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Highlights (for review)

Highlights

The anti-rheumatic drug iguratimod ameliorate osteoporosis of rheumatoid arthritis.
The impact of iguratimod on osteocytes remained unclear.

The effects of iguratimod was examined by disuse-induced osteoporosis in mice.
Iguratimod mitigated hindlimb unloading-induced femur bone mass reduction.
Iguratimod suppressed early growth response protein 1 expression in osteocytes.
Inhibiting early growth response protein 1 decreased sclerostin and RANKL
expression.

Iguratimod may offer a novel treatment for disuse-induced osteoporosis.
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Abstract

Disuse osteoporosis is a prevalent complication among patients afflicted with rheumatoid
arthritis (RA). Although reports have shown that the antirheumatic drug iguratimod (IGU)
ameliorates osteoporosis in RA patients, details regarding its effects on osteocytes remain
unclear. The current study examined the effects of IGU on osteocytes using a mouse model of
disuse-induced osteoporosis, the pathology of which crucially involves osteocytes. A reduction
in distal femur bone mass was achieved after 3 weeks of hindlimb unloading in mice, which
was subsequently reversed by intraperitoneal IGU treatment (30 mg/kg; five times per week).
Histology revealed that hindlimb-unloaded (HLU) mice had significantly increased osteoclast
number and sclerostin-positive osteocyte rates, which were suppressed by IGU treatment.
Moreover, HLU mice exhibited a significant decrease in osteocalcin-positive cells, which was
attenuated by IGU treatment. In vitro, IGU suppressed the gene expression of receptor activator
of NF-xB ligand (RANKL) and sclerostin in MLO-Y4 and Saos-2 cells, which inhibited
osteoclast differentiation of mouse bone marrow cells in cocultures. Although IGU did not
affect the nuclear translocation or transcriptional activity of NF-kB, RNA sequencing revealed
that IGU downregulated the expression of early growth response protein 1 (EGR1) in
osteocytes. HLU mice showed significantly increased EGR1- and tumor necrosis factor alpha

(TNFa)-positive osteocyte rates, which was—were decreased by IGU treatment. EGR1
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overexpression enhanced the gene expression of TNFa, RANKL, and sclerostin in osteocytes,
which was suppressed by IGU. Contrarily, small interfering RNA-mediated suppression of
EGR1 downregulated RANKL and sclerostin gene expression. These findings indicate that
IGU inhibits the expression of EGR1, which may downregulate TNFa and consequently
RANKL and sclerostin in osteocytes. These mechanisms suggest that IGU could potentially be

used as a treatment option for disuse osteoporosis by targeting osteocytes.

Keywords
disuse osteoporosis; early growth response protein 1; iguratimod; osteocytes; RANKL;

sclerostin

1. Introduction

Osteocytes play a crucial role in regulating the interplay between osteoblast-mediated
bone formation and osteoclast-driven bone resorption during bone metabolism driven by
mechanical loading [1-3]. Therefore, decreased mechanical loading has been found to promote
the development of disuse osteoporosis [3], the risk of which is quite high among individuals
with musculoskeletal disorders, such as rheumatoid arthritis (RA) [4-6]. Furthermore,
mechanical unloading diminishes the efficacy of existing osteoporosis treatments, such as
parathyroid hormone (PTH) analogs and bisphosphonates [7,8]. Hence, therapeutic strategies
distinct from conventional osteoporosis treatments are needed for improved prevention of
disuse osteoporosis.

Studies have identified various factors associated with disuse osteoporosis. First,
sclerostin, a glycoprotein mainly secreted by osteocytes and encoded by the SOST gene, has
been found to exert inhibitory effects on bone formation by inhibiting Wnt/B-catenin signaling

[9]. Mechanical unloading stimuli has-have also been found to increase sclerostin expression,
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thereby inhibiting bone formation [1,10]. Second, evidence has shown that the receptor
activator of NF-kB ligand (RANKL), a type II membrane protein primarily expressed in
osteoblasts and osteocytes, induces osteoclastic differentiation and is upregulated by several
mechanical unloading-related factors, including sclerostin and tumor necrosis factor (TNF)-o
[11,12]. Moreover, one study found that osteoprotegerin (OPG), a decoy receptor for RANKL
that inhibits bone resorption, was one of the target genes involved in Wnt/B-catenin signaling
[13]. Taken together, accumulated evidence suggests that mechanical unloading may promote
sclerostin and RANKL expression and decrease OPG expression, thereby suppressing bone
formation and increasing bone resorption. The third cause involves the NF-xB pathway.
Reports have shown that mechanical unloading upregulates the NF-xB pathway, which
consequently increases the expression of TNFa, RANKL, and SOST in osteocytes [14,15].

A recent meta-analysis reveals that Janus kinase inhibitors (JAKi) and biological

disease-modifying antirheumatic drugs (bDMARDSs) showed some positive effects on bone

metabolism, although had no significant impact on BMD and fracture preventionA+recent-meta-

[16,17.18].
However, other studies have shown that iguratimod (IGU), a synthetic small molecule disease-
modifying antirheumatic drug, prevented bone loss and improved bone metabolisms in patients
with RA [1948] while inhibiting RANKL-induced osteoclast differentiation [2029]. Moreover,
we previously reported that IGU promoted bone morphogenetic protein-2 (BMP2)-induced
bone formation [2126] and reduced glucocorticoid-induced disorder of bone metabolism in
vitro [2221]. However, considering the lack of relevant studies, the effects of IGU on osteocytes
have remained unclear. Therefore, the current study aimed to investigate the effects of IGU

specifically on osteocytes utilizing a mouse model of disuse osteoporosis.
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2. Materials and methods
2.1 Experimental design and animal model

Eight-week-old male C57BL/6J mice were purchased from Charles River
Laboratories (Osaka, Japan). All mice were kept in a temperature- and humidity-controlled
facility with a 12-h light/dark cycle and free access to food and water. After a week of
acclimatization, the mice were randomly assigned into three groups (Fig. 1A): (1) normal saline
(NS) mice (rest + NS injections; n = 8); (2) hindlimb-unloaded (HLU) + NS mice (HLU + NS
injections; n = 8); and (3) HLU + IGU mice (HLU + IGU injections; n = 8). NS and IGU (30
mag/kg per day) were injected intraperitoneally five times a week. The mice in the HLU + NS
and HLU + IGU groups were suspended by their tails for 21 days using tail suspension clips
(YYamashita Giken, Tokushima, Japan) to prevent their hindlimbs from weight-bearing loads
(Supplementary Fig. 1A). The tail suspension maintained a head-down tilt of 30°, ensuring that
their hindlimbs did not touch the cage floor, as previously described [2322]. The forelimbs
remained in contact with the cage bottom, enabling the mice to move freely within a 360° range
of motion. To assess the effects of tail suspension on their general body condition, the body
weight of the mice was measured daily after initiating tail suspension (Fig. 1B).

For euthanasia and bone sample collection, the mice were anesthetized with an
intraperitoneal injection of medetomidine (0.3 mg/kg), midazolam (4.0 mg/kg), and
butorphanol (5.0 mg/kg), as previously described [2423]. The left femurs were harvested and

used for microcomputed tomography (UCT) and histological analyses.

2.2 Microcomputed tomography

The distal femurs of the mice were scanned using a high-resolution uCT scanner
(SkyScan 1272; Bruker, Kontich, Belgium) with a voxel size of 8 um. The region of interest
for analysis was defined as a region ranging from 500 to 1,500 um proximal to the growth plate,
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in which both condyles were no longer visible, and was imaged using 125 slices. Raw images
were reconstructed into three-dimensional cross-sectional datasets using a cone beam
algorithm with the SkyScan reconstruction software (NRecon, Bruker). Structural indices were
then calculated on the reconstructed images using the Skyscan CT Analyzer (CTAnN) software
(Bruker). A custom processing algorithm was utilized with the CTAnN to separate trabecular and
cortical bone based on the different thicknesses of the structures. Trabecular parameters
included the bone volume fraction (bone volume [BV]/total volume [TV]) and trabecular
number (Th.N), thickness (Tb.Th), and separation (Th.Sp), whereas cortical parameters

included cortical thickness (Ct.Th).

2.3 Histological analysis

After uCT, the femurs were fixed in formalin and decalcified for embedding. Tartrate-
resistant acid phosphatase (TRAP) staining was performed according to the manufacturer’s
protocol (Cosmo Bio, Tokyo, Japan). The number of TRAP-positive cells per trabecular surface

was then counted as previously described [2423].

2.4 Immunohistochemical analysis

Samples were incubated with the following primary antibodies: antiosteocalcin
(Takara Bio, Shiga, Japan), antisclerostin (R&D Systems, Minneapolis, MN, United States),
antiearly growth response protein 1 (EGR1) (Proteintech, Chicago, IL, United States), anti-
Heme Oxygenase 1 (HO-1) (Abcam, Cambridge, MA, United States) and anti-TNFa antibody
(LifeSpan BioSciences, Seattle, WA, United States). The sections were then incubated with a
secondary antibody (Histofine Simple Stain Mouse MAX PO; Nichirei Bioscience Inc., Tokyo,
Japan) and stained with 3,3’-Diaminobenzidine tetrahydrochloride (Dako, Tokyo, Japan). As
with uCT, the region of interest for analysis was defined as a region ranging from 500 to 1,500

6
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pm proximal to the growth plate [2423]. Within the region of interest, the number of
osteocalcin-positive cells was measured on five randomly selected trabecular bone surfaces,
while the percentage of sclerostin-positive osteocytes, EGR1-positive osteocytes, and TNFa-
positive osteocytes were evaluated for all osteocytes in the cortical bone. The number of HO-
1 positive cells within the trabecular bone region of interest was measured using the Image J

software.

2.5 Histomorphometrical analysis

To label active bone formation, all mice were subcutaneously injected with
tetracycline (20 mg/kg) and calcein (10 mg/kg) 5 and 2 days before being sacrificed,
respectively, as previously described [2524]. The left femurs were extracted, fixed in 70%
ethanol, treated with Villanueva bone stain, and embedded in methacrylate (Wako Pure
Chemical Industries, Osaka, Japan). Thereafter, the following histomorphometric parameters
were quantified: bone formation rate per total volume (BFR/TV) and eroded surface per bone

surface (ES/BS)

2.6 Reagents and cell culture

IGU was provided by Toyama Chemical Co. Ltd (Tokyo, Japan) and dissolved in
dimethyl sulfoxide (DMSO; Wako Pure Chemical Industries). Approximately, the serum
concentration of IGU was reported to reach 3 pug/mL in clinical dose for humans [2221]. We
used osteocyte-like cell line MLO-Y4, human osteosarcoma cell line Saos-2 cells, and
osteoblastic cell line MC3T3-E1 cells. MLO-Y4 cells were purchased from Kerafast (Boston,
MA, United States), whereas Saos-2 and MC3T3-E1 cells were acquired from Riken Cell Bank
(Tsukuba, Japan).

MLO-Y4 cells were cultured on type I collagen-coated dishes (Corning, Corning, New
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York, United States) in a-minimum essential medium (a-MEM; Nacalai Tesque, Kyoto, Japan)
supplemented with 5% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT, United
States), 5% calf serum (Hyclone), and 1% antibiotic/antimycotic solution (A/A; Sigma-Aldrich,
St. Louis, MO, United States), as previously described [2221]. Adherent cells were seeded into
24-well plates at 1 x 10° cells/well. After 24 h, the cells were treated with/without 10 ng/mL
of TNFa (R&D Systems) and different concentrations of IGU for 5 days.

Saos-2 cells were cultured with Dulbecco’s Modified Eagle Medium (Nacalai Tesque,
Kyoto, Japan) containing 10% FBS and 1% A/A in 24-well plates at 1 x 10> cells/well. After
24 h, the cells were treated with/without 100 ng/mL of BMP2 (Osteofarmer, Osaka, Japan) and
different concentrations of IGU in media containing 5 mM of B-glycerophosphate (Calbiochem,
San Diego, CA, United States), and 50 pg/mL of ascorbic acid (Sigma-Aldrich) for 6 days, as
previously described [2625].

MC3T3-E1 cells were cultured with a-MEM containing 10% FBS and 1% A/Ain 24-
well plates at 1 x 10° cells/well. After 24 h, the cells were treated with/without 10 ng/mL
BMP6 (R&D Systems), 100 ng/mL of recombinant mouse sclerostin protein (R&D Systems),
and 3 pg/mL of IGU in media containing 10 mM B-glycerophosphate and 50 pug/mL ascorbic

acid to induce osteoblast differentiation for 3 days, as previously described [2726].

2.7 Coculture of MLO-Y4 cells and murine primary osteoclasts

MLO-Y4 cells were seeded at 1,000 cells/cm? in a type | collagen-coated 96-well plate.
After a 24-h incubation period, the cells were treated with TNFa (10 ng/mL) and various
concentrations of IGU. Murine primary osteoclasts were obtained from bone marrow cells
flushed from the femurs and tibiae of 8-week-old male C57BL/6J mice. These cells were then
cultured overnight in a-MEM supplemented with 10% FBS, 1% A/A, and 10 ng/mL of
macrophage colony-stimulating factor (M-CSF; R&D Systems) at 37 °C in a humidified

8
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atmosphere of 5% carbon dioxide, as previously described [2221]. Adherent cells were added
at 2,500 cells/cm? to the same 96-well plates seeded with MLO-Y4 cells and then cocultured
in a-MEM medium supplemented with 10% FBS and 1% A/A. The medium was replaced

every 2 days. On day 7, the cells were fixed and stained for TRAP.

2.8 RNA extraction, first- strand complementary DNA synthesis, and reverse
transcription quantitative polymerase chain reaction (RT-qgPCR)

Total RNA was extracted from cells treated in a 24-well plate using the RNeasy Mini
kit (Qiagen, Dusseldorf, Germany). First-strand complementary DNA was synthesized from 1
ng of total RNA using the ReverTra Ace qPCR RT kit (Toyobo Co., Ltd., Osaka, Japan)
following the manufacturer’s protocol. RT-gPCR was performed using Fast SYBR Green
Master Mix (Life Technologies, Carlsbad, CA, United States) and a Step One Plus Real-Time
PCR System (Life Technologies). Gene expression levels were normalized to glyceraldehyde-
3-phosphate dehydrogenase, whereas fold changes were calculated relative to the control group

using the 222 method. The PCR primer sequences are described in the Supplementary Table.

2.9 Alkaline phosphatase (ALP) activity assay

ALP activity was assessed by measuring the release of p-nitrophenol from p-
nitrophenylphosphate at pH 9.8 using the ALP assay kit (FUJIFILM Wako Pure Chemical Co.,
Osaka, Japan) in accordance with the manufacturer’s protocol. The optical density at 405 nm

was monitored to quantify the amount of p-nitrophenol released. The activity was normalized

to the protein content assessed using the Pierce™ Bicinchoninic acid (BCA) Protein Assay

Kit (Thermo Fisher, Waltham, MA, United States).

2.10 Western blotting
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Western blotting was conducted as previously described [2221]. Cytoplasmic and
nuclear extracts were prepared using the NE-PER nuclear and cytoplasmic extraction kit
(Pierce, Rockford, IL, United States) according to the manufacturer’s protocol.

The primary antibodies were as follows: phosphate anti-p38 antibody
(Thr180/Tyr182) (1:1,000), anti-p38 antibody (1:1,000), phosphate antistress-activated protein
kinase (SAPK)/Jun amino-terminal kinase (JNK) antibody (Thr183/Tyr185) (1:1,000), anti-
SAPK/JNK antibody (1:1,000), phosphate anti-NF-xB p65 (1:1,000), anti-NF-xB p65
(1:1,000), phosphate antiextracellular signal-regulated kinase 1/2 (ERK1/2; Thr202/Tyr204)
(1:2000), anti-ERK1/2 (p44/42) (1:1,000), B-actin (1:2000), and Lamin-B1 (1:1,000) antibody
purchased from Cell Signaling Technology (CST, Danvers, MA, United States). Antisclerostin

antibody (1:1,000) was acquired from R&D Systems.

2.11 Luciferase assay

For transient transfection, 1 x 10° Saos-2 cells were suspended in 100 pL of Opti-
MEM medium (Thermo Fisher) and electroporated using NEPA21 Super Electroporator (Nepa
Gene, Chiba, Japan) at 175 V and a poring pulse length of 5 ms. The cells were then transfected
with kB-Luc2P (pGL4.15; Promega, Madison, WI, United States). After electroporation, 3 x
10* cells were seeded into 96-well plates. Following a 24-h incubation period, the cells were
treated with or without TNFa, BMP2, IGU, and dexamethasone (Dex; Sigma-Aldrich).
Luciferase activity was measured 8 h after treatment using a Centro XS3 LB 960 Microplate
Luminometer (Berthold Technologies, Bad Wildbad, Germany) equipped with the Steady-
Glo® luciferase assay system (Promega) following the manufacturer’s protocol. Luciferase
activity was normalized to the protein content measured by the PierceTM BCA Protein Assay

Kit (Thermo Fisher).
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2.12 Immunofluorescence staining

Saos-2 cells were cultured in a 96-well plate at 5.0 x 10° cells/well. After 24 h of
incubation, the cells were treated with/without BMP2 and IGU. After 24 h of treatment, the
cells were fixed with paraformaldehyde for 30 min and blocked with 5% rabbit serum for 1 h.
Subsequently, the cells were incubated overnight at 4 °C with an anti-p65 antibody (CST,
1:1,000), incubated with antirabbit Alexa Flour 594 (CST, 1:1,000) at room temperature for 1
hin the dark, and counterstained with antifade mounting medium with Hoechst 33258 (Dojindo,
Kumamoto, Japan). Cell images were acquired using an IN Cell Analyzer 6000 (GE Healthcare,
Chicago, IL, United States), capturing 16 view fields per well. The Nuc/Cyto ratio of the NF-
kB signal was calculated using the mean signal intensity of nuclear areas and cytoplasmic areas

in cells of each field per well.

2.13 RNA sequencing

Cells underwent total RNA extraction using the RNeasy Mini kit (Qiagen) following
the manufacturer’s protocol. RNA-Seq libraries were then generated using the TruSeq stranded
mMRNA sample prep kit (lllumina, San Diego, CA, United States) according to the
manufacturer’s instructions. Sequencing was performed on an Illumina NovaSeq 6000
platform in the 100-bp single-end mode. The obtained reads were aligned to the human
reference genome sequences (hg19) using TopHat version 2.0.13 in combination with Bowtie2
version 2.2.3 and SAMtools version 0.1.19. The number of fragments per kilobase of exon per
million mapped fragments was calculated using Cufflinks version 2.2.1. Differential gene
expression analysis between groups was conducted using iDEP with a false discovery rate
threshold of <0.1 and a fold-change of >1.5. Volcano plot representation and Gene Ontology
enrichment analysis were performed using BioJupies, with adjusted p values of <0.05 and
absolute log2 fold-change of >1.
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2.14 Transient transfection

Saos-2 cells were transfected with small interfering RNA (SIRNA) targeting Egrl
(Thermo Fisher), siRNA control (Thermo Fisher), and the EGR1 overexpression vector,
pCMV6-EGR1 (pEGR1; OriGen, Rockville, MD, United States). Thereafter, the cells
underwent electroporation for transfection and were then seeded into 24-well plates. Following
a 24-h incubation period, RT-gPCR analyses were performed to ascertain the correct clone

targeting.

2.15 Statistical analysis

All numerical data were reported as mean * standard deviation and analyzed using
Prism software (GraphPad Prism for Windows, version 9.0, San Diego, CA, United States). An
unpaired Student’s t-test was used for comparisons between two groups, whereas one-way
analysis of variance followed by Tukey’s post-hoc test was used for comparisons between more

than three groups. A p value of <0.05 indicated statistical significance.

2.16 Study approval
All experimental protocols comply with the ARRIVE guidelines and were approved
by the Ethics Review Committee for Animal Experimentation of Osaka University Graduate

School of Medicine (permission number 02-057-007).

3. Results
3.1 Effects of IGU on disuse osteoporosis in HLU mice

The mice were randomly assigned into three groups: NS, HLU + NS, and HLU + IGU
mice (Fig. 1A). All mice subjected to hindlimb unloading successfully completed the 21-day
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unloading period. During this unloading period, the body weight of HLU + NS and HLU +
IGU mice remained consistently lower than that in the NS group. However, no significant
differences were observed among the three groups on day 21 (Fig. 1B).

MCT was utilized to analyze the trabecular and cortical bone of the distal femurs.
Representative images of the trabecular bone of mice in each group are presented in Fig. 1C.
Analysis of the trabecular bone characteristics showed that the BV/TV, Th.N, and Tb.Th were
significantly lower in HLU + NS mice than NS mice. In contrast, Th.Sp was significantly
higher in HLU + NS mice than in NS mice. IGU treatment in HLU mice prevented BV/TV loss
and Th.N reduction (Fig. 1D). Representative images of the cortical bone of mice in each group
are shown in Supplementary Fig. 1B. Analysis of the cortical bone characteristics in the
diaphyseal region showed that Ct.Th was also significantly lower in HLU + NS mice than in
NS mice. Although IGU treatment appeared to impede this cortical bone loss in HLU mice, it
did not promote a significant difference (Supplementary Fig. 1C).

TRAP staining of osteoclasts in the trabecular and cortical bone of the distal femur
(Fig. 2A) revealed significantly more TRAP-positive multinuclear cells in HLU + NS mice
than in NS mice, with IGU administration attenuating this increase. Subsequently, the effects
of HLU and IGU on osteoblastic differentiation was—were evaluated. Immunostaining of
osteocalcin showed significantly fewer osteocalcin-positive cells in HLU + NS mice than in
NS mice (Fig. 2B), with IGU treatment attenuating this reduction. Additionally, sclerostin
immunostaining was performed on osteocytes to investigate the effects of HLU and IGU on
osteocytes. The pereentate-percentage of sclerostin-positive osteocytes was significantly higher
in HLU + NS mice than in NS mice (Fig. 2C). IGU administration in HLU mice attenuated the
increase in the percentage of sclerostin-positive osteocytes.

Figs. 2D, E, and G presents the histomorphometry of the distal femur. Compared to
NS mice, HLU + NS mice demonstrated short, thin trabeculae with scattered, small trabecula,
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which were recovered by IGU administration (Figs. 2D, E).

In terms of bone formation, BFR/TV tended to be lower in HLU + NS mice than in
NS mice (Fig. 2F). IGU treatment in HLU mice tended to attenuate this reduction but not
significantly. Regarding bone resorption, HLU + NS mice exhibited significantly higher ES/BS
values than did NS mice. Conversely, HLU + IGU mice showed significantly lower ES/BS

values than did HLU+NS mice (Figs. 2G, H).

3.2 Effects of IGU on osteocytes and osteoclastogenesis/osteoblastogenesis through
osteocytes in vitro

Previous studies have demonstrated that mechanical unloading promotes TNFa,
BMP2, RANKL, and sclerostin expression from bone tissues [1,10,2827,2928]. RT-qPCR
results exhibited that TNFa-treated osteocyte cell line MLO-Y4 showed markedly increased
RANKL expression and decreased OPG expression, which significantly increased the
RANKL/OPG ratio. IGU treatment significantly inhibited this upregulation of RANKL
expression, which significantly decreased the RANKL/OPG ratio (Fig. 3A). Next, to confirm
the indirect effects of IGU on osteoclast differentiation, we performed coculture experiments
utilizing bone marrow-derived macrophages (BMDMs) and MLO-Y4 cells treated with IGU
without adding RANKL. The coculture of BMDMs with MLO-Y4 cells promoted a notable
increase in the number of multinuclear osteoclasts. Alternatively, IGU treatment in MLOY4
cells significantly decreased the number of multinuclear osteoclasts (Fig. 3B).

Evidence indicates that bone morphogenetic proteins (BMP) are signaling molecules
that stimulate osteoblast differentiation and that sclerostin inhibits BMP-induced osteoblast
differentiation [2726,3029]. RT-qPCR resutls—results for the osteoblastic MC3T3-E1 cells
showed that regardless of the presence of sclerostin, IGU significantly enhanced gene
expression of ALP and osteocalcin (Fig. 3C). Furthermore, BMP6 administration promoted
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ALP activity, whereas sclerostin inhibited ALP activity, with IGU administration restoring the
inhibitory effects of sclerostin (Fig. 3D).

Studies have shown that Saos-2 cells are capable of differentiating into osteocyte-like
cells and that BMP2 promotes the expression of sclerostin [2625,3136]. Our RT-gPCR resutls
results revealed that BMP2 significantly increased the expression of osteocyte-related genes,
including SOST and Dmp-1 (Fig. 3E), athteugh-although 1GU administration suppressed
BMP2-induced expression of SOST and Dmp-1. However, BMP2 and IGU administration did
not significantly change the expression of Dkk-1, another inhibitory factor of bone formation.
Western blotting showed that IGU treatment dose-dependently suppressed sclerostin protein
expression (Fig. 3F), whereas no alterations were observed in DKkk-1 expression
(Supplementary Fig. 2).

Furthermore, to evaluate whether IGU influenced osteocyte apoptosis [3231,3332],
we investigated the mitogen-activated protein kinase signaling pathway, including SAPK/IJNK
and p38, which regulates Saos-2 cell apoptosis. IGU treatment promoted the phosphorylation
of SAPK/INK and p38 (Fig. 3G). However, no difference in the empty lacunae ratio was
observed among NS, HLU + NS, and HLU + IGU mice (Supplementary Fig. 3A). Moreover,
in the intrinsic apoptotic pathway, IGU treatment slightly suppressed Caspase-9 but did not
affect the expression of other genes in RT-gPCR (Supplementary Fig. 3B). In addition, the cell
proliferation assay showed no significant differences regardless of the presence or absence of
IGU (Supplementary Fig. 3C). Collectively, these findings suggest that IGU may not affect

osteocyte apoptosis.

3.3 Effects of IGU on the NF-kB pathway in Saos-2 cells
To assess whether IGU treatment suppresses the transcriptional activation of the

transcription factor NF-xB pathway, we investigated luciferase reporter assay using Saos-2
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cells. Notably, TNFo administration significantly increased NF-xB transcriptional activity.
Although IGU did not significantly affect NF-xB activity, dexamethasone significantly
inhibited it (Fig. 4A).

Furthermore, we performed Western blotting with/without BMP2 and IGU to assess
the effects of IGU administration on NF-«B translocation from the cytoplasm to the nucleus.
Examination of the cytoplasm and nuclear protein contents of NF-kB through Western blotting
revealed no remarkable difference (Fig. 4B). Moreover, immunofluorescence staining found
that IGU administration did not significantly suppress NF-kB translocation from the cytoplasm
to the nucleus (Fig. 4C). Collectively, these findings suggest that IGU may not affect the NF-

kB pathway in osteocytes.

3.4 The potential of IGU to regulate EGR1 expression identified through RNA sequencing
analysis in Saos-2 cells

To further investigate the possible mechanisms explaining the effects of IGU on
osteocytes, we conducted RNA sequencing in Saos-2 cells from the untreated, BMP2-treated,
and BMP2 + IGU-treated groups (Supplementary Fig. 4). NetasblyNotably, screening of
differentially expressed genes showed that IGU treatment effectively downregulated the
expression levels of several genes known osteocyte-related genes, including SOST and Dmpl
(Fig. 5A). Next, Gene Ontology enrichment analysis revealed that IGU treatment primarily
upregulated ossification regulation, skeletal system development, and collagen fibril
organization but primarily downregulated cellular response to type I interferon and the type
I interferon signaling pathway (Fig. 5B).

Figs. 5C and D depiets-depict the top 10 genes differentially regulated in ascending
order based on p values following IGU treatment. Among the top 10 genes, EGR1 is the only

one classified as a regulation factor of DNA-templated transcription and has been reported to
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be involved in mechanical stress [3433]. In anticipation of its relevance to the effects of IGU
on osteocytes, we focused on this particualparticular gene. In fact, immunostaining of EGR1
in the distal femur revealed that the percentage of EGR1-positive osteocytes was higher in
HLU + NS mice than in NS mice, with IGU treatment significantly attenuating this increase
(Fig. 5E). Moreover, RT-qPCR revealed that in Saos-2 cells, BMP2 treatment with significantly
increased EGR1 gene expression, whereaas-whereas IGU treatment effectively suppressed the

same EGR1 gene expression (Fig. 5F).

3.5 IGU treatment improves bone metabolism by regulating the ERK/EGR1/TNFa
pathway

Studies have shown that mechanical unloading triggers the production of reactive
oxygen species (ROS), which increase EGRL1 transcriptional activity through the ERK pathway
and downstream TNFa expression [3433,3534]. Moreover, other reports have suggested that
heme oxygenase (HO)-1 was closely associated with ROS and that the expression of HO-1
increases by unloading [3635,3736]. In fact, immunostaining of HO-1 in the distal femur
revealed that the number of HO-1-positive cells was higher in HLU + NS mice than in NS mice,
with IGU treatment showing no significant effect (Fig. 6A). Therefore, we investigated the
downstream ERK pathway, which is the downstream of ROS. Western blotting in Saos-2 cells
showed that BMP2 promoted ERK1/2 phosphorylation, whereas IGU treatment inhibited this
promotion (Fig. 6B). Next, we investigated downstream signals of ERK1/2 in osteocytes.
Notably, immunostaining of TNFa in the distal femurs showed that the percentage of TNFa-
positive osteocytes was significantly higher in the HLU + NS mice than in NS mice. Strikingly,
IGU treatment significantly inhibited this increase (Fig. 6C). Thereafter, we further examined
whether EGR1 overexpression induced TNFa and its downstream factors, such as RANKL and
SOST expression, in osteocytes. Accordingly, we found that EGR1 overexpression
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significantly increased not only TNFa expression but also RANKL and SOST expression (Fig.
6D). Furthermore, IGU treatment significantly inhibited all such increases. Moreover, RT-
gPCR analsis-analysis of EGR1-knockdown Saos-2 cells achieved through SiEGR1 plasmid
transfection revealed that siEGR1 transfection significantly reduced the expressions of
RANKL and SOST by downregulating EGR1 expression (Fig. 6E).

A previous report suggested that an ion channel called Piezol was involved in the
sensing of mechanical signals by osteocytes [3837]. Immunostaining of Piezol showed that
HLU tended to downregulate the number of Piezol-positive osteocytes, with IGU treatment
showing no significant effects (Supplementary Fig. 5A). We further investigated the
relationship between EGR1 and Piezol. Accordingly, we found that EGR1 overexpression
significantly increased the expression of Piezol and Cyr6l, a target gene of YAP/TAZ
downstream of Piezol (Supplementary Fig. 5B). In contrast, EGR1 knockdown showed no
difference in the expression of Piezol and Cyr61 (Supplementary Fig. 5C).

Taken together, these findings suggest that IGU may inhibit the ERK/EGR1 pathway
induced by mechanical unloading and consequent ROS production, thereby reducing
osteocyte-expressed RANKL and SOST via TNFa suppression (Fig. 7). Besides the direct
effect of IGU on osteoblasts and osteoclasts, these mechanisms may suppress
osteoclastogenesis and enhance osteoblastogenesis under unloading conditions, which may

ameliorate disuse osteoporosis.

4. Discussion

Previous reports have addressed the effects of IGU on postmenopausal osteoporosis

model mice and its effects on bone metabolic disorders caused by glucocorticoids [20, 22].

However, to the best of our knowledge, no previous reports have focused on the effects of IGU

on disuse osteoporosis. This study has been the first to demonstrate the detailed effects of IGU
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in osteocytes and disuse osteoporosis.Fo-the-best-ofourknowledge-this-study-has-been-the-first

is- Our results

revealed that IGU improved disuse osteoporosis in mice by inhibiting sclerostin and RANKL
production through the ERK/EGR1/TNFa pathway in osteocytes.

Mechanical unloading on bone upregulates various cytokines, such as BMP2 and
TNFa [2827,2928,3938]. Furthermore, TNFo induces RANKL expression in osteocytes, which
play a major role in osteoclast differentiation [4039]. Sclerostin has been suggested to be
another primary cause of disuse osteoporosis. In fact, studies have shown that SOST-deficient
mice during hindlimb unloading were resistant to bone loss [323%] and that treating osteocytes
with unloading-related factors, such as BMP2 and TNFa, significantly upregulated the
transcriptional activity of the SOST [4148]. In our investigation, mechanical unloading
promoted an increase in TNFo and sclerostin expression in osteocytes, which was suppressed
by IGU treatment.

A previous study suggested that IGU improves bone metabolism petentaity
potentially through the inhibition of NF-«xB [4241]. Moreoever, reports have shown that IGU
may inhibit the activation of NF-«B by interfering with its translocation into the nucleus while
not affecting the degradation of IxBa in THP-1 cells, a human monocytic leukemia cell line,
and cultured human synovial cells [4342,4443]. However, these studies only evaluated the
nuclear translocation of NF-kB and failed to show the transcriptional activity through luciferase
assay like in the eurrpet-current study. Given that the present study could not confirm the role
of IGU in inhibiting NF-xB transcriptional activity in osteocytes, we conducted RNA
sequencing to investigate the transcription factor EGR1, one of the key proteins involved in
mechanical loading via the ROS/ERK pathway [3433]. Reports have suggest-suggested that
that unloading increases EGR1 expression in the tendon and muscles [3433,4544], although its
expression in osteocytes remained unclear. In the current study, hindlimb-unloaded mice
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showed an increase in EGR1 expression in osteocytes. Our results also showed that HO-1 in
bone tissue rematend-remained unaltered despite IGU administration, suggesting that IGU did
not affect ROS levels. Therefore, we focused on ERK, which is downstream of ROS, and found
that IGU inhibited the ERK pathway, consistent with the findings of a previous report [4645].
EGR1 activates TNFa [3635,4746], with cases of disuse osteoporosis showing elevated
expression levels of TNFo and downstream factors, such as RANKL and sclerostin, in cortical
bone osteocytes [4847]. This suggests a strong association between unloading conditions and
EGR1 within osteocytes. Finally, our results using EGR1 overexpression in osteocytes revealed
that EGR1 upregulates TNFa and downstream RANKL and SOST expression, which was
downregulated by IGU. Conversely, EGR1 downregulation by siEGR1 downregulated
RANKL and SOST expression. These results strongly indicate that EGR1 plays crucial roles
in the regulation of RANKL and SOST.

Recent studies have revealed that Piezol, a mechanosensitive ion channel, is crucial
for the skeletal response to mechanical loading in osteoblasts and osteocytes [3837,4948].
Piezol functions as a catalyst for Ca?* influx in response to mechanical stimuli, subsequently
governing downstream signaling cascades. Despite a previous report suggesting that
extracellular Ca upregulated EGR1 [5049], the association between Piezol and EGR1 remains
unclear. Our study suggested that EGR1 overexpression upregulated the expression of Piezol
and its downstream genes, with EGR1 downregulation having no effect on these expressions.
Taken together, our findings showed that enhanced EGR1 expression may induce Piezol
compensation for the downregulation of mechanical loading-related signals by EGRL.
However, siEGR1-induced downregulation of EGR1 or IGU treatment had no effect on Piezol
and downstream gene expression, suggesting that IGU treatment and consequently EGR1
suppression were not associated with Piezol.

This study has certain limitations worth noting. First, isolating and culturing
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osteocytes from IGU-treated mice proved challenging. Furthermore, incorporating EGR1
knockout or transgenic mice was difficult in this experiment. Nevertheless, the study’s strength
lies in having been the first to elucidate the effects of IGUs on osteocytes using a mouse model

of disuse osteoporosis.

5. Conclusion
Our findings suggest that IGU inhibited sclerostin and RANKL production through
the ERK/EGR1/TNFa pathway in osteocytes, indicating its potential for becoming a unique

and effective treatment option for disuse osteoporosis by targeting osteocytes.
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Figure legends

Figure 1. Effects of iguratimod on disuse osteoporosis in hindlimb-unloaded (HLU) mice.
(A) Experimental protocol. (B) Body weight changes (in grams) in mice of each group. (C)
Representative microcomputed tomography images of the distal femur in the three groups after
the intervention. Scale bar: 500 um. (D) Quantification of trabecular bone parameters: bone
volume (BV)/tissue volume (TV), trabecular number (Th.N), trabecular thickness (Th.Th), and
trabecular separation (Tb.Sp). One-way ANOVA followed by Tukey’s post-hoc analysis, **p
< 0.01, *p < 0.05 (vs. HLU mice). All data were expressed as mean + standard deviation for

eight mice in each group.
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Figure 2. Histological and histomorphometrical analyses of the distal femur for
osteoclasts, osteoblasts, and osteocytes in normal saline (NS) and hindlimb-unloaded
(HLU) mice with or without iguratimod (IGU) 5 days per week for 3 weeks.

(A—C) Representative histological findings of trabecular and cortical bone in the distal femur
were examined using Tartrate-resistant acid phosphatase (TRAP) staining (A) and
immunohistochemical stains of osteocalcin (red arrows indicate osteocalcin-positive cells) (B)
and sclerostin (black arrows indicate sclerostin-positive osteocytes) (C) in each group (NS,
HLU + NS, and HLU + IGU). Scale bars: A 100 um, B,C 50 um. (D and E) Villanueva bone
staining of trabecular and cortical bone in the distal femur was conducted. The secondary
cancellous bone area was stained in green through computer image processing, whereas the
trabecular bone was stained in orange through computer image processing (D). Villanueva bone
staining was conducted under fluorescent light (E). Osteoclasts and trabecular bone were
stained in pink through computer image processing (G). Scale bars: D 500 um; E 100 um; F
10 pm. Trabecular bone parameters, including bone formation rate per total volume (BFR/TV)
and erosion surface/bone surface (ES/BS) were quantified (F and H). One-way ANOVA
followed by Tukey’s post-hoc analysis, **p < 0.01, *p < 0.05 (vs. HLU mice). All data were

expressed as the mean + standard deviation (A—C; n=8, Fand H; n=3)

Figure 3. Effects of iguratimod (1IGU) on osteocytes and
osteoclastogenesis/osteoblastogenesis through osteocytes in vitro.

(A) Effects of IGU on osteoclast-related gene expression in MLO-Y4 cells after tumor necrosis
factor (TNF)-o stimulation were analyzed using RT-gPCR analysis (data from three
independent experiments for each group). (B) Investigation of the effects of IGU on osteoclast
formation in cocultures of TNFa-stimulated MLO-Y4 and bone marrow cells as osteoclast
precursors (data from five to six independent experiments for each group). Scale bar: 500 um.
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(C) RT-gPCR analysis of osteoblast-related gene expression in MC3T3-E1 cells treated with
BMP6 and sclerostin with or without IGU (data from three independent experiments for each
group). (D) Alkaline phosphatase (ALP) activity was measured using MC3T3-E1 cells cultured
with BMP6 and sclerostin with or without IGU (data from three independent experiments for
each group). (E) Effects of IGU on osteocyte-related gene expression in Saos-2 cells after
BMP2 stimulation were analyzed using RT-gPCR analysis (data from three independent
experiment data for each group). (F) Western blotting analysis of SOST using Saos-2 cells
treated with BMP2 with or without IGU. (G) Effects of IGU on the mitogen-activated protein
kinases signaling pathway in Saos-2 cells after BMP2 stimulation were analyzed using Western
blotting analysis. Statistical significance was determined using one-way ANOVA followed by
Tukey’s post-hoc test (**p < 0.01, *p < 0.05). All data are presented as the mean * standard

deviation.

Figure 4. Effects of iguratimod (IGU) on the NF-kB pathway in Saos-2 cells.

(A) Luciferase assay performed on Saos-2 cells cultured with TNFo/BMP2 with or without
IGU/dexamethasone (Dex). NF-kB luciferase activity was expressed relative to that of the
control, set at 100% (data from five to seven independent experiments for each group). (B)
Western blotting analysis of p-p65 and p65 using nuclear and cytosolic proteins extracted from
Saos-2 cells cultured with BMP2 with or without IGU. B-actin and Lamin B1 were used as the
internal controls for the cytosolic and nuclear fractions, respectively. (C) Effects of IGU on the
nuclear translocation of NF-kB p65 using immunofluorescence staining in Saos-2 cells
cultured with BMP2 with or without IGU. Scale bars: 30 um. The quantification of nuclear-
cytoplasmic intensity ratios was normalized to the control, set at 100 (data from eight
independent experiments for each group). Statistical significance was determined using one-
way ANOVA followed by Tukey’s post-hoc test (**p < 0.01, *p < 0.05). All data are presented
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as the mean + standard deviation.

Figure 5. Potential of iguratimod to regulate early growth response protein 1 (EGR1)
expression identified through RNA sequencing analysis on Saos-2 cells.

(A) This heat map visualizes the expression levels of differentially expressed genes identified
from RNA-seq datasets between BMP2-treated and BMP2 + IGU-treated groups. Green
represents replicates with low expression, whereas red represents those with high expression.
(B) Gene Ontology analysis of functional annotations for biological processes upregulated and
downregulated by IGU treatment. (C) The top 10 transcription factor genes whose expression
was significantly altered by IGU treatment. (D) Volcano plot displaying the differentially
expressed transcripts between the BMP2-treated and BMP2 + IGU-treated groups. (E)
Immunohistochemical staining of EGR1 in the distal femur cortical bone of each group (NS,
HLU + NS, and HLU + IGU) (data from eight independent experiments for each group). The
black arrows indicate EGR1-positive osteocytes. (F) RT-qgPCR analysis of EGR1 gene
expression was performed using Saos-2 cells treated with or without BMP2 and IGU (data
from three independent experiments for each group). Statistical significance was determined
using one-way ANOVA followed by Tukey’s post-hoc test (**p < 0.01, *p < 0.05). All data are

presented as the mean + standard deviation.

Figure 6. Effects of iguratimod (IGU) on the production of sclerostin and RANKL from
osteocytes through the ERK/EGR1/TNFa pathway.

(A) Immunohistochemical staining of heme oxygenase (HO)-1 in the distal femur of each
group (NS, HLU + NS, and HLU + IGU) (data from seven to eight independent experiments
for each group). (B) Western blotting analysis of ERK1/2 was performed on Saos-2 cells treated
with or without BMP2 and IGU. (C) Immunohistochemical staining of TNFa in the distal
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femur cortical bone of each group (NS, HLU + NS, and HLU + IGU) (data from seven to eight
independent experiments for each group). The red arrows indicate TNFa-positive osteocytes.
(D) Saos-2 cells were transiently transfected with the EGR1 overexpression vector and treated
with or without IGU. RT-qPCR analysis of EGR1, TNFa, and osteocyte-related gene
expression (data from three independent experiment data for each group). (E) Saos-2 cells were
transiently transfected with EGR1-specific SIRNA. RT-qPCR analysis of EGR1 and osteocyte-
related gene expression (data from three independent experiment data for each group). An
unpaired Student’s t-test was employed for comparisons between two groups, whereas one-
way ANOVA followed by Tukey’s post-hoc test was used for comparisons between more than
three groups. All data are expressed by the mean + standard deviation. Differences were

considered relevant at p < 0.05 (*p < 0.05, **p < 0.01).

Figure 7. Hypothetic scheme summarizing the effects of iguratimod (IGU).
Mechanical unloading may induce reactive oxygen species (ROS) and activate the downstream
ERK/EGR1/TNFa pathway in osteocytes. IGU may inhibit the phosphorylation of ERK1/2 and

downstream EGRI1/TNFo pathway, thereby suppressing the expression of RANKL and

sclerostin, potentially ameliorating disuse osteoporosis.
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Figure 7
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