to determine whether the model was success-
fully established (23). Rats with osteoporosis were randomly
divided into two groups (n=20 in each group) and received
treatment with alendronate (2.5 mg/kg; Sigma-Aldrich; Merck
KGaA; Darmstadt, Germany) or phosphate-buffered saline
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(PBS; 2.5 mg/kg). The treatments were performed once a day
in a total of 10 times. On day 60, the therapeutic efficacies of
alendronate were analyzed according to a previous study (24).

Bone mineral density. Bone tissues were isolated from experi-
mental animals according to previous study (25). Bone cells
were obtained from bone tissues as previously described (26).
A total of 1x10° bone cells were used to analyze bone mineral
density. Bone mineral density of the tibia of experimental rats
was analyzed with an automated software (N-Vivo 9.0; QSR
International Ltd., Melbourne, Australia) and quantified for
analysis of the efficacy of alendronate. All procedures were
performed as previously described (27). Intermediate bone
density was defined as mg/cm?®.

Measurement of alkaline phosphatase (ALP) activity.
Osteoblasts were isolated from experimental mice as described
previously (28) and cultured in 6-well plates (1x10° per well)
with alendronate at concentrations of 0, 0.50, 4.00, 8.00 and
16 mg/ml for 48 h. The effect of alendronate treatment on
osteoblasts cells was analyzed by performing ALP activity
assays and ALP staining (Colorimetric Alkaline Phosphatase
Assay kit; ab83369; Abcam; Cambridge, MA, USA) as
described in a previous study (29).

Bone resorption assays. Mature osteoclasts and osteoblasts
were isolated from experimental rats with ovariectomy-induced
osteoporosis and cultured in the presence of 10° M
1,25-dihydroxyvitamin D; and 10°° M prostaglandin E,
(Sigma-Aldrich, Merck, Darmstadt, Germany) for 7 days.
Next, the cells were treated with alendronate (2 mg/ml) or
PBS (2 mg/ml) for 48 h at 37°C. Subsequently, the minimum
essential medium (MEM) was removed from the culture and
cells were washed with PBS three times. Then, the total bone
resorption was analyzed using ImagePro Plus version 4.0
(Media Cybernetics, Inc., Silver Spring, MD, USA).

Analysis of the effects of alendronate on osteoclast
differentiation. Bone marrow cells (BMCs) were obtained
from female Wistar albino rats as described previously (30)
and cultured in MEM supplemented with 10% fetal bovine
serum (FBS) for 48 h at 37°C. The medium was removed,
and fresh MEM was added before cells were cultured for 72 h
in 10 ng/ml macrophage colony-stimulating factor (M-CSF;
Sigma-Aldrich; Merck KGaA) at 37°C. Tartrateresistant acid
phosphatase (TRAP) activity was measured (Sigma-Aldrich;
Merck KGaA; 387A-1KT) and used to examine the osteoclast
differentiation (31).

Measurement of osteoblast viability. The viability of
osteoblasts was analyzed in order to examine the effects of
alendronate on osteoporosis, as descripted in a previous
study (32). All experiments were performed in triplicate.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) assays. Total RNA from the femurs of rats was
extracted using RNAeasy Mini kit (Qiagen, Gaithersburg,
MD, USA). The mRNA expression levels of osteocalcin,
osterix, Runt-related transcription factor 2 (Runx2), TRAP,
osteoblast differentiation factor (ODF), osteoprotegerin
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Table I. Sequences of primers were used in the present study.
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Sequence
Gene name Reverse Forward
ALP 5'-CTAGCTGCTCCTATGTCTCACATC-3' 5'-GGTCAAGACCATTTGTAGGCTC-3'
TRAP 5'-TGGTCATTTCTTTGGGG CTTATCT-3' 5'-GCTACTTGCGGTTTCACTATGGA-3'
ODF 5'-CACCTGGTTGCTGACTAATTGAGA-3' 5'-CTTGCTGTCCGACCAAATA-3'
OPG 5'-AACGGCAACACAGCTCACAAGAAC-3' 5'-TGCTCGAAGGTGAGGTTAGCATGT-3'
COLI1A1 5'-CACCAATCACCTGCGGTACAGAA-3' 5'-CAGATCACGTCATCGCACAAC-3'
Osteocalcin 5'-ACACTCCTCGCCCTATTG-3' 5'-GATGTGGTCAGCCAACTC-3'
Runx2 5'-TCTGGAAAAAAAAGGAGG GACTATG-3' 5'-GGTGCTCGGATCCCAAAAGAA-3'
Osterix 5'-GGAGGTTTCACTCCATTCCA-3' 5'-TAGAAGGAGCAAGGGGACAGAA-3'
Fral 5'-ATGTACCGAGACTTCGGGGAACC-3' 5'-CACTGTGTTGGCGTAGA-3'
TRAF6 5'-CAAGTGTCGTGCCAAGTGAT-3' 5'-TTCCAGAAGTGCCAGGTTAATAC-3'
SOCS1 5'-GCCTGCTGGCCATCCTAA-3' 3'-ACCGCCAGCACCACAGT-3'
[B-actin 5'-CATCTCTTGCTCGAAGTCCA-3' 5'-ATCATGTTTGAGACCTTCAACA-3'

ALP, alkaline phosphatase; TRAP, tartrateresistant acid phosphatase; ODF, osteoblast differentiation factor; OPG, osteoprotegerin; COL1A1,
collagen 1A1; Runx2, runt-related transcription factor 2; Fral, Fos-related antigen 1; TRAF6, Tumor necrosis factor-receptor-associated

factor 6; SOCS1, suppressor of cytokine signaling 1.

(OPG), collagen 1A1 (COL1AL1), Fos-related antigen 1 (Fral),
TNF-receptor-associated factor 6 (TRAF6), suppressor of
cytokine signaling 1 (SOCS1) and ALP in osteoblasts and
osteoclasts were determined by RT-qPCR with [-actin as an
endogenous control (33). All the forward and reverse primers
were synthesized by Thermo Fisher Scientific, Inc. (Table I).
PCR was performed as follows: Preliminary denaturation at
94°C for 2 min, followed by 45 cycles of 95°C for 30 sec, the
annealing temperature reduced to 57.5°C for 30 sec, and 72°C
for 10 min in a total reaction volume of 20 ul containing 50 ng
of genomic DNA, 200 #M dNTP, 2.5 units of Tag DNA poly-
merase, and 200 M primers. Relative mRNA expression level
changes were calculated by 2"42%4 method (25). The results are
expressed as the n-fold way compared with the f-actin control.

Western blot assay and histological analysis. Osteoblasts
from experimental rats with osteoporosis treated with
alendronate or PBS were homogenized in lysate buffer. The
supernatant of the mixture obtained by centrifugation at
6,000 x g for 10 min at 37°C and used for analysis of the target
protein levels. Transmembrane protein was extracted using
a Transmembrane Protein Extraction kit (71772-3; Qiagen)
according to the manufacturer's instructions. SDS-PAGE
assays were performed as previous described (34). For western
blotting, primary antibodies: IFN-f (1:1,000; ab77246;
Abcam), STATI (1:1,000; ab31369; Abcam), pSTAT1 (1:1,000;
ab30645; Abcam), B-actin (1:1,000; ab8226; Abcam) were
added for 12 h at 4°C after blocking in 5% skimmed milk
for 1 h at 37°C, followed by incubation with horseradish
peroxidase-conjugated anti-rabbit IgG (1706515; Bio-Rad
Laboratories, Inc., Hercules, CA, USA) were used at a 1:5,000
dilution for 24 h at 4°C. The results were visualized using an
enhanced chemiluminescence detection system (ChemiDoc™
Imaging Systems, Bio-Rad Laboratories, Inc.).

For histological analysis, experimental rats were anesthe-
tized using intraperitoneal injection of sodium pentobarbital
anesthesia (40 mg/kg; Invitrogen; Thermo Fisher Scientific,
Inc.) and the femur was isolated from experimental rats
after treatment with alendronate or PBS. Femur tissues
were sectioned (4-pm thick), fixed using 10% formaldehyde
for 15 min at 30°C followed by embedding in paraffin wax.
Hematoxylin-eosin staining for 120 min at 30°C was used
to analyze the bone quality and density using a microscope
(Olympus Corporation; Tokyo, Japan) at a magnifica-
tion, x400.

Transfection with small interference RNA (siRNA). All
siRNAs were synthesized by Invitrogen (Thermo Fisher
Scientific, Inc.), including the siRNA-IFN-f for endogenous
inhibition of IFN-f (EI-IFN-f) and siRNA-vector. Osteoblasts
(1x10%) were transfected with 100 pmol siRNA-IFN-f3
using Lipofectamine 2000 (Sigma-Aldrich; Merck KGaA),
according to the manufacturer's protocol. While siRNA-vector
transfection was performed in the control group.

Statistical analysis. All data are represented as the mean + stan-
dard error of triplicate experiments. Analysis was performing
by SPSS software (version 14.0; SPSS, Inc., Chicago, IL,
USA). Unpaired data were analyzed by Student's t-test, while
comparisons of data between multiple groups were conducted
by analysis of variance. P<0.05 was considered as an indicator
of a statistically significant difference.

Results
Effects of alendronate treatment on the viability, ALP

activity and differentiation of osteoblasts. In order to analyze
the efficacy of alendronate treatment on osteoporosis, the
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Figure 1. Viability, osteoblast ALP activity and differentiation of osteoblasts following treatment with alendronate. (A) Viability and (B) ALP activity in
osteoblasts was markedly increased following incubation with alendronate for 48 and 72 h. (C) Osteoblast differentiation was promoted by alendronate in a
dose-dependent manner (representative images of 8 mg/ml treatment are shown). (D) mRNA expression of ALP, (E) osteoblastic mineralization determined by
alizarin red S staining and (F) mRNA expression of TRAP, following treatment with alendronate. The data are presented as the mean + standard error. 'P<0.05
and “"P<0.01 alendronate vs. control (PBS) group. ALP, alkaline phosphatase; PBS, phosphate-buffered saline; TRAP, tartrate-resistant acid phosphatase.

ALP activity and differentiation of osteoblasts were analyzed
following treatment with alendronate. It was observed that
alendronate significantly increased the viability of osteo-
blasts after 48- and 72-h incubation (Fig. 1A). In addition,
ALP activity was upregulated in osteoblasts subsequent to
treatment with alendronate for 48 and 72 h, as compared
with the control group (Fig. 1B). It was also revealed
that alendronate treatment at different concentrations
(0.5-16 mg/ml) promoted early differentiation marker of
osteoblasts derived from newborn rat calvaria determined
by staining for ALP, with a significant effect observed at
>4 mg/ml (Fig. 1C). Furthermore, the results indicated that
alendronate (0.5-16 mg/ml) significantly enhanced ALP
mRNA expression in osteoblasts (Fig. 1D). Alendronate
treatment at 8 mg/ml markedly increased the mineralized
area, as determined by alizarin red S staining for calcium
(Fig. 1E). Notably, treatment with 8 mg/ml alendronate

markedly decreased the mRNA expression levels of TRAP
compared with those in the PBS-treated group (Fig. 1F).
These results suggest that alendronate promotes osteoblast
differentiation and bone formation.

Alendronate stimulates the expression levels of mRNAs
associated with osteoblast differentiation. Next, the present
study investigated the effects of alendronate on the mRNAs
expression levels of osteoblast differentiation-associated
factors in osteoblasts. It was observed that alendronate
markedly promoted the mRNA expression levels of osteocalcin,
osterix and Runx2, which are essential transcription factors
for osteoblast differentiation (Fig. 2A-C). ODF, OPG and
COLI1AL1 are essential for the osteoblast differentiation (35).
As shown in Fig. 2D-F, alendronate stimulation also increased
the expression levels of ODF, OPG and COL1A1 in osteoblasts.
These results suggest that alendronate regulates osteoblast



186

EXPERIMENTAL AND THERAPEUTIC MEDICINE 15: 182-190, 2018

20 71 E3 Alendronate

25 7 i
A § 25 1 3 Alendronate |£| B S EQ Alendronate — C E
% 3 7 B3 PBS .
§ 2 {E3PES ﬁ g Y
o = =
c [ @
B =3
ke z %
g 8 2
2 2 F
2 g @
% 4 : = 1 o e 2
] ]
0 24 48 72 0 24 48 T2 0 24 4?, . T2
Hours post-treatment (alendronate) Hours post-treatment (alendronate) Hours post: 1t (alent )
i e Alendronate
Dsm-@mndronm — E= 40 1 gz Alendronate — F 8 zo'ﬁpas - N
; £33 PBS 3 E=3 PBS ¢ . =
% o 304 & 15- =
a =3 ]
% @ E
& © 20 < 10
o o] 8
2 2 104 e 5-
& =z ®
& & T
) o LE & o ]
0OH 24H 48H 72H 0 24 48 72 0 24 48 72

Hours post-treatment (alendronate)

Hours post-treatment (alendronate)

Hours post-treatment (alendronate)

Figure 2. Analysis of alendronate-mediated osteoblast differentiation through the detection of the expression of osteoblast differentiation-associated genes.
Alendronate stimulation increased the mRNA expression levels of (A) osteocalcin, (B) osterix, (C) Runx2, (D) ODF, (E) OPG and (F) COL1ALI in osteoblasts.
The data are presented as the mean + standard error. "‘P<0.05 and “P<0.01 alendronate vs. control (PBS) group. PBS, phosphate-buffered saline; Runx2,
Runt-related transcription factor 2; ODF, osteoblast differentiation factor; OPG, osteoprotegerin; COL1A1, collagen 1Al.

differentiation by stimulating the expression levels of various
mRNAs associated with osteoblast differentiation.

Resorption ability and TRAP activity of osteoclasts following
treatment with alendronate. The resorption ability and
TRAP activity of osteoclasts are essential for the progression
of rarefaction of bone and function of bone tissue (36).
The present study results demonstrated that alendronate
treatment significantly inhibited the resorption ability of
osteoclasts (Fig. 3A), but promoted the proliferation of
osteoblasts during the differentiation period, as determined
by toluidine blue staining (Fig. 3B). In addition, the TRAP
activity of osteoclasts and osteoblasts following treatment
with alendronate during the differentiation period was
examined, and the results indicated that TRAP-positive
cells were inhibited in osteoclasts and osteoblasts following
treatment (Fig. 3C and D). Furthermore, TRAP activity in
osteoclasts and osteoblasts was suppressed by the treatment of
alendronate during the differentiation period when compared
with non-treated cells (Fig. 3E and F). Taken together, these
findings suggest that alendronate treatment markedly inhibits
the resorption ability and TR AP activity of osteoclasts during
the differentiation period, which may be beneficial for the
treatment of osteoporosis.

Alendronate regulates osteoblast differentiation through
the IFN-B/STATI signaling pathway. In order to analyze the
molecular mechanism of alendronate-mediated osteoblast
differentiation, the IFN-B/STAT1 signaling pathway was
investigated in osteoblasts. The results shown in Fig. 4A
reveal that alendronate promoted IFN-f3 expression in
osteoblasts. It was also identified that STAT1 and pSTATI1
were enhanced in osteoblasts after treatment with alendronate
(Fig. 4B). Alendronate treatment also increased the mRNA
expression levels of Fral, TRAF6 and SOCSI in osteoblasts

compared with the control group (Fig. 4C). However,
endogenous inhibition of IFN-f (EI-IFN-f) markedly
reduced the inhibitory effects of alendronate (AEI-IFN-f) on
osteoblast differentiation and differentiation-associated gene
expression levels (Fig. 4D). In addition, inhibition of IFN-f3
expression (EI-IFN-$) downregulated of STAT1 and pSTATI1
protein levels and abolished their upregulation induced by
alendronate (AEI-IFN-P) in osteoblasts (Fig. 4E), which also
reduced alendronate-promoted (AEI-IFN-f) expression levels
of differentiation-associated genes, including osteocalcin,
osterix and Runx2 (Fig. 4F). Taken together, these results
revealed that alendronate treatment regulates osteoblast
differentiation through upregulation of the IFN-f/STATI1
signaling pathway.

Alendronate treatment exerts a beneficial effect in rats with
ovariectomy-induced osteoporosis,determined by histological.
The current study further analyzed the therapeutic effects of
alendronate on rats with ovariectomy-induced osteoporosis,
which was determined by histological analysis of experimental
ratsonday 60. The results in Fig. 5A revealed that bone structure
was significantly improved in rats treated with alendronate that
exhibited ovariectomy-induced osteoporosis compared with
the PBS group. It was also observed that alendronate treatment
prevented loss of trabeculae in rats with osteoporosis induced
by ovariectomy (Fig. 5B). In addition, bone strength and bone
density assays demonstrated that alendronate significantly
improved osteoporosis in rats induced by ovariectomy,
when compared with the PBS control group (Fig. 5C and D).
Furthermore, the elastic modulus and post-yield displacement
of bone were also increased in rats with osteoporosis following
treatment with alendronate (Fig. 5SE and F). Therefore, these
data suggest that alendronate treatment was beneficial in rats
with osteoporosis induced by ovariectomy, as determined by
histological and index detection.
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Figure 3. Bone resorption ability and TRAP activity of osteoclasts following treatment with alendronate. The bone resorption ability of (A) osteoclasts
and (B) osteoblasts subsequent to alendronate treatment during the differentiation period was determined by toluidine blue staining. Alendronate regu-
lates the number of TRAP-positive cells in (C) osteoclasts and (D) osteoblasts compared with the PBS control group. TRAP activity was also analyzed in
(E) osteoblasts and (F) osteoclasts following treatment with alendronate or PBS. The data are presented as the mean + standard error. "P<0.05 and “P<0.01
alendronate vs. control (PBS) group. PBS, phosphate-buffered saline; TRAP, tartrate-resistant acid phosphatase.

Discussion

Osteoporosis is identified as a systemic skeletal disease that
affects mostly postmenopausal women characterized by
reduction of bone strength and mass loss of bone mineral
density (37,38). Evidence suggested that postmenopausal
women have increased risk of osteoporosis, resulting in
fragility fracture due to the lack of estrogen secretion (39,40).
Previous studies have also demonstrated that alendronate (a
bisphosphonate) is an efficient agent for the treatment of osteo-
porosis, functioning through inhibition of bone resorption by
accumulating on the bone surface and inhibition of osteoclast
apoptosis (41,42). In the present study, the therapeutic efficacy
and potential underlying mechanism of alendronate treatment
were investigated in a rat model of osteoporosis induced by
ovariectomy. The presented results indicated that alendronate

therapy promoted osteoblast differentiation in the calvarial
osteoblastic cells isolated from newborn rats. In addition,
the resorption ability and TRAP activity of osteoclasts were
inhibited following treatment with alendronate, which may
contribute to bone remodeling in rats with osteoporosis.
Alendronate treatment stimulated ALP expression and
activity, as well as the expression levels of mRNAs associated
with osteoblast differentiation, including Fral, TRAF6 and
SOCSI. The expression levels of ODF, OPG and COL1Al in
osteoblasts were also upregulated in osteoblasts subsequent
to alendronate administration. Furthermore, the findings of
the current study indicated that alendronate treatment regu-
lated the osteoblast differentiation through upregulation of
IFN-B/STAT]I signaling pathway.

A previous study has demonstrated that stimulation
with IFN-f leads to significant inhibition of osteoporotic
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Figure 5. In vivo efficacy of alendronate for the treatment of rats with ovariectomy-induced osteoporosis. (A) Bone qualities analyzed by histological assay,
(B) femur bone density, (C) bone strength, (D) bone density, (E) elastic modulus and (F) post-yield displacement were evaluated in rats with ovariectomy-induced

osteoporosis following treatment with alendronate or PBS. The data are presented as the mean + standard error. “P<0.01 alendronate vs. control (PBS) group.
PBS, phosphate-buffered saline.

osteoclasts (20). IFN-f production is mainly secreted by fibro-
blasts, and subsequently binds to the IFN-0./p receptor (43,44).
The activity of IFN-f3 depends on the transcriptional activator
of the expression and phosphorylation of STAT1 and STAT2,
which leads to the activation of the JAK signal pathway (45).
Studies also indicated that IFN-/STAT]1 signaling pathway
regulates numerous metabolism disorder-associated

molecular transcriptions (46-48). Additionally, IFN-f3 func-
tions as a potential drug for multiple sclerosis and exhibits
various beneficial clinical outcomes (49,50). In the present
study, the involvement of the IFN-B/STATI signaling
pathway in osteoblast differentiation was analyzed. The
results indicated that IFN-/STAT1 signaling pathway was
enhanced in osteoporotic osteoblasts, resulting in the increase
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of Fral, TRAF6 and SOCSI expression levels following treat-
ment with alendronate. Furthermore, alendronate increased
the differentiation-associated gene expression levels of osteo-
calcin, osterix and Runx?2 through upregulation of IFN-f and
enhanced the phosphorylated production of IFN-f. However,
inhibition of IFN-f expression also suppressed STAT1 and
pSTATI expression in osteoblasts. These findings indicated
that alendronate mediated improvements in osteoporosis
through regulation of IFN-/STAT1 signaling pathway in
osteoblasts.

Bone strength and bone density are the most important
indicatorsintheprogressionofpatients withosteoporosis (51,52).
Various types of treatments in ovariectomized rats have
been investigated in a large number of studies (53-55). In
addition, histological analysis of bone qualities is essential
for examining the improvement of osteoporosis, which is
regarded as an evaluation criterion for drugs used in the
treatment of osteoporosis (56,57). In the present study, the
therapeutic effects of alendronate-mediated improvements
of osteoporosis were investigated by histological analysis,
including examining the bone density and loss of trabeculae.
The present study findings also indicated that bone strength,
bone density, elastic modulus and post-yield displacement were
significantly improved following treatment with alendronate
in rats with osteoporosis induced by ovariectomy.

In conclusion, although numerous reports have provided
important evidence for identifying the efficacy of alendro-
nate treatment in osteoblast differentiation, the underlying
molecular mechanism remains poorly understood (58,59).
In the present study, it was demonstrated that alendronate
treatment not only presents stimulatory effects on osteoblast
differentiation and mineralization, but also enhances the bone
formation in rats with osteoporosis induced by ovariectomy.
The findings also revealed that alendronate improves bone
loss of osteoporosis through upregulation of the IFN-/STAT1
signaling pathway, which suggests that alendronate may be a
potential therapeutic agent for osteoporosis.
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