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Icariin attenuates thioacetamide-induced bone loss via
the RANKL-p38/ERK-NFAT signaling pathway
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Abstract. There is an increasing incidence of destructive
bone disease caused by osteoclast proliferation. This is
characterized by reduced bone mass and imbalance of bone
homeostasis. Icariin (ICA), a flavonoid compound isolated
from Epimedium, has anti-osteoporosis activity and inhibits
the formation of osteoclasts and bone resorption. The purpose
of the present study was to investigate the protective effect of
ICA on osteoclastic differentiation induced by thioacetamide
(TAA) and its possible mechanism in Sprague Dawley (SD)
rats. In the present study, SD rats were intraperitoneally
injected with TAA (300 mg/kg) for the bone loss model, treated
with ICA (600 mg/kg, intragastric gavage) in the ICA group
and TAA+ICA group for treatment of bone loss for 6 weeks.
Indexes associated with bone metabolism, such as alkaline
phosphatase, N-terminal telopeptide of type-I collagen
(NTX-I), calcium (Ca), phosphorus (P) and magnesium (Mg)
in the serum, were detected. Osteoclast differentiation of
femoral tissues was detected by hematoxylin and eosin and
tartrate-resistant acid phosphatase staining. The femoral bone
mass was evaluated using a three-point bending test and micro
computed tomography. Western blotting was used to detect the
expression levels of osteoclast-related proteins in each group.
In the rats treated with TAA, the serum concentrations of Ca,
P and Mg were decreased, the serum concentration of NTX-I
was increased, osteoclast differentiation of the femur was
increased, femur bone stress and bone mass were decreased and
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the bone loss and osteoclast formation were reduced after ICA
treatment. In addition, ICA inhibited the protein expression
of receptor activator of nuclear factor k-B ligand (RANKL),
receptor activator of nuclear factor k-B (RANK), p38, ERK,
c-Fos and nuclear factor of activated T cells 1 (NFATc]) in
the femur of rats treated with TAA. The results suggested that
ICA may inhibit osteoclast differentiation by downregulating
the RANKL-p38/ERK-NFAT signaling pathway and prevent
TAA-induced bone loss. The results are helpful to understand
the mechanism of osteoclast differentiation induced by TAA,
as well as the antiresorptive activity and molecular mechanism
of ICA, and to provide new ideas for the treatment of osteolytic
diseases.

Introduction

Osteoporosis is defined as a progressive bone disease,
characterized by low bone mass and deterioration of bone
microstructure, resulting in increased brittleness and suscepti-
bility to fracture (1,2). Osteoporosis is caused by an imbalance
between bone resorption and bone formation (3) and is a
ubiquitous disease that has gradually become a serious public
health problem affecting >200 million individuals world-
wide (4). Osteoclasts are the only bone tissue cells that can
resorb bones and excessive differentiation of osteoclasts can
lead to osteolytic diseases, which serve an important role
in bone loss in osteoporosis (5). Currently, drugs used for
anti-resorption mainly include bisphosphates, calcitonin and
selective estrogen receptor modulators (6). However, these
drugs have serious side effects, such as osteonecrosis of the
jaws and transverse femur fractures, hypercalcemia, hearing
loss and breast cancer (7). Therefore, how to effectively prevent
and treat bone loss has attracted increasing attention world-
wide. Some novel plant-derived drugs deserve to be evaluated
in the prevention and treatment of osteoporosis due to their
fewer adverse reactions and anti-resorptive activity (4,8,9).
Models of osteoporosis are mainly established through
ovariectomy, glucocorticoids induction, low calcium (Ca) diet
and disuse osteoporosis. These methods for modeling osteopo-
rosis in animals require complex and long-term effects (10-13).
As early as 1984, Lassila (14) reported that thioacetamide
(TAA)-induced liver injury is accompanied by changes in
serum protein and alveolar bone, mainly manifested in the
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reduction of new bone formation. Our previous study estab-
lished a stable model of bone loss in New Zealand white
rabbits via intraperitoneal injection of TAA and it revealed that
TA A-induced bone loss mainly promoted osteoclast differ-
entiation (15). Compared with other methods, TAA has the
advantages of a short modeling time, being a simple method
and high controllability in building a model of bone loss.

Icariin (ICA; Cy;H,,0)5) is a flavonoid compound extracted
from Epimedium (16), which has anti-inflammatory, antitumor,
anti-depression, anti-oxidation and other biological activi-
ties (17,18). Studies have reported that ICA prevents bone loss
in vitro and restores femoral strength in vivo (19,20). ICA can
inhibit the osteoclast formation induced by receptor activator
of nuclear factor «-B ligand (RANKL) in RAW264.7 cells (21).
Jing et al (22). demonstrated that oral ICA treatment prevents
bone loss in iron-overloaded mice and inhibited the differen-
tiation and function of osteoclasts. In addition, ICA reduces
bone loss induced by methotrexate chemotherapy in rats (23).
As these studies demonstrate the osteoporosis-related activity
of ICA, it was hypothesized that ICA may exert a protective
effect on TA A-induced bone loss.

Although TAA is toxic and carcinogenic to numerous
organs, such as the liver, kidney and bone (24,25), it is still
widely used in the synthesis of a variety of clinical drugs,
chemical materials, pesticides and hair dyes (26,27). In the
present study, a TAA-induced bone loss model in rats was
established, the protective effect of ICA was explored and the
potential mechanisms by which ICA may inhibit osteoclast
differentiation were evaluated.

Materials and methods

Reagents and antibodies. TAA (purity >98%) was obtained
from Sangon Biotech Co., Ltd. (cat. no. A600940).
ICA (purity >98%) was obtained from Xian kai lai
Biological Engineering Co., Ltd. (cat. no. I50081). The
tartrate-resistant acid phosphatase (TRAP) staining kit
(cat. no. 294-67001) was obtained from FUJIFILM Wako
Pure Chemical Corporation. RIPA kit (cat. no. PO013B),
ECL kit (cat. no. POO18AS), hematoxylin and eosin
(H&E; cat. no. C0105) staining kit and acid alcohol slow
differentiation solution (cat. no. C0161M) were obtained
from Beyotime Institute of Biotechnology. The rat
N-terminal telopeptide of type-I collagen (NTX-I) ELISA
kit (cat. no. YB-NTXI-Ra) was purchased from Shanghai
Yubo Biotechnology Co., Ltd. EDTA decalcified fluid
(cat. no. G2520) and the BCA kit (cat. no. PC0020) were
obtained from Beijing Solarbio Science & Technology Co.,
Ltd. The iScript cDNA Synthesis Kit (cat. no. 1708890) and
iTaq Universal SYBR Green Supermix (cat. no. 172-5122)
were obtained from Bio-Rad Laboratories, Inc. The anti-
bodies against 3-actin (cat. no. ab8226), osteopontin (OPN;
cat. no. ab73400), TRAP (cat. no. ab191406), cathepsin
K (cat. no. ab187647), peroxisome proliferator-activated
receptor Y (PPAR-vy; cat. no. ab272718), phosphorylated
(p-)JNK (ab76572) and JNK (ab17946) and the secondary
antibody (cat. no. ab6721) were purchased from Abcam. The
antibodies against IxBa (bs-1287R), p-IxBa (bs-18128R),
p65 (bs-23217R), p-p65 (bs-20159R), p38 (cat. no. bs-0637R),
ERK (cat. no. bs-0022R), p-p38 (cat. no. bs-0636R) and

p-ERK (cat. no. bs-3016R) were obtained from BIOSS. The
antibodies against RANKL (cat. no. ABP52325), RANK
(cat. no. ABP60088) and c-Fos (cat. no. ABM0065) were
purchased from Abbkine Scientific Co., Ltd. The anti-
body against nuclear factor of activated T cells (NFAT)cl
(cat. no. A1539) was purchased from ABclonal Biotech Co.,
Ltd. TRIzol® reagent (cat. no. 15596026) was purchased
from Thermo Fisher Scientific, Inc. All primers were
purchased from Zhejiang Shangya Biotechnology Co., Ltd.

Animals and treatment. A total of 32 specific-pathogen-free
grade male Sprague Dawley rats (SD rats; 230-280 g; 8 weeks)
were provided by the Shanghai B&K Co. Ltd. The animals
were kept at 25°C and 50+10% humidity with free access to
food and water and a 12-h light/dark cycle. After a week of
acclimation, all rats were randomly divided into four groups:
Rats in the control group were intraperitoneally injected with
normal saline as a negative control, rats in the TAA group
were intraperitoneally injected with 300 mg/kg TAA, rats in
the ICA group were orally treated with 600 mg/kg ICA and
rats in the TAA+ICA group were treated with TAA combined
with ICA. There were eight rats in each group. The dosages
of TAA and ICA were determined based on the results of
previous studies and other literature (15,28,29). All rats were
treated once every two days for 6 weeks. All animal experi-
ments were performed in accordance with the requirements of
the Laboratory Animal-Guideline for ethical review of animal
welfare (GB/T 35892-2018) (30).

Blood sample analysis. Blood (0.5 ml) was drawn from
the mandibular vein every 2 weeks for blood tests and was
collected three times. The serum was obtained by centrifuga-
tion (1,500 x g for 15 min at 4°C). The activity of alkaline
phosphatase (ALP), the concentrations of Ca, phosphorus
(P) and magnesium (Mg) in the serum were analyzed using
a Roche analyzer (Roche Diagnostics). NTX- I levels were
detected using an ELISA kit.

H&E and TRAP staining. After fasting for 12 h, the rats were
sacrificed by exsanguination under pentobarbital sodium anes-
thesia (45 mg/kg i.p.) followed by cervical dislocation. All rat
femurs were removed and parts of the femurs were placed in
10% neutral formaldehyde for 24 h at room temperature. After
6 weeks of decalcification in EDTA decalcification solution
at room temperature, the samples were dehydrated using a
gradient of different concentrations of ethanol for 1 h each,
washed with xylene and finally embedded in wax. Paraffin
sections with a thickness of 4 ym were obtained and stained
with H&E and TR AP according to the reagent instructions and
pathological changes were observed under an ordinary light
microscope (RX50; Ningbo Sunny Instruments Co., Ltd.).
The remaining femurs were preserved at -80°C for subsequent
experiments.

Micro computed tomography (CT) analysis. The femur was
scanned using a Skyscanl176 uCT scanner (Bruker Belgium
SA). The growth plate at the distal end of the rat femur was
used as a reference point to move along the sagittal position
towards the proximal end and 100 layers were selected as the
initial layer and then 100 layers were selected along the sagittal
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position towards the proximal end as the region of interest. The
image was used to reconstruct the bone microstructure and
quantitatively analyze the bone parameters. Parameters for
bone mineral density (BMD), ratio of bone volume over tissue
volume (BV/TV), trabecular pattern factor (Tb.Pf), trabecular
number (Tb.N), the trabecular thickness (Tb.Th) and structure
model index (SMI) were directly obtained.

Three-point bending test. The mechanical strength of the
femur was measured using a three-point bending test using
the Electronic universal testing machine 5569 (Instron)
with a span of 15 mm and a loading rate of 5 mm/min. The
maximum load and elastic load were calculated according to
the load-deformation curve.

Reverse transcription-quantitative PCR. Total RNA was
extracted from the femoral head using TRIzol® reagent and
quantified by spectrophotometry at 260 nm. The gene ampli-
fication instrument 2720 (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used for reverse transcription under the
following conditions: 25°C for 5 min, 46°C for 20 min and
95°C for 1 min. A real-time quantitative fluorescence PCR
instrument 7500 system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used for quantitative PCR under the
following conditions: Initial denaturation at 95°C for 30 sec;
followed by 40 cycles at 95°C for 15 sec and 60°C for 60 sec.
qPCR were carried out using iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories, Inc.). RNA extraction,
cDNA synthesis and qPCR were performed according to the
manufacturer's protocol. GAPDH was used as an internal
control. The 2224 method was used to analyze relative gene
expression data (31,32). Primer sequences for TRAP, PPAR-y
and GAPDH are shown in Table I.

Western blot analysis. The femoral head samples were ground
with liquid nitrogen and then RIPA lysis buffer containing
1 mM PMSF and phosphatase inhibitor was added. The
samples were lysed on ice for 30 min, centrifuged at 12,000 x g
at 4°C for 15 min and the supernatant was collected. Protein
samples were quantified using a BCA kit. A 10% separation
gel and a 5% concentration gel were prepared and 20 ug
protein per lane used for electrophoresis and the proteins were
transferred onto the PVDF membranes at 4°C and 200 mA for
2 h at room temperature. PVDF membranes were blocked with
5% skimmed milk in TBS with 0.01% Tween-20 (TBS-T) for
2 h. Subsequently, the PVDF membranes were incubated over-
night at 4°C with primary antibodies against [3-actin (dilution,
1:5,000), OPN (dilution, 1:2,000), TRAP (dilution, 1:5,000),
cathepsin K (dilution, 1:5,000), PPAR-y (dilution, 1:1,000),
RANK (dilution, 1:1,000), RANKL (dilution, 1:1,000), p38
(dilution, 1:1,000), p-p38 (dilution, 1:1,000), ERK (dilution,
1:1,000), p-ERK (dilution, 1:1,000), JNK (dilution, 1:1,000),
p-JNK (dilution, 1:10,000), IkBa (dilution, 1:1,000), p-IxBa
(dilution, 1:1,000), p65 (dilution, 1:1,000), p-p65 (dilution,
1:1,000), c-Fos (dilution, 1:1,000) and NFATc1 (dilution,
1:1,000). After three washes with TBS-T, the membranes
were incubated with the secondary antibody of IgG (dilution,
1:5,000) for 2 h at room temperature. Finally, the protein bands
were visualized using an ECL kit and analyzed using ImageJ
1.8.0 software (National Institutes of Health).

Table I. Primer sequences for reverse transcription-quantitative
PCR analysis.

Gene Sequence (5'-3") Size, bp
GAPDH 292
Forward GTGCTGAGTATGTCGTGGAGTCT
Reverse ACAGTCTTCTGAGTGGCAGTGA
TRAP 98
Forward GTGCATGACGCCAATGACAAG
Reverse TTTCCAGCCAGCACGTACCA
PPAR-y 271
Forward CCGAAGAACCATCCGATT
Reverse CGGGAAGGACTTTATGTA

TRAP, tartrate-resistant acid phosphatase; PPAR-y, peroxisome
proliferator-activated receptor v.

Statistical analysis. Experiments were performed at least
three times. Data were analyzed using SPSS 25.0 software
(IBM Corp.). All data are presented as the mean + standard
deviation. One-way ANOVA followed by Tukey's post hoc
test was performed to compare differences among groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

ICA inhibits TAA-induced slow growth of SD rats. The growth
of rats in each group was observed and recorded. First, the
body weight and body length of rats in the TAA group were
markedly reduced, the weight changes (weight changes=final
weight-initial weight) of the TAA group were markedly
reduced compared with the control group and although the
weight changes of the TAA + ICA group were also decreased,
the weight changes in the TAA + ICA group were increased
compared with the TAA group (Fig. 1A and C). The femur of
each group was dissected after euthanasia and it was revealed
that the femoral length in the TAA group was markedly
decreased compared with the control group and the changes
were reversed in the TAA + ICA group (Fig. 1B and D).

ICA inhibits the TAA-induced imbalance in serum bone
metabolism. In order to observe the effects of ICA and TAA
on bone metabolism, the serum levels of ALP, NTX-I, Ca, P
and Mg were measured at weeks 2, 4 and 6. Compared with
the control group, the activity of ALP in the TAA group was
markedly increased at weeks 2, 4 and 6 and these changes
were reversed in the TAA + ICA group at week 2 (Fig. 2A).
Compared with those of the control group, the levels of NTX-I
were markedly increased in the TAA group at week 6 and the
NTX-I levels were markedly reduced in the TAA + ICA group
compared with the TAA group at week 6 (Fig. 2B). In addition,
compared with those in the control group, the serum Ca, P and
Mg levels were decreased in the TAA group at weeks 2, 4 and
6 and the TAA + ICA group exhibited a marked recovery at
week 6 (Fig. 2C-E).
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Figure 1. Effects of ICA on the femur and body weight of the SD rats. (A) Morphological images of SD rats in each group. (B) Images of femurs in each group.
(C) Effects of ICA on the weight changes. (D) Effects of ICA on the length of the femur. Data are presented as the mean + SEM of each experiment (n=4).
“P<0.05, “P<0.01. ICA, icariin; SD rats, Sprague Dawley rats.
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Figure 2. Serum ALP, NTX-I, Ca, P and Mg levels of rats in each group. (A) Serum levels of ALP. (B) Serum levels of NTX-I. (C) Serum levels of Ca.
(D) Serum levels of P. (E) Serum levels of Mg. Data are presented as the mean = SEM of each experiment (n=4). "P<0.05, “P<0.01. ALP, alkaline phosphatase;
NTX-I, N-terminal telopeptide of type-I collagen; Ca, calcium; Mg, magnesium; P, phosphorus.

ICA protects against the TAA-induced decrease of the bone
trabecular area and osteoclastic differentiation. In order to
further understand the effect of ICA on bone tissue injury,
pathological analysis of the bone tissue was performed. H&E

staining results demonstrated that the structure of the bone
trabeculae was disordered and the area of bone trabecula was
markedly reduced in the TA A group compared with the control
group and these changes were reversed in the TAA + ICA
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Figure 3. H&E and TRAP staining of femoral tissues in each group. (A) H&E and TRAP staining. Red areas show positive TRAP expression and arrows
indicate trabecular bone and TRAP-positive area. (B) Quantitative analysis of the trabecular area of the bone. (C) Quantitative analysis of the TR AP-positive
area. The percentage of the trabecular area and the TRAP-positive area was calculated using ImageJ software. Data are presented as the mean + SEM of each
experiment (n=5). Magnification, x200. "P<0.05, “'P<0.01. H&E, hematoxylin and eosin; TRAP, tartrate-resistant acid phosphatase.

group (Fig. 3A and B). TRAP staining results revealed that
there were obvious red deposits in the TAA group. Compared
with those in the TAA group, the positive deposits in the
TAA + ICA group were significantly reduced (Fig. 3A and C).

ICA inhibits TAA-induced changes in bone stress. The effect of
ICA on the biomechanical strength of TAA rats was analyzed
using a three-point bending experiment. The load-deformation
curves of each group were obtained using a three-point bending
test (Fig. 4A-D). Compared with those of the control group, the
elastic modulus and maximum load of the TAA group were
markedly reduced (Fig. 4E and F). In addition, compared with
that of the TAA group, the elastic modulus of the TAA + ICA
group was markedly increased (Fig. 4F).

ICA protects against TAA-induced bone loss. Micro-CT was
used to detect the cortical and trabecular microstructures of
the femur. In the images obtained using a Micro-CT scan,
the number of bone trabeculae, cortical thickness and bone
circumference were reduced in the TAA group compared
with the control group and those in the TAA + ICA group
were improved compared with the TAA group (Fig. 5A). In
the cortical bone, BV/TV was markedly reduced in the TAA
group compared with the control group and this change was
reversed in the TAA + ICA group. In the bone trabeculae,
the BMD, BV/TV, Tb.Th and Tb.N of the femur were mark-
edly decreased in the TAA group compared with that in the

control group, the Tb.Pf and SMI of the femur were markedly
increased in the TAA group compared with that in the control
group, and the BMD, Tb.Pf, SMI, Tb.Th and Tb.N were
improved in the TAA + ICA group (Fig. 5B).

ICA inhibits TAA-induced expression of osteoclast differ-
entiation-related proteins and genes. To further investigate
how ICA affects TAA-induced bone loss, the effects of ICA
on bone resorption-related gene and protein expression were
examined. The results demonstrated that TAA markedly
increased the expression levels of TRAP and PPAR-y genes,
whereas ICA markedly inhibited the expression of these genes
(Fig. 6A). The results of western blotting revealed that only
the expression levels of osteoclast-related proteins, TRAP and
cathepsin K, were significantly different in the TAA group
compared with the control group and were decreased in the
TAA + ICA group compared with the TAA group, even
returning to the levels in the control group. Adipocyte-related
protein PPAR-y and osteoblast-related protein OPN showed no
statistical difference among all groups (Fig. 6B).

ICA inhibits TAA-induced expression of
RANKL-p38/ERK-NFAT pathway-associated proteins. To
explore how ICA affects TAA-induced osteoclast differentia-
tion, the proteins in osteoclast differentiation-related signaling
pathways were further examined. Compared with the control
group, there was no significant difference in p-JNK and p65



6 CHENG et al: ICARIIN INHIBITS THIOACETAMIDE-INDUCED BONE LOSS

Bending load (N)
S
o

0 1 2 3 4
Bending displacement (mm)

@)

Bending load (N)
S
o

0 1 2 3 4
Bending displacement (mm)

E 150+

NS

100

50

Maximum load (N)

0= T T
Control TAA ICA TAA+ICA

B &
60 4
~ 50
Z
- 40
©
L
o> 30
£
T 20
O
@ 10 B
ot — S I B
-10
0.00.10.20.30.40.50.60.70.80.91.01.11.21.31.4151.61.71.81.92.02.12.2 2.3
Bending displacement (mm)
70 x
60 T |
__ 50t
3 |
S 4071
3 L
2 30+
g’ L
T 20T
< L
o 101
ot 1
-10
0.00.10.20.30.4 0.50.6 0.70.80.91.01.1 1.21.31.4 1.51.61.71.81.9 2.0
Bending displacement (mm)
F o :
504 * I 1
— I 1
o]
o T
©
o
X 400+
2
S
7]
&
[}
L
£ 350+
5]
=4
>
a
300~ T T
Control TAA ICA TAA+ICA

Figure 4. Bone stress in each group as assessed by a three-point bending test. (A-D) Load-deformation curve of the femur in the control, TAA, ICA and
TAA +ICA groups. (E) Level of the maximum load. (F) Level of the elastic modulus. ‘A’ represents the maximum load. Data are presented as the mean + SEM
of three independent experiments for each experiment. "P<0.05. NS, no statistical difference; ICA, icariin; TAA, thioacetamide.

levels in the TAA and TAA + ICA groups and the levels of
p-IkBa were increased in the TAA group only. The protein
expression levels of RANK, RANKL, p38, ERK, c-Fos and
NFATcl in the TAA group were increased and the protein
expression in the TAA + ICA group was inhibited to different
degrees compared with the TAA group (Fig. 7).

Discussion

Bone homeostasis is maintained by a balance between
osteoclast-induced bone resorption and osteoblast-induced
bone formation (33). Destruction of bone remodeling is
usually caused by an increase in bone resorption, or a
decrease in both bone formation and resorption, resulting in
an imbalance of bone homeostasis that leads to bone loss (34).
Virtanen et al (35) reported that after daily injection of TAA
in female rats, the osteoclastic resorption in the alveolar ridge
was increased and there was a persistent Ca deficiency in
horizontal bone. Furthermore, Nakano et al (25) observed that
TAA caused hepatic osteodystrophy, which was demonstrated
by the reduction of bone volume and bone mass. Therefore,

TAA mainly induces osteoporosis by enhancing the activity
of osteoclasts and promoting bone resorption. Previous studies
have demonstrated that ICA possesses a strong anti-osteopo-
rosis effect and inhibits the differentiation and formation of
osteoclasts (36,37). Therefore, in the present study, ICA was
used as a drug to inhibit TA A-induced bone loss.

Long-term and short-term weight loss is associated with
decreased cortical density, increased cortical porosity and
decreased trabecular density and number (38). ICA is beneficial
to bone health and can improve bone weight loss, bone length
and bone diameter induced by retinoic acid (39). In the present
study, ICA inhibited TA A-induced weight loss and the reduc-
tion of femoral length in rats. In other words, ICA is beneficial
to the normal growth of the body and bone. In addition, when
bone loss occurs, the serum ALP concentration increases
and the Ca, P and Mg concentrations decrease (40,41). This
is consistent with the biochemical results observed following
TAA treatment in the present study, where ICA inhibited
the TAA-induced increase of serum ALP activity and the
decrease of the Ca, P and Mg concentrations. The increased
serum ALP activity may be associated with increased bone
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turnover status (42). Osteoclasts release type I collagen and
degrade into NTX-I, which is a representative biochemical
marker of bone absorption (43). ICA decreased the levels of
NTX-I, which were upregulated by TAA and alleviated bone
resorption.

Bone mass is low and bone microstructure is damaged in
bone loss. BMD or bone mineral content is an important indi-
cator for clinical diagnosis and evaluation of bone loss (44).
As a specific marker enzyme for osteoclasts, TRAP can be
used as an indicator of the differentiation degree of osteo-
clasts. There are a large number of TRAP-positive cells in the

femur of osteoporotic animals (45). In the present study, the
staining results demonstrated that ICA inhibited TA A-induced
bone structure disorders, trabecular thinning and the increase
of TRAP. At the same time, the three-point bending test and
Micro-CT results also revealed that the femur endurance was
decreased after TAA treatment and the bone density and other
indicators indicated the reduction of bone mass and bone
deterioration, especially in the trabecular bone, and ICA could
inhibit the TA A-induced bone loss. Similarly, Xu er al (46)
demonstrate that ICA prevents the loss of alveolar bone and
microstructural deterioration caused by estrogen deficiency.
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Huang er al (47) revealed that ICA treatment increased
trabecular bone density during glucocorticoid exposure.
This demonstrates that ICA serves an important role in the
improvement of bone structure.

Excessive bone resorption caused by increased osteoclasts
is the key to bone loss. In addition, the increase of adipogenic
differentiation and the decrease of osteogenic differentiation
also lead to the relative increase of osteoclasts, which leads to
the increase of bone resorption (36). In order to explore what
type of osteocyte differentiation is affected by ICA treatment in
bone injury induced by TAA, osteoblast, osteoclast and adipo-
genesis-related proteins and mRNAs in the femur were detected
in the present study. It was revealed that TAA caused bone
loss mainly by promoting the expression of osteoclast-related
proteins, namely TRAP and cathepsin K, indicating that TAA
caused bone loss by promoting osteoclast differentiation.

RANKL binds to RANK on the surface of osteoclast
precursor cells to recruit TNF receptor associated factor
6 (TRAF6) and the RANKL-RANK-TRAF6 complex
forms and activates NF-kB, MAPKs (ERK, JNK, p38) and
NFATc] signaling pathways to jointly promote osteoclast
differentiation and function (48). In the present study, ICA
inhibited TA A-induced phosphorylation of p38 and ERK but
had no effect on JNK in MAPK kinase. Additionally, ICA
inhibited the expression of RANK/RANKL protein induced
by TAA and RANKL is a key stimulator of osteoclasts (49),
suggesting that ICA and TAA may have antagonistic effects
on the binding of RANKL protein. In addition, the activity
of p65 was not affected by TAA and ICA did not inhibit the
effect of TAA through NF-«B signaling, although the phos-
phorylation of IxBa was activated. ICA markedly inhibited the
expression of c-Fos and NFATcl induced by TAA. Therefore,
ICA downregulated the inhibitory activity of NFATcl and its

anti-TA A-induced osteoclast activity might be mediated via
inhibition of the activation of RANKL, P38/ERK and NFATcl
signaling pathways. It has been reported that ICA, the main
active component of Epimedium, has an anti-osteoporosis
effect (50). Feng et al (51) demonstrated that ICA activates
ERK signaling through estrogen receptor and inhibited gluco-
corticoid-induced apoptosis of bone cells, demonstrating that
ICA may inhibit osteoclast differentiation induced by TAA via
the RANKL-p38/ERK-NFAT signaling pathway.

To the best of the authors' knowledge, the bone loss model
induced by TAA has not so far been reported. Identifying ICA
for the treatment of this model provides ideas for studying the
mechanism of bone loss. However, the present study also has
some limitations; the molecular pattern of ICA and TAA on the
femur and its effect on other bones other than the femur remain to
be elucidated. The model of bone injury induced by TAA cannot
completely simulate clinical osteoporosis caused by long-term
effects. It can mainly be used to quickly establish a bone loss
model and provide a warning regarding bone damage in humans
exposed to TAA for a long time. In order to further understand
the molecular mechanism of TA A-induced bone injury, further
cytological experiments will be conducted in the future.

In conclusion, excessive osteoclast differentiation led to
an imbalance of bone metabolism, resulting in bone loss and
even osteoporosis. Finding effective drugs for bone injury and
studying the mechanism of action are of great significance for
the prevention, treatment and basic research of diseases. In the
current study, the results demonstrated that ICA could improve
the bone injury induced by TAA by inhibiting osteoclast
differentiation. ICA inhibited TA A-induced osteoclast differ-
entiation by downregulating the RANKL-p38/ERK-NFAT
signaling pathway (Fig. 8). The RANKL-p38/ERK-NFAT
signaling pathway is a crucial pathway affecting osteoclasts
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and its alteration demonstrated the importance of ICA in
TAA-induced osteoclast differentiation. These results are
helpful for understanding the anti-resorption activity and
molecular mechanism of ICA and provide novel ideas for the
treatment of destructive bone diseases caused by osteolysis.
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