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Iguratimod prevents ovariectomy-induced bone loss
and suppresses osteoclastogenesis via inhibition of
peroxisome proliferator-activated receptor-y
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Abstract. Iguratimod is known for its anti-inflammatory
activities and therapeutic effects in patients with rheumatoid
arthritis. It has previously been demonstrated that iguratimod
attenuates bone destruction and osteoclast formation in the
Walker 256 rat mammary gland carcinoma cell-induced bone
cancer pain model. Therefore, it was hypothesized that igura-
timod may additionally exhibit therapeutic effects on benign
osteoclast-associated diseases including postmenopausal
osteoporosis. In the present study, ovariectomized mice were
used to investigate the effects of iguratimod in vivo. Bone
marrow mononuclear cells were cultured to detect the effects
of iguratimod on receptor activator of nuclear factor-xB
ligand (RANKL)-induced osteoclastogenesis in vitro and the
molecular mechanisms involved. It was demonstrated that
iguratimod may prevent ovariectomy-induced bone loss by
suppressing osteoclast activity in vivo. Consistently, igura-
timod may inhibit RANKL-induced osteoclastogenesis and
bone resorption in primary bone marrow mononuclear cells.
At the molecular level, peroxisome proliferator-activated
receptor-y (PPAR-vy)/c-Fos pathway, which is essential in
RANKL-induced osteoclast differentiation, was suppressed
by iguratimod. Subsequently, iguratimod decreased the
expression of nuclear factor of activated T cells cl and down-
stream osteoclast marker genes. The results of the present
study demonstrated that iguratimod may inhibit ovariec-
tomy-induced bone loss and osteoclastogenesis by modulating
RANKL signaling. Therefore, iguratimod may act as a novel
therapeutic to prevent postmenopausal osteoporosis.
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Introduction

Bone homeostasis is maintained by repeated cycles of bone
formation and bone resorption in a well-balanced process
called bone remodeling (1). However, many bone metabolism
diseases can disturb the balance in the bone remodeling
process. Postmenopausal osteoporosis is one such systemic
skeletal disease characterized by low bone density and micro
architectural deterioration that lead to increased bone fragility
thus making the bone susceptible to fracture (2,3). Moreover,
lack of functional ovaries leads to a decline in estrogen levels
that increases bone formation and, to a much higher extent,
increases bone resorption, leading to net bone loss (4). Estrogen
deficiency may also result in the over expression of receptor
activator of nuclear factor-kB (NF-xB) ligand (RANKL) by
B lymphocytes (5), which may in part explain the excessive
osteoclasts formation and trabecular bone loss in postmeno-
pausal osteoporosis patients.

Osteoclasts are multinucleated giant cells differentiated
from monocyte-macrophage lineage precursor cells, and
possess a unique ability to resorb bones. Osteoclast differen-
tiation is primarily governed by 2 key cytokines, macrophage
colony-stimulating factor (M-CSF) and RANKL. M-CSF
supports cell survival and proliferation while RANKL
serves as a signal for osteoclastogenesis (6,7). The binding
of RANKL and its receptor RANK on osteoclast precursor
cells activates downstream pathways including peroxisome
proliferator-activated receptor-y (PPAR-vy) and c-Fos (8), which
increase the expression of nuclear factor of activated T cells cl
(NFATcl) (9). NFATcl is a master factor that activates the
expression of osteoclast marker genes and subsequently results
in enhanced differentiation and function of osteoclasts (10-12).
Taking together, interfering with these pathways may help
prevent pathologically enhanced osteoclasts formation and
bone loss.

Iguratimod (T-614), an efficacious and safe anti-rheuma-
toid arthritis drug, is reported to exert its therapeutic effect
by reducing the production of inflammatory cytokines such
as interleukin (IL)-1p, IL-6, IL-8 and tumor necrosis factor
(TNF)-a (13,14). In type II collagen-induced arthritis and
spontaneous arthritis models, iguratimod can reduce joint
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destruction and bone resorption (15). However, whether igura-
timod could suppress osteoclasts formation and bone loss in
postmenopausal osteoporosis animal models has not been
verified. Furthermore, in vivo and in vitro studies showed that
PPAR-y is essential in RANKL-induced osteoclast differen-
tiation through direct regulation of c-Fos expression (8,16).
Whether PPAR-v is a target of iguratimod in osteoclasto-
genesis should be further explored. Therefore, in the present
study, we investigated the effects of iguratimod on bone loss
and osteoclasts formation in ovariectomized mice models and
in primary bone marrow mononuclear cells (BMMCs) models,
and elucidated the underlying molecular mechanisms.

Materials and methods

Reagents and antibodies. Iguratimod was provided by Simcere
Pharmaceutical Research Co., Ltd. (Jiangsu, China). The drug
was suspended in 0.5% methylcellulose solution for in vivo
use, and dissolved in DMSO (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) for in vitro use. Recombinant soluble
mouse M-CSF and RANKL were obtained from PeproTech
(Rocky Hill, NJ, USA). Rabbit antibody against NFATcl
(no. 8032, dilution 1:1,000) was purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Rabbit antibody
against c-Fos (no. sc-52, dilution 1:200) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA). Rabbit antibody against PPAR-y
(no. BA1693-2, dilution 1:200) and mouse antibody against
GAPDH (no. BM1623, dilution 1:200) were purchased from
Wuhan Boster Biological Technology, Ltd. (Wuhan, China).
Rosiglitazone was purchased from Abcam (Cambridge, MA,
USA).

Animals. Twelve-weeks-old C57/BL6 female mice (29+2 g)
(Experimental Animal Center of Tongji Hospital, Wuhan,
China) were maintained at a constant temperature of 25°C
under a 12-h light/12-h dark cycle with free access to food
and water. All experimental protocols were approved by the
Medical Ethics Committee of Huazhong University of Science
and Technology and were performed according to the ethical
guidelines of the National Institutes of Health Guide for Care
and Use of Laboratory Animals.

Animals were divided randomly into 3 groups (n=10
mice/group): Sham-operated mice treated with 0.5%
methylcellulose solution (vehicle) (SHAM), bilateral ovari-
ectomized mice treated with vehicle (OVX) and bilateral
ovariectomized mice treated with iguratimod (30 mg/kg/day)
(OVX+T-614) (17). Ovariectomy was performed as previously
described (18). Briefly, mice were anesthetized by intraperito-
neally injecting pentobarbital sodium at a dose of 50 mg/kg
body weight. Bilateral ovaries were removed through a dorsal
approach. All treatments began on day 1 after operation and
were administered orally. After 6 weeks, mice were sacrificed
by an overdose of anesthesia to isolate the femurs and uterus
for use in the following experiments.

Bone structure analysis. The distal femoral bone structure was
analysed with a micro-computed tomography (x-CT) system
(#-CT50; Scanco Medical, Bassersdorf, Switzerland). Scans
were obtained at 100 kV and 98 pA; the resolution was set to
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10.5 pm. 3D reconstruction were analyzed using the built-in
software in the u-CT system. Trabecular structural parameters
including bone volume/tissue volume (BV/TV), structure
model index (SMI), trabecular number (Tb.N) and trabecular
separation (Tb. Sp) were also evaluated.

Histological analysis. For histological analysis, femur samples
were fixed in 4% paraformaldehyde for 24 h, decalcified in
10% ethylenediaminetetraacetic acid (EDTA) solution for
3 weeks and embedded in paraffin wax. Hematoxylin and
eosin (H&E) staining was performed to observe the trabecular
structure. Tartrate-resistant acid phosphatase (TRAP) staining
(Sigma-Aldrich; Merck KGaA) was performed following stan-
dard protocols and the numbers of osteoclasts near femoral
metaphysis were counted (19). Images were obtained using
Leica Microsystems (Wetzlar, Germany).

Serum biochemistry. For serum biochemical analysis, a
retro-orbital puncture was performed immediately prior to
euthanasia to collect blood. Blood was collected from each
mouse and plasma was separated by centrifugating for 15 min
at 1,000 x g in room temperature. Serum levels of type 1
collagen cross-linked C-terminal telopeptide (CTX-I) were
measured with ELISA kits (Nordic Bioscience Diagnostics
A/S, Herlev, Denmark) according to the manufacturer's
instructions.

Cell cultures. BMMCs were obtained from 6-weeks-old
C57BL/6 mice as previously described (20,21). Briefly,
marrow cavities of isolated femurs and tibias were exposed
and flushed with a-minimum essential medium (a-MEM;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Cells were then collected and cultured in a-MEM with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin, 100 xg/ml streptomycin (Gibco;
Thermo Fisher Scientific, Inc.) and M-CSF (30 ng/ml). After
24 h, non-adherent cells were collected and supplemented
with M-CSF (30 ng/ml). After 3 days, adherent cells were
seeded in different plates for use in the following experi-
ments.

Cell Counting Kit-8 (CCK-8) assay. Cell viability was assessed
using a CCK-8 assay (Boster Biological Technology, Ltd.)
according to the manufacturer's instructions. Briefly, BMMCs
were seeded at a density of 5,000 cells/well in 96-well plates.
After 24 h, BMMCs were treated with phosphate-buffered
saline (PBS), O (vehicle), 0.3, 3 or 30 pg/ml iguratimod in
the presence of M-CSF (30 ng/ml). After 1, 3 and 5 days,
medium containing 10% CCK-8 was added to each well and
then incubated in darkness at 37°C for 1 h. The absorbance
was measured on an ELX800 absorbance microplate reader
(Bio-Tek Instruments Inc., Winooski, VT, USA) at a wave-
length of 450 nm.

In vitro osteoclastogenesis assay. BMMCs were plated in
96-well plates at a density of 10,000 cells/well and cultured
with M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the
presence of vehicle or various concentrations of iguratimod.
After 5 days, TRAP staining was performed according to
the manufacturer's instructions. Images were obtained and
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TRAP-positive multinucleated (>3 nuclei) cells were counted
as osteoclasts.

Bone pit formation by osteoclasts. BMMCs were seeded at a
density of 20,000 cells/well in a Corning Osteo Assay Surface
plate (Corning Inc., Corning, NY, USA). Cells were cultured
with M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 7 days,
then treated with vehicle or various concentrations of igura-
timod for an additional 5 days. Then, the plate was washed
with 5% sodium hypochlorite for 5 min. Images of bone
resorption were captured and quantified.

RNA extraction, reverse transcription and real-time
quantitative PCR. BMMCs were seeded at a density of
1x10° cells/mm? in 6-well plates. Cells were cultured with
M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the presence
of vehicle or 3 pg/ml iguratimod for 5 days. Then total
RNA was extracted from BMMCs using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) as previ-
ously described (21). First-strand cDNA was synthesized
using ReverTra Ace qPCR RT kit (Toyobo Co., Ltd., Osaka,
Japan) to perform RT-qPCR using the Thunderbird SYBR
gPCR Mix (Toyobo Co., Ltd.) and a Bio-Rad Q5 instru-
ment (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All
reactions were performed according to the manufacturer's
instructions, and target gene expression was normalized to
the reference gene glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH). The relative expression levels of each gene
were calculated using the comparative 222" method (22).
The primers used for RT-qPCR are listed in Table I.

Western blot analysis. BMMCs were seeded at a density of
1x10° cells/well in 6-well plates. To detect effect of igura-
timod on c-Fos and NFATcl expression, cells were cultured
with M-CSF (30 ng/ml) and RANKL (50 ng/ml) in the pres-
ence of vehicle or 3 yg/ml iguratimod for 2 days and 5 days.
To detect the crosstalk between iguratimod and PPAR-vy,
cells were cultured with M-CSF and RANKL in the pres-
ence of vehicle, 3 pg/ml iguratimod or 1 uM rosiglitazone
for 5 days.

Cell lysates were prepared with the RIPA Lysis Buffer
(Boster Biological Technology, Ltd.) containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF; Boster Biological Technology,
Ltd.). The lysates were centrifuged for 20 min at 12,000 x g. Then
supernatants were collected. Protein concentration of each sample
was detected using BCA protein assay (no. AR0146; Boster
Biological Technology, Ltd.) according to the standard protocol.
Western blot analysis was then performed as described (21,23).
In brief, total cell proteins were separated on 10% SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Subsequently, membranes were
blocked with 5% bovine serum albumin (BSA) and immunob-
lotted with corresponding primary antibody overnight at 4°C.
Then, the membranes were incubated with appropriate horse-
radish peroxidase-labelled secondary antibody (nos. BA1001
or BA1003, dilution 1:2,000; Boster Biological Technology, Ltd.)
for 1 h at room temperature. Immunoreactivity was detected with
enhanced chemiluminescence (Boster Biological Technology,
Ltd.) and images were taken by ChemiDoc™ XRS+ System
with Image Lab™ software (Bio-Rad Laboratories, Inc.).
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Table I. Primers used in RT-qPCR.

Genes Primers (5'-3")
NFATcl

F CAACGCCCTGACCACCGATAG

R GGGAAGTCAGAAGTGGGTGGA
TRAP

F TACCTGTGTGGACATGACC

R CAGATCCATAGTGAAACCGC
Cathepsin K

F TGTATAACGCCACGGCAAA

R GGTTCACATTATCACGGTCACA
MMP-9

F TCCAGTACCAAGACAAAGCCTA

R TTGCACTGCACGGTTGAA
c-Fos

F GGTGAAGACCGTGTCAGGAG

R TATTCCGTTCCCTTCGGATT
GAPDH

F CTCCCACTCTTCCACCTTCG

R TTGCTGTAGCCGTATTCATT

F, forward; R, reverse; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; TRAP, tartrate resistant acid phosphatase; NFATc1, nuclear
factor of activated T cells 1; MMP-9, matrix metalloproteinase-9.

Statistical analysis. All quantitative data are expressed
as means + SD. Statistical analysis between 2 groups was
performed using Student's t-test. Statistical comparison of
more than 2 groups was performed using one-way analysis
of variance (ANOVA) followed by a Tukey's test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effect of iguratimod on OVX-induced bone loss. Six weeks
after operation, mice in three groups were sacrificed.
We used u-CT scanning to analyze the trabecular bone
changes in distal femoral metaphyses of mice. The results
demonstrated significant decrease in trabecular BV/TV and
Tb. N and increase in SMI and Tb. Sp in the OVX group
when compared with the SHAM group. Compared with
the OVX group, treatment of OVX mice with iguratimod
significantly attenuated trabecular bone loss revealed by
changes in histomorphometric parameters (Fig. 1A and B).
Furthermore, mice in the OVX and OVX+T-614 groups
exhibited a marked decrease in the wet weight of uterus
(Fig. 1C) compared with the SHAM group, suggesting the
success of ovariectomy.

H&E staining of the femoral sections were then used to
further corroborate these results. Trabeculae in the OVX
group were rare and thin in regions proximal and distal to
the growth plate. Treatment with iguratimod significantly
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Figure 1. Iguratimod alleviates bone loss in ovariectomized mice. (A) u-CT images of distal femurs from representative specimens from the SHAM, OVX and
OVX+T-614 groups. Scale bar, | mm. (B) Histograms represent the 3D trabecular structural parameters of the distal femur: Trabecular BV/TV, SMI, Tb.N and
Tb.Sp. (C) Mice uterus was isolated and weighed. Data are presented as means + SD. n=10. ““P<0.0001 vs. SHAM; "P<0.05, *P<0.01, “*P<0.001, ***P<0.0001
vs. OVX. SHAM, sham operated and vehicle treated mice; OVX, bilateral-ovariectomized and vehicle treated mice; T-614, bilateral-ovariectomized and
iguratimod treated mice; BV/TV, bone volume/tissue volume; SMI, structure model index; Tb. N, trabecular number; Tb. Sp, trabecular separation.

increased trabecular density and thickness when compared to
the OVX group (Fig. 2A).

We then stained femoral sections with TRAP to investi-
gate the effects of iguratimod on osteoclasts differentiation.
Mice in the OVX+T-614 group had reduced numbers of
TRAP-positive multinucleated cells, analyzed by the number
of osteoclasts per 200x version, compared with mice in the
OVX group (Fig. 2B and C).

Moreover, compared with the OVX group, mice in the
OVX+T-614 group also displayed decreased serum levels of
CTX-I, which is a biomarker of bone resorption (Fig. 2D).
These results together suggest that treatment with iguratimod
can attenuate OV X-induced bone loss by inhibiting the differ-
entiation of osteoclasts.

Effect of iguratimod on RANKL-mediated osteoclastogenesis
and osteoclasts function in vitro. To further explore the impact
of iguratimod on osteoclastogenesis, we tested its effect on
BMMCs. We first detected the potential cytotoxicity of igura-
timod using the CCK-8. As shown in Fig. 3, even at 30 pg/ml
concentration, iguratimod did not influence the viability and
proliferation of BMMC:s.

We then treated BMMCs with different concentrations of
iguratimod (0, 0.3, 3 or 30 xg/ml) in the presence of RANKL
(50 ng/ml) and M-CSF (30 ng/ml) for 5 days. As shown in

Fig. 4, iguratimod strongly inhibited RANKL-mediated osteo-
clastogenesis in a dose-dependent manner. At the concentration
of 3 ug/ml iguratimod, there were no visible TR AP-positive
multinucleated cells.

To evaluate the effect of iguratimod on the bone resorption
function of osteoclasts, an osteo assay surface plate was used.
After seeding onto a bone slice, BMMCs were cultured with
RANKL (100 ng/ml) and M-CSF (30 ng/ml) for 7 days, and
then additional 5 days in the presence of different concentra-
tions of iguratimod. As shown in Fig. 4B and D, iguratimod
significantly suppressed the bone resorption function of
osteoclasts.

Effect of iguratimod on RANKL-induced c-Fos, NFATcl and
osteoclast marker gene expression. Stimulation of RANKL
may activate a variety of transcription factors including c-Fos
and downstream NFATcl. Subsequently, activated NFATcl
can increase the expression of osteoclast marker genes such
as TRAP, cathepsin K and matrix metalloprotein-9 (MMP-9).
We then examined the effect of iguratimod on these genes.
As shown in Fig. 5A, RT-qPCR showed that incubation with
RANKL significantly increased the mRNA expression of
c-Fos, NFATcl, TRAP, cathepsin K and MMP-9 in BMMCs
on day 5. Iguratimod drastically suppressed RANKL-induced
upregulation of all these genes at the concentration of 3 pg/ml
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Figure 2. Iguratimod suppresses OV X-induced bone resorption and osteoclasts formation. (A) Sections of distal femurs from SHAM, OVX and OVX+T-614
groups were stained with H&E. Bone trabeculas are indicated with black arrows. (B) TR AP-stained histological sections of the distal femurs from different
groups. TRAP-positive cells are indicated with red arrows. (C) Quantitative analysis of TRAP-positive osteoclast numbers per x200 version. (D) Serum
levels of CTX-I were measured using ELISA. Scale bar, 100 ym. Data are presented as means = SD. n=10. “""P<0.0001 vs. SHAM; “P<0.01 vs. OVX.
TRAP, tartrate-resistant acid phosphatase; CTX-I, type 1 collagen cross-linked C-terminal telopeptide.
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Figure 3. Iguratimod shows no influence on the viability of BMMCs. Cell
viability was assessed using a CCK-8 assay and calculated using the formula:
Cell viability = X/ctrl x 100%. Data from 3 independent experiments are
presented as means + SD. SD, standard deviation.

which is close to the plasma concentration of iguratimod in
rheumatoid arthritis patients treated with 50-100 mg/day (13).

The effects of iguratimod on the expression of c-Fos and
NFATcl were corroborated by immunoblotting (Fig. 5B
and C).

Effect of iguratimod on PPAR-y signaling. PPAR-y plays
an essential role in osteoclastogenesis though directly regu-
lating c-Fos. Therefore, we then explored whether iguratimod
suppresses osteoclastogenesis though targeting PPAR-y
signaling. BMMCs were treated with 3 pg/ml iguratimod
and/or 1 uM rosiglitazone (BRL, an agonist of PPAR-vy) in
the presence of RANKL and M-CSF for 5 days. As shown
in Fig. 6, RANKL-induced osteoclasts formation is further
promoted by rosiglitazone. Treatment of rosiglitazone could
partly reverse the inhibitory effect of iguratimod.

To further validate the effect of iguratimod on the
PPAR-v signaling, proteins were extracted and subjected to
immunoblotting. Consistently, rosiglitazone partly reversed
the inhibitory effect of iguratimod on the expression of
PPAR-y (Fig. 7). The expression of downstream c-Fos and
NFATcl were also suppressed by iguratimod and partly
retrieved by rosiglitazone.
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Figure 4. Iguratimod suppresses osteoclasts differentiation and function. (A and C) TRAP staining was performed (A). TRAP-positive multinucleated cells
in each well were counted (C). (B and D) A Corning Osteo Assay Surface was used to detect the effect of iguratimod on the bone resorption function of
osteoclasts. Images of bone resorption were obtained (B) and quantified using ImageJ (D). Scale bar, 200 zm. All data are from 3 independent experiments and
are presented as means = SD. “P<0.0001 vs. vehicle-treated controls (T-614, 0 yg/ml).
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Figure 5. Iguratimod inhibits the expression of c-Fos, NFATcl and osteoclast marker genes. (A) The mRNA levels of c-Fos, NFATc] and osteoclast marker
genes were detected using RT-qPCR. Data are presented as means + SD. (B and C) Proteins were extracted at indicated times and protein expression levels
of c-Fos and NFATcl were detected by western blotting (B) and quantified (C). The experiments were repeated 3 times independently. Data are presented as
means = SD. “P<0.01, “"P<0.001, “P<0.0001. NFATcl, nuclear factor of activated T cells c1; MMP-9, matrix metalloproteinase-9; TRAP, tartrate-resistant
acid phosphatase; RANKL, receptor activator of nuclear factor-kB ligand; M-CSF, macrophage colony-stimulating factor; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; ctrl, M-CSF treated controls; R+M, RANKL+M-CSF; R+M+T, RANKL+M-CSF+T-614 (iguratimod).

Discussion an agent to mitigate this problem effectively and safely will

meet the needs of postmenopausal osteoporosis patients.
Postmenopausal osteoporosis is an important clinical issue, In our previous study we observed that iguratimod reduced
which affects 50% of women over age 45 years (24). Exploring  osteoclasts formation and bone destruction in the Walker 256
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Figure 6. Rosiglitazone partly reverses the inhibitory effect of iguratimod on osteoclastogenesis. TRAP staining was performed (A) and TRAP* multinucleated
cells were counted (B). The experiments were repeated 3 times independently. Data are presented as means + SD. Scale bar, 400 gm. "P<0.05, “"P<0.0001.
ctrl, M-CSF treated controls; R, RANKL; T, iguratimod (T-614); B, rosiglitazone (BRL).
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Figure 7. Iguratimod blocks PPAR-vy/c-Fos signaling. Proteins were extracted, and the protein expression levels of PPAR-v, c-Fos and NFATc] were detected (A)
and quantified (B). The experiments were repeated 3 times independently. Data are presented as means + SD. "P<0.05, “P<0.01, ““P<0.001, “*"P<0.0001.
PPAR-vy, peroxisome proliferator-activated receptor-y; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ctrl, M-CSF treated controls; R, RANKL;
T, iguratimod (T-614); B, rosiglitazone (BRL).

rat mammary gland carcinoma cells induced bone cancer pain  to express RANKL (26,27). Over expression of RANKL
model (25). Other studies showed that mammary carcinoma  may enhance osteoclasts formation and bone destruction.
cells are not bone-resorbing cells, but they stimulate osteocytes ~ Considering the similar roles osteoclasts play in malignant
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and benign bone resorption, we hypothesized that iguratimod
may also have therapeutic effects in benign bone metabolism
diseases such as postmenopause 0Steoporosis.

In postmenopausal osteoporosis patients, dysfuction of
ovaries induces estrogen deficiency and subsequently leads to
the over expression of RANKL, which contributes to excessive
osteoclastogenesis and trabecular bone loss (5). Our rationale
to use ovariectomized mice as animal models in this study is
based on reports that all major characteristics of bone loss asso-
ciated with estrogen deficiency in humans can be mimicked
in ovariectomized mice (4,28). Our data showed that ovari-
ectomy in mice led to trabecular bone loss, characterized by
decreased BV/TV, Tb.N and increased SMI, Tb.Sp. Treatment
of iguratimod significantly mitigated increased osteoclasts
formation and increased serum levels of CTX-I, whereas these
osteoporotic effects were significantly alleviated by treatment
with iguratimod. These results suggested that iguratimod may
be a therapeutic agent for OV X-induced bone loss. Taking into
account the vital role of RANKL in postmenopausal bone loss,
we presumed that targeting RANKL-induced osteoclastogen-
esis may be a reasonable explanation for the therapeutic effects
of iguratimod in OVX mice.

Stimulation of RANKL facilitates the activation of
c-Fos, which subsequently contributes to the induction and
auto-amplification of NFATcl (9). A previous report showed
that stimulation of RANKL failed to increase NFATcl levels
in c-Fos deficient cells (29). Finally, NFATcl activates osteo-
clast marker genes and promotes the formation and function
of osteoclasts (30). Consistent with the in vivo study, our
data showed that iguratimod could inhibit RANKL-induced
osteoclasts formation and bone resorption activity of BMMCs
in a dose-dependent manner. In addition, iguratimod drasti-
cally suppressed RANKL-mediated expression of NFATcl
and subsequently suppressed the activation of a number of
osteoclast marker genes, including MMP-9 and cathepsin K,
which can directly degrade collagens in demineralized hard
tissues (11). Taken together, targeting RANKL-induced
osteoclastogenesis may be a reasonable explanation for the
therapeutic effects of iguratimod in OVX mice.

Considering the increased expression of PPAR-v in bone
marrow of postmenopausal osteoporosis patients and ovariec-
tomized animals (31,32), the association between iguratmod
and PPAR-v should be noticed. Although known as a key regu-
lator of adipogenesis, the role of PPAR-y in osteoclastogenesis
is also well characterized. A previous study showed that thia-
zolidinediones (PPAR-y agonists) may cause increased bone
resorption in mice and rats (33). PPAR-y-deficient mice suffer
from impaired osteoclasts function and osteopetrosis caused by
a direct reduction of c-Fos activation (16). In the present study,
we revealed that iguratimod suppressed RANKL-induced
osteoclast formation and treatment with rosiglitazone could
partly reverse this inhibitory effect. Consistently, iguratimod
also suppressed RANKL-induced expression of PPAR-vy,
c-Fos and NFATcl. Treatment of rosiglitazone partly reversed
the inhibitory effect of iguratimod. Thus, the prevention of
RANKL-mediated bone resorption by iguratimod could also
be attributed to the suppression of NFATcl expression via
blocking the PPAR-y/c-Fos pathways.

Previously, Gan et al reported that iguratimod suppresses
RANKL-induced osteoclasts differentiation and migration
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in RAW264.7 cells via NF-xB and MAPK pathways (34).
Wang et al also showed the effect of iguratimod on RANKL
and OPG expression in serum and IL-13-induced fibroblast-like
synoviocytes from patients with rheumatoid arthritis (35).
These studies both implied the relationship between
iguratimod and osteoclastogenesis in rheumatoid arthritis.
Differently, our study verified that iguratimod could suppress
osteoclasts formation and bone loss in postmenopausal osteo-
porosis animal models. In addition, RAW?264.7 cells were
derived from leukemia cells, our study further confirmed the
effect of iguratimod on RANKL-induced osteoclastogen-
esis and the underlying mechanisms in primary BMMCs.
Though NF-«kB and MAPK pathways play important roles in
RANKL-induced osteoclasts differentiation, PPAR-v is also
essential in RANKL-induced osteoclastogenesis through
direct regulation of c-Fos expression (8,16). Considering
the increased expression of PPAR-y in bone marrow of
postmenopausal osteoporosis patients and ovariectomized
animals (31,32), inhibition of osteoclastogenesis via blocking
the PPAR-y/c-Fos pathway may contribute to the therapeutic
effects of iguratimod in postmenopausal osteoporosis animal
models.

In conclusion, the present study, to our knowledge, is
the first to demonstrate that iguratimod can prevent ovari-
ectomy-induced bone loss and that iguratimod can inhibit
PPAR-vy/c-Fos pathway in RANKL-induced osteoclastogen-
esis. Considering the lifelong need to treat osteoporosis and
that iguratimod is well-tolerated in long-term use (36), the
anti-osteoclastogenic activity of iguratimod under clinical
settings should be addressed in future.
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