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Background and Objective: Inflammatory osteolysis is a common feature of numerous orthopedic conditions, primarily driven by
excessive osteoclast formation and activation. Recent studies have demonstrated that paroxetine, a selective serotonin reuptake
inhibitor commonly prescribed for mental disorders, has significant anti-inflammatory effects. However, its effects on inflammatory
osteolysis have not been fully elucidated. In this study, we investigated the effects and underlying mechanisms of paroxetine on
osteoclast differentiation and function as well as its influence on inflammatory osteolysis in a murine model.

Methods: A mouse model of LPS-induced osteolysis was developed to assess the therapeutic efficacy of paroxetine in vivo. Utilizing
the molecular structure of paroxetine, network pharmacology was used to predict principal targets and underlying mechanisms. The
effect of paroxetine on osteoclast biology was subsequently investigated using morphological analysis, quantitative PCR (qPCR), and
Western blotting.

Results: The findings from animal experiments demonstrated that paroxetine effectively mitigated LPS-induced bone loss by
inhibiting osteoclast differentiation. In vitro analyses revealed that paroxetine suppresses osteoclast formation and bone resorption
in a dose-dependent manner. Mechanistically, paroxetine downregulated osteoclast-specific genes and proteins while concurrently
inhibiting the NF-kB and PI3K-AKT signaling pathways. Additionally, network pharmacology analysis identified PIK3CA as a pivotal
target, substantiated by molecular docking studies (binding energy of —8.0 kcal/mol) and rescue experiments employing PI3K (740
Y-P) and AKT (SC79) agonists, which reversed paroxetine-mediated inhibition of osteoclast formation.

Conclusion: Paroxetine attenuated LPS-induced inflammatory osteolysis in mice and suppressed osteoclast differentiation and
function in vitro, an effect associated with down-regulation of NF-kB and PI3K-AKT signaling. These data indicate that paroxetine
may represent a potential therapeutic candidate for osteolytic bone diseases. However, further validation is required to confirm its
efficacy and safety in more complex pre-clinical models and in humans.
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Introduction

Throughout human lifespan, homeostasis of bone tissue is maintained through a finely tuned balance between bone
resorption and bone formation. Osteoclasts are responsible for the removal of old or damaged bone followed by the
synthesis of new bone tissue. Disruptions in the equilibrium of these processes can result in various bone diseases.
Inflammatory osteolysis is primarily attributed to an increased number of osteoclasts and excessive bone resorption,
which leads to reduced bone volume and bone formation disorders. This condition predominantly occurs in rtheumatoid
arthritis, psoriatic arthritis, orthopedic implant loosening, and osteomyelitis." Therefore, the inhibition of osteoclastogen-
esis is a promising therapeutic approach for managing these conditions. However, existing pharmacological treatments
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for osteoclast-mediated diseases, such as bisphosphonates and denosumab, are not only limited but are also linked to
notable adverse effects. These side effects encompass gastrointestinal disturbances, atypical femoral fractures (AFF),
osteonecrosis of the jaw (ONJ), atrial fibrillation, and severe infections.” In particular, prolonged use of bisphosphonates
is associated with drug-induced ONJ and AFF.* Although denosumab is effective, it is expensive and carries the risk of
rebound bone loss and multiple vertebral fractures upon discontinuation.” These challenges underscore the urgent need to
develop alternative therapies that offer improved safety profiles and are more cost effective.

Osteoclasts are multinucleated giant cells differentiated from monocyte-macrophage lineage precursor cells that can
adhere to the bone matrix and secrete acids and lytic enzymes to degrade mineralized matrices. Osteoclast differentiation
is a complex process controlled by multiple cytokines and signaling pathways. Evidence from researchers has verified
that osteoclast differentiation is mainly directed by two cytokines: Receptor Activator of Nuclear Factor B ligand
(RANKL) and Macrophage-Colony Stimulating Factor (M-CSF).® In the process of osteoclast differentiation, M-CSF
promotes the proliferation and survival of bone marrow-derived macrophages (BMMs) and osteoclast precursors and
stimulates RNAK expression, thereby increasing the activity of the RANK and RANKL complex.” RANKL is a crucial
stimulator of osteoclast differentiation. It modulates essential processes, including precursor activation, fusion, and
osteoclast survival through its interaction with the receptor RANK. This interaction recruits TNF receptor-associated
factor 6 (TRAF6), which activates the downstream nuclear factor kB (NF-kB) signaling pathway. This cascade ultimately
leads to the activation of nuclear factor of activated T-cells, cytoplasmic 1 (NFATcl), resulting in the upregulation of
osteoclast-specific genes including tartrate-resistant acid phosphatase (TRAP), matrix metallopeptidase 9 (MMP-9), and
cathepsin K (CTSK). Targeting the NF-kB pathway thus represents a viable strategy for inhibiting osteoclastogenesis,
and identifying safe, clinically translatable agents that modulate this pathway is critical for advancing inflammatory
osteolysis treatment.

Since its approval by the US Food and Drug Administration in 1992, paroxetine, a selective serotonin reuptake
inhibitor, has been extensively employed in the management of a range of mental health disorders including depression,
anxiety disorders, and post-traumatic stress disorder, and so on.® Recently, it has been reported that paroxetine can
modulate diverse biological effects other than protection against psychiatric disorders. In patients with inflammatory
bowel disease, paroxetine has shown the potential to alleviate intestinal inflammation by modulating the composition and
functionality of the gut microbiota.” In addition, existing research indicates that paroxetine effectively inhibits the NF-kB
pathway and mitigates the inflammatory response mediated by reactive microglia in astrocytes. In the context of the
skeletal system, multiple studies focusing on arthritis have shown that paroxetine mitigates arthritis symptoms and
reduces inflammatory responses, suggesting potential utility in bone-related inflammatory conditions.'®'? Notably,
paroxetine offers unique translational benefits due to its proven clinical safety, affordability, and oral bioavailability
compared to new, untested drugs or existing osteolysis treatments. However, no studies have yet evaluated the role of
paroxetine in inflammatory osteolysis, nor have they explored its translational potential as a repurposed agent for
osteoclast-mediated bone destruction.

In this study, we aimed to evaluate the therapeutic efficacy of paroxetine on RANKL-stimulated osteoclastogenesis
in vitro and inflammatory bone destruction in vivo, elucidate the underlying molecular mechanisms, and validate the

translational potential of paroxetine as a repurposed agent for inflammatory osteolysis management.

Materials and Methods

Reagents

Recombinant mouse RANKL (462-TEC-010) and M-CSF (416-ML-010) were obtained from Bio-Techne (Minneapolis, MN).
Paroxetine (HY-122272), SC79 (HY-18749), 740 Y-P (HY-P0175), and DMSO (dimethyl sulfoxide) (DMSO, HY-Y0320) were
purchased from MedChemExpress (Monmouth Junction, NJ, USA). Alpha-MEM and fetal bovine serum (FBS) were obtained
from HyClone (Marlborough, MA, USA), and the fluorescent dyes phalloidin (M21689) and DAPI (M5107) were obtained from
AbMole (Houston, TX, USA).
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Cells Isolation and Culture

As previously mentioned with minor modifications,'*'* bone marrow cells were extracted from the femur and tibia and
subsequently resuspended in red blood cell lysis buffer (Beyotime) for a duration of 2 minutes to facilitate the removal of red
blood cells. The cells were then cultured in complete a-MEM supplemented with 30 ng/mL M-CSF in a suspension culture
dish (Corning) at 37°C for three days. Following this incubation, non-adherent cells were eliminated by washing, and adherent
bone marrow-derived macrophages (BMMs) were detached using 0.25% trypsin-EDTA (Thermo Fisher Scientific) for
subsequent experimental procedures.

Cell Viability Assay

The BMMs were seeded overnight in 96-well plates at a density of 1x10%cells/well density overnight. Subsequently,
BMMs were treated with varying doses of paroxetine and DMSO for specified time periods. The cytotoxicity of
paroxetine in BMMs was assessed using a CCK-8 kit (Target Molecule). Furthermore, BMMs cultured for 7 days
were analyzed using the LIVE/DEAD Kit (Thermo Fisher Scientific) to measure cytotoxicity.

Osteoclast Differentiation and TRAP Staining

BMMs were cultured in induction media containing RANKL (100 ng/mL) with or without paroxetine. The medium was
refreshed every alternate day until mature multinuclear osteoclasts appeared. TRAP staining was performed using
a TRAP staining kit (Sigma-Aldrich) following the manufacturer’s instructions. TRAP-positive cells with two or more
nuclei were considered osteoclasts.

Immunofluorescent Staining of F-Actin Ring

BMMs were cultured in an induction medium with or without paroxetine until mature osteoclasts were formed. Cells
were fixed for 30 min in 4% paraformaldehyde, permeabilized for 5 min using 0.1% Triton X-100, exposed to Phalloidin
in PBS with 1% BSA for an hour to visualize F-actin, and stained with DAPI.

Bone Resorption Assay

BMMs were cultured in the presence of M-CSF and RANKL for five days to promote differentiation into mature
osteoclasts. Following this period, the cultured cells were dissociated and transferred to a Bone Resorption Assay Plate,
where they were further cultured in induction media with or without paroxetine for an additional four days. Subsequently,
the cells were treated with a 10% sodium hypochlorite solution for 10 min to facilitate detachment from the plate. Images
of the resorption pits were captured using a light microscope and quantified using ImagelJ software.

Network Pharmacology Analysis

As previously mentioned with minor modifications,' the three-dimensional structural formula of paroxetine was retrieved from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and used to identify and screen potential targets of paroxetine using
the Swiss Target Prediction database (http://swisstargetprediction.ch). Multiple databases, including DrugBank (https://go.
drugbank.com), GeneCards (https://www.genecards.org/), OMIM (https://omim.org/), the Therapeutic Target Database (TTD,
http://db.idrblab.net/ttd/), and UniProtKB (https://www.uniprot.org/), were screened to identify targets related to osteolysis.
Subsequently, both sets of targets were imported into Venny 2.1.0 platform to generate a Venn diagram. Common intersecting

targets have been identified as potential targets for paroxetine in the treatment of osteolysis. To investigate the potential
biological functions and key signaling pathways of paroxetine in the treatment of osteolysis, gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were independently performed on the prospective targets
identified in Section 2.1.1, utilizing the DAVID databases (https://david.ncifcrf.gov/tools.jsp). Subsequently, the results of these
analyses were visualized using an online bioinformatic platform (https://www.xiantaozi.com/).

Molecular Docking

As previously mentioned, with minor modifications,'®"”

the three-dimensional structure of paroxetine was acquired in
SDF format from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), whereas the configuration of the target
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protein was retrieved from the Protein Data Bank (PDB) (https://www.rcsb.org/) in PDB format. Molecular docking was

performed using AutoDock version 4.2.3, and the resulting docking configuration with the lowest binding energy was
saved in the pdbqt format. Docking results were visualized using PyMOL software. A docking binding energy of less
than —6 kcal/mol indicates a strong binding affinity between the ligand and the protein.

RNA Isolation and Quantitative RT-PCR

BMMs were cultured in induction medium with or without paroxetine. In accordance with the manufacturer’s instruc-
tions, total RNA was extracted from cells cultured for three days using the RNA-Quick Purification Kit (ESScience),
followed by reverse transcription into complementary DNA (cDNA) using the Prime Script RT reagent kit (TaKaRa
Biotechnology). The reverse-transcribed cDNA served as the template for quantitative real-time polymerase chain
reaction (QRT-PCR), using SYBR (Vazyme) as the detection method. Appropriate internal control genes were used to
normalize relative expression levels. The primer sequences used are listed in Table 1.

Western Blot Assay

To evaluate the role of paroxetine in the signaling pathways involved in osteoclast differentiation, BMMs were cultured
in a culture dish for 24 h. Subsequently, BMMs were pretreated with DMSO or paroxetine for 2 h and stimulated with
induction media for 0, 5, 15, and 45 min. To assess the effect of paroxetine on osteoclast differentiation, BMMs were
cultured in induction medium supplemented with either vehicle (DMSO) or paroxetine for 3 days. Total protein samples
were obtained by treating the cells with RIPA lysis buffer containing broad-spectrum phosphatase inhibitors and PMSF.
Subsequently, protein concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific). A quantity
of 10ug of proteins was then subjected to electrophoresis on a 10% sodium dodecyl sulfate-polyacrylamide gel and
subsequently transferred onto PVDF membranes (Millipore). After blocking with 5% non-fat milk, membranes were
incubated with specific primary antibodies at 4 °C for an extended period. Subsequently, the membranes were washed
with TBS-Tween and incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies for
1 h at ambient temperature. Finally, the protein bands were identified using an electrochemical luminescence reagent
(ECL) (Thermo Fisher Scientific) on a Bio-Rad system and analyzed using ImageJ software. Antibody information is
listed in Supplementary Table 1.

Immunofluorescent Staining of p65

Immunofluorescence staining was performed to assess the effect of paroxetine on the nuclear translocation of p65.
Specifically, cells were pre-incubated with paroxetine for 6 h and 30-minute treatment with RANKL. Subsequently, the
cells were fixed, permeabilized, and blocked for 1 h with 1% bovine serum albumin (BSA). Thereafter, the cells were
exposed to a primary antibody against p65 for 1 h, followed by incubation with an Alexa Fluor 488-conjugated secondary
antibody for an additional hour. Finally, cell nuclei were visualized by staining with DAPI for 5 min. Images of p65 were
obtained using a laser scanning confocal microscope.

Table | List of Primers Used in Quantitative Real-Time RT-PCR

Target Gene Sense Sequence (5’to3’) Antisense Sequence (5’to3’)
NFATc| CAACGCCCTGACCACCGATAG | GGGAAGTCAGAAGTGGGTGGA
RANK CAGGAGAGGCATTATGAGCA GGTACTTTCCTGGTTCGCAT
TRAP TACCTGTGTGGACATGACC CAGATCCATAGTGAAACCGC
Cathepsin K TGTATAACGCCACGGCAAA GGTTCACATTATCACGGTCACA
c-Fos CGGGTTTCAACGCCGACTA TTGGCACTAGAGACGGACAGA
MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
GAPDH AGGTCGGTGTGAACGGATTTG | TGTAGACCATGTAGTTGAGGTCA
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Mouse Osteolysis Model and Pharmacological Interventions

All animal experiments were conducted under the supervision of the Animal Use and Care Committee of the First
Affiliated Hospital of Nanchang University (CDYFY-IACUC-202311QR053) in accordance with the guidelines outlined
in the NIH “Principles of Laboratory Animal Care” (1996 Revised Version). As previously mentioned, with minor
modifications,'®'? wild-type C57 BL /6 male mice, aged 8 weeks, were procured from SLAC Laboratory Animal Co.
Ltd. (Shanghai, China) and housed in specific pathogen-free animal care facilities at the First Affiliated Hospital of
Nanchang University. The mice were provided sterile chow and water and maintained under controlled environmental
conditions, including a temperature of 25°C, humidity of 60%, and 12:12 light-dark cycle. Following the acclimatization
period, the mice were randomly assigned to three groups (n=6): the control group (Control), mice that received
lipopolysaccharide (LPS), and mice that received LPS treated with paroxetine (PA). Mice were intraperitoneally injected
with LPS (5 mg/kg, Sigma-Aldrich, USA) on days 2 and 5 to induce osteolysis. Paroxetine was administered
intraperitoneally at a dose of 20 mg/kg/day from day 1, in accordance with previous studies that demonstrated its non-
toxicity in murine models.'" Following a ten-day treatment period, all mice were euthanized with an overdose of
pentobarbital and their femurs were harvested for further experimental analysis.

Bone Tissue Sample Analysis

The distal femur was scanned and analyzed using a micro-computed tomography (u-CT) system (Scanco Medical) configured
with a source voltage of 100 kV, source current of 98 mA, and resolution of 10.5 mm. The p-CT and histomorphometric
analysis protocols followed the methodology established in our previous study.®”'*2%! Specifically, the region of interest
(ROI) for subsequent analysis was delineated as the area extending 0.5 mm below the subchondral bone. The femur underwent
three-dimensional reconstruction, and the following parameters were assessed: bone volume-to-tissue volume ratio (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). This analysis was performed using
a software system integrated into the p-CT device. Following p-CT scanning, femurs were decalcified and embedded in
paraffin. Coronal plane sections of the bone, measuring 5 um in thickness, were prepared using a microtome and subjected to
Hematoxylin and Eosin (H&E) or TRAP staining. In immunohistochemical staining, sections were deparaffinized, antigen
retrieved, blocked and incubated with primary antibodies of p-p65 and p-AKT and corresponding biotinylated secondary
antibodies. Then sections were stained with DAB and counterstained with haematoxylin. These procedures were conducted in
accordance with our previously established methodologies.”' Representative images of the trabecular region of the distal
femur were captured and analyzed by microscopy.

Statistical Analysis

Each experiment was conducted with a minimum of three replicates, and the data are expressed as mean + standard deviation
(SD). For experiments involving more than two groups, statistical significance was assessed using one-way analysis of
variance (ANOVA) followed by Tukey—Kramer honest significant difference (HSD) test. In experiments comparing two
groups, unpaired t-tests were used to determine statistical significance. Statistical significance was set at p < 0.05.

Results

Paroxetine Attenuated LPS-Induced Bone Loss and Osteoclast Formation in vivo

To evaluate the therapeutic efficacy of paroxetine in the context of osteolysis, we administered LPS injection to simulate
inflammatory osteolysis. Micro-CT analysis revealed a significant reduction in bone mass at the distal femur in the LPS
group compared with that in the control group (Figure 1A). However, treatment with paroxetine effectively mitigated the
bone loss associated with LPS stimulation. Detailed bone parameter analysis indicated a decrease in the bone volume-to-
total volume ratio (BV/TV) and trabecular number (Tb.N), along with an increase in trabecular separation (Tb.Sp) in the
LPS group. In contrast, the paroxetine-treated group exhibited a protective effect, characterized by increased BV/TV and
Tb.N and decreased Tb.Sp (Figure 1B—E). These findings provide preliminary support to the hypothesis that paroxetine
alleviates LPS-induced bone loss.
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Figure | Paroxetine protests LPS-induced bone loss in vivo. (A) Reconstructed 3D micro-CT images representing the trabecular bone of the distal femoral metaphysis. (B)
Morphometric parameters of trabecular structure: trabecular bone volumel/tissue volume (BV/TV). (C) Morphometric parameters of trabecular structure: trabecular number (Tb.N).
(D) Morphometric parameters of trabecular structure: trabecular separation (Tb.Sp). (E) Morphometric parameters of trabecular structure: trabecular thickness (Tb.Th). (F)
Histopathology photographs of femoral samples after HE-stained sections. All bar graphs are presented as mean * SD; n = 6. *P < 0.01; **P < 0.001; ***P< 0.0001.
Abbreviation: ns, not statistical significance.

To further substantiate these findings, femurs obtained from the mice were dissected for histomorphometric analysis.
As anticipated, H&E staining of the femoral tissue sections revealed that the trabeculae were sparse and thin in the distal
femur region in the LPS group. In contrast, paroxetine treatment effectively mitigated bone loss, as evidenced by the
presence of completely and orderly arranged trabeculae (Figure 1F). TRAP staining was performed to assess the effect of
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paroxetine on osteoclast formation in vivo. The increased number of osteoclasts per bone surface (N.Oc/BS) observed in
the LPS group was significantly reduced following paroxetine administration (Figure 2).

Paroxetine Attenuates RANKL-Induced Osteoclast Differentiation in vitro

In our in vivo study, we demonstrated that the protective role of paroxetine could be attributed to its ability to suppress
bone resorption. Consequently, we examined the effect of paroxetine on osteoclastogenesis by utilizing bone marrow-
derived macrophages (BMMs) to induce osteoclast differentiation. Initially, we assessed the cytotoxicity of paroxetine on
BMMs exposed to varying concentrations of paroxetine (0.625, 1.25, 2.5, 5, and 10 uM) for 24 or 72 h and observed no
adverse effects on BMM proliferation up to a concentration of 2.5 uM (Figure 3A and B). Subsequently, we investigated
the effect of paroxetine on RANKL-induced osteoclast formation. TRAP staining revealed that paroxetine inhibited
osteoclastogenesis in a dose-dependent manner. Treatment with 1.25 or 2.5 uM paroxetine significantly reduced the
number of TRAP-positive multinucleated cells (Figure 3C and D). To further explore the temporal effects of paroxetine
on osteoclast formation, we continuously administered paroxetine (2.5 M) during the culture system during RANKL-
induced osteoclast differentiation. Addition of paroxetine during the initial stages of differentiation (days 1-3) signifi-
cantly inhibited osteoclast formation. In contrast, when bone marrow macrophages (BMMs) were exposed to paroxetine
during days 3-5 or 5-7 of differentiation, there was also a reduction in the number of osteoclasts, although the inhibitory
effect was less pronounced compared to that in the early stage (days 1-3) (Figure 3E and F). These findings suggested
that paroxetine can inhibit osteoclast differentiation throughout the process, with the most substantial inhibitory effect
observed when administered in the early stages.

Paroxetine Reduced Osteoclast-Mediated Bone Resorption in vitro

During osteoclast differentiation, F-actin rings are recognized as hallmark structures of mature osteoclasts and are
essential for bone resorption activity. In alignment with the inhibition of osteoclast formation, the development of
podosomal actin belts was disrupted, and a decrease in actin ring formation was observed in relation to the concentration
of paroxetine administered (Figure 4A—C). Osteoclasts are the sole cell types responsible for bone resorption. Therefore,
we evaluated the bone-resorptive function of osteoclasts following paroxetine treatment. The area of bone resorption
significantly diminished in osteoclasts treated with paroxetine (Figure 4D and E).

Paroxetine Inhibited Expression Osteoclast-Specific Genes and Proteins
To further substantiate the inhibitory effect of paroxetine on osteoclast differentiation, we evaluated osteoclast-specific
genes, including NFATc1, c-Fos, RANK, CTSK, MMP9, and TRAP, using qPCR. As anticipated, the relative mRNA
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Figure 2 Paroxetine suppresses osteoclast differentiation in LPS-induced osteolytic model. (A) Histopathology photographs of femoral samples after TRAP-stained sections.
(B) Quantitation of TRAP-positive cells on bone surface ratio (Oc.N/BS) in TRAP-stained sections. All bar graphs are presented as mean + SD; n = 6. **P < 0.01; ***P< 0.0001 .
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Abbreviation: ns, not statistical significance.

expression levels of these genes were upregulated following RANKL stimulation and subsequently suppressed by
paroxetine in a concentration-dependent manner (Figure 5A). Western blot analysis corroborated the inhibitory trend
observed in RT-PCR data. Specifically, the protein expression levels of NFATc1, c-fos, CTSK, and MMP9 were elevated
following RANKL stimulation; however, paroxetine reduced this expression in a concentration-dependent manner
(Figure 5B-E).

Paroxetine Inhibited RANKL-Induced Activation of the NF-kB Signaling Pathway

The NF-kB signaling pathway is involved in osteoclast differentiation. To ascertain whether paroxetine exerts regulatory
effects on the RANKL-induced NF-kB pathway, Western blot experiments were conducted, which revealed that
paroxetine significantly inhibited RANKL-induced phosphorylation of p65 and degradation of IkBa protein
(Figure 6A and B). Additionally, immunofluorescence analysis was performed to elucidate the effects of paroxetine
treatment on nuclear translocation of p65 in the NF-kB pathway. RANKL stimulation resulted in a substantial increase in
the average nuclear fluorescence intensity of p65, an effect that was attenuated by paroxetine treatment (Figure 6C).
Ultimately, the analysis of tissue samples demonstrated the expression of p-p65, indicating that paroxetine effectively
downregulated P-p65 expression in bone tissue (Supplementary Figure 1). These findings are consistent with the results

obtained from the cellular experiments.

Paroxetine Inhibited RANKL-Induced Phosphorylation of PI3K

To further elucidate the molecular mechanisms underlying the regulation of osteoclast differentiation by paroxetine, we
employed network pharmacology to identify the potential therapeutic targets of paroxetine in the treatment of osteolysis.
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Abbreviation: ns, not statistical significance.

Our analysis revealed 24 potential targets at the intersection of the paroxetine and osteolysis-related pathways. Notably,
EGFR, PIK3CA, and PARPI were the most relevant targets (Figure 7A and B). KEGG pathway enrichment analysis
indicated a significant association between these targets and the PI3K-AKT signaling pathway. Concurrently, GO
functional enrichment analysis highlighted their involvement in processes, such as phosphorylation modification and
protein kinase activity (Figure 7C and D).

AKT plays an important role in osteoclast differentiation, and its activation is controlled by a multistep process
involving phosphoinositide-3-kinase (PI3K), which comprises a regulatory subunit (p85a) and a catalytic subunit
(p110a), with the catalytic subunit encoded by the PIK3CA gene. Thus, we aimed to investigate the regulatory effects of
paroxetine on the PI3K-AKT signaling pathway during osteoclast differentiation. Western blot analyses demonstrated that
paroxetine significantly inhibited RANKL-induced phosphorylation of PI3K as well as the subsequent phosphorylation of
its downstream target AKT (Figure 8 A and B). Simultaneously, we evaluated the expression of P-AKT in bone tissue, with
findings similarly demonstrating that paroxetine inhibited P-AKT expression in this tissue (Supplementary Figure 2).
Molecular docking studies revealed that paroxetine directly interacts with the binding domains of PI3KCA, exhibiting
strong binding affinities with energies of —8.0 kcal/mol (Figure 8C and D). Furthermore, rescue experiments indicated that
the application of PI3K (740 Y-P) and AKT (SC79) agonists effectively counteracted paroxetine-mediated inhibition of
osteoclast differentiation (Figure 8E-H). These findings suggest that the PI3K-AKT signaling pathway plays a crucial role
in the modulation of osteoclast differentiation by paroxetine.

Drug Design, Development and Therapy 2026:20 https: 9


https://www.dovepress.com/article/supplementary_file/561725/561725%20Supplementary%20Material.docx

Huang et al

A

NFATc1 c-fos RANK
e *k& P
EEEE *k%k% EEEE
15
HEEE  REEE PO EEEE EEEE
15 s 20
5 %10 : | 5
E10 <£ 215
= H
<£ 5 <2
g5 Eo Z %10
€3 Eo €3 °
Ee > 0.5 Eo
2 0s £ 2
s % B o5
e & e
0.0 0.0 0.0
Con  RANKL 0.625)M 1.254M 2.54M Con RANKL 0.625uM 1.250M 2.5uM Con  RANKL 0.625iM 1.254M 2.5uM
TRAP CTSK MMP9
EEEE *EEE EEEE
EEEE EEEE EEEE
T
EXEE  EEEE EREE KX EEEE  REEE
3 20 20
c - -
H
2 215 215
P @ A
<8 2 <2
2 g &
g 3 % 310 % %10
® o °
21 2 2
s Fos F 05 0
s s s
) 0. : 0.

o r T
Con RANKL 0.625uM 1.25uM 2.5uM Con  RANKL 0.625uM 1.25)M 2.5uM Con  RANKL 0.625uM 1.25M  2.54M

B C NFATc1 c-fos
.> - - a & NFATC] *kkk *kkk
‘ d *kkk *kkk
*kkk *kkk
WD W (o5
D G &= Gl &= (/o

Con  RANKL 0.625uM  125)M  2.5uM

dkkkk  kkkk

o
E3

>
g
>

N
N

Relative protein expression
Relative protein expression

o

)

Con RANKL 0.625uM 1.25uM 2.5uM

Con RANKL 0.625M 1.25uM 2.5uM

Paroxectine

g3

CTSK MMP9
CTSK R A
s
AR
§4 Rk kkkk
MMP9 @ K KRR 53
e »
c %2
o e e GAPDH £ :
4 ¥. % : a 2
g1 o'
Con  RANKL 0.625uM 125uM 2.5uM 2 H
° ]
; 0 g,
Paroxectine Con  RANKL 0.625uM 1.254M 2.5uM Con RANKL 0.625uM 1.25;M 2.5uM

Figure 5 Paroxetine abrogates RANKL-induced NFATc| and c-fos, and osteoclast-specific gene and protein expression in vitro. (A) Assessment of mMRNA expression levels
of osteoclastogenesis-associated marker genes after administration with paroxetine by RT-qPCR, including NFATcl, c-fos, RANK, TRAP, Cathepsin K, and MMP9. (B)
Assessment of protein expression levels of NFATc| and c-fos after administration with paroxetine by Western blot. (C) Quantitation of protein expression levels of NFATc|
and c-fos. (D) Assessment of protein expression levels of Cathepsin K and MMP9 after administration with paroxetine by Western blot. (E) Quantitation of protein
expression levels of Cathepsin K and MMP9. All bar graphs are presented as mean * SD; n = 5. ¥***P< 0.0001.

Discussion

Inflammatory bone resorption, characterized by the loss of bone mass due to inflammatory responses, is frequently associated
with chronic inflammatory disorders such as Paget’s disease, periodontitis, rheumatoid arthritis, metastatic cancer, and aseptic
loosening of orthopedic implants.**2* These conditions can lead to various complications, including hypercalcemia, pain, and
pathological fractures, thereby posing a significant global threat to public health and resulting in substantial social and

10 https: Drug Design, Development and Therapy 2026:20



Huang et al

C
RANKL RANKL+PA
0 5 15 45 0 5 15 45  min
T - - e . # - |P-IxBa DAPI
e
S G e GNP Sy SRR e — B0

'----‘--.... P-p65

iy

G G s D G G =S @ |

b D D SN aE» D e e | GAPDH

B Merge
3 ns R i Rk 2.5 Lod hecnd fand s
o RANKL a o RANKL
2 ® RANKL+PA o 20 ® RANKL+PA
< £
g - 15
x o g
s S10
g 1 2
F 4 o
A 05
Con
00
0 min Smins 15mins 45 mins 0 min 5 mins 15mins 45 mins
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economic impacts. Osteoclast activity is crucial for maintaining bone homeostasis. However, excessive activation has been
linked to numerous osteolytic diseases. Therefore, targeting the inhibition of osteoclast activity and differentiation represents
a promising strategy for alleviating inflammatory bone destruction associated with these disorders.

Current pharmacological management of osteolytic disorders is dominated by drugs that inhibit osteoclast-mediated
bone resorption. Despite their efficacy, these medications are associated with considerable adverse effects, and the
discovery and development of novel therapeutics is protracted and uncertain. Consequently, there is growing interest in

old drugs, which were originally developed for non-skeletal indications but have recently been discovered to modulate
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bone turnover. The emerging concept of “old drugs with new tricks” in bone metabolism is exemplified by several well-
characterized compounds, such as tamsulosin, propranolol, and tetracycline antibiotics.>> %’

In this study, we provide the first comprehensive evidence that paroxetine, a selective serotonin reuptake inhibitor
safely prescribed for depression and anxiety for more than three decades, exhibits significant anti-osteoclastogenic and
anti-resorptive effects both in vitro and in vivo, and effectively reduces bone loss in an inflammatory osteolysis model.
Mechanistically, paroxetine concurrently disrupted the RANKL-induced NF-«B signaling pathway and PI3K-AKT axis,
both of which are crucial for osteoclast differentiation and function. These findings not only broaden the pharmacological
applications of paroxetine beyond its traditional psychiatric use but also suggest it as a promising candidate for
repurposing in the treatment of osteolytic diseases.

Osteoclast differentiation is a complex process involving numerous cytokines, and the RANKL-RANK axis plays
a critical role under normal physiological conditions.?® Upon stimulation by RANKL, the cytoplasmic domain of RANK
recruits TRAF6, initiating multiple signaling pathways that enhance c-Fos levels and modulate the interaction between
c-Fos and NFATc1, a master transcription factor that regulates osteoclast activity. RANKL induces the NF-kB pathway,
induced by RANKL, is pivotal for osteoclast development and pathological osteolysis.” The NF-kB kinase complex is
assembled in response to RANKL stimulation, leading to the phosphorylation and degradation of the NF-kB repressor
protein IxBa. This process facilitates the translocation of p65 from the cytoplasm to the nucleus, thereby initiating
transcription of osteoclast-specific genes. Our data indicate that paroxetine suppressed the phosphorylation of IkBa and
p65, reducing the nuclear accumulation of p65. These findings suggest that paroxetine inhibits the phosphorylation of the
NF-kB signaling pathway, thereby impeding osteoclast formation and function.

Next, we performed network pharmacology analysis to identify PIK3CA as a potential therapeutic target for
paroxetine in the treatment of osteolysis. Bioinformatics enrichment analysis also implicates the PI3K-AKT axis as an
additional node through which paroxetine restrains osteoclastogenesis. PIK3CA encodes the catalytic subunit pl110a of
class I phosphoinositide 3-kinase (PI3K), a pivotal lipid kinase in the PI3K-AKT signaling pathway. Upon activation by
ligand binding to receptor tyrosine kinases or G-protein-coupled receptors, pl10a is translocated to the plasma
membrane, where it catalyzes the conversion of phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinosi-
tol-3,4,5-trisphosphate (PIP3). PIP3 serves as a crucial secondary messenger that facilitates the recruitment and
subsequent phosphorylation of AKT. Once fully activated, AKT phosphorylates a wide array of downstream protein
substrates, thereby promoting cellular differentiation.?” In the regulation of bone metabolism, the activation of PI3K/
AKT signaling facilitates the proliferation and survival of BMMs and augments their responsiveness to RANKL, thereby
enhancing their capacity to differentiate into mature osteoclasts. Furthermore, AKT activation induces the phosphoryla-
tion and activation of transcription factors implicated in osteoclast differentiation, including c-Fos, NFATc1, and NF-kB,
which in turn enhance the expression of osteoclast-specific genes and further promote osteoclastogenesis.>® > In this
study, we demonstrated that paroxetine inhibits the phosphorylation of PI3K and AKT, thereby attenuating the activity of
the PI3K-AKT signaling pathway. Moreover, the application of the PI3K agonist 740 Y-P or the AKT activator SC79
reversed the paroxetine-induced inhibition of osteoclast formation. These findings suggest that the inhibitory effect of
paroxetine on osteoclast formation is dependent on the PI3K-AKT pathway.

Lipopolysaccharide (LPS), a bacterial endotoxin, has been extensively utilized in studies of inflammatory bone
resorption owing to its capacity to stimulate the production of inflammatory mediators, leading to osteoclast over-
activation and subsequent bone resorption. In this study, we used an in vivo mouse model to investigate the effects of
paroxetine on LPS-induced femoral bone destruction. Our findings demonstrated that paroxetine effectively mitigated
bone destruction, aligning with its pronounced inhibitory effect on osteoclast formation and function observed in vitro.
H&E staining revealed substantial bone loss in the LPS-treated cohort, whereas TRAP staining indicated increased
osteoclast population in the femoral region. Notably, paroxetine administration significantly reduced the number of
TRAP-positive cells and effectively attenuated the LPS-induced bone resorption. The protective mechanism of parox-
etine against LPS-induced bone resorption is likely due to its ability to inhibit osteoclast differentiation and function.

Despite these promising results, several questions remain unanswered. First, functional equilibrium between osteo-
blasts and osteoclasts is crucial for maintaining normal bone mass. The present study focused exclusively on inhibitory
effects of paroxetine on osteoclast differentiation and function, but did not assess its potential impacts on osteoblast
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biology. This constitutes a critical limitation, as the therapeutic utility of a bone-targeting agent cannot be fully evaluated
without accounting for its effects on both cell lineages. The chronic use of selective serotonin reuptake inhibitors has
been linked to modest reductions in bone mineral density in epidemiological studies, a phenomenon attributed to
serotonin receptors and transporters.>> > It remains to be determined whether this effect counterbalances the anti-
osteolytic effects of paroxetine observed in this study, necessitating further investigation using long-term, large animal
models. Furthermore, although the LPS-induced osteolysis model offers advantages of rapid induction and high
reproducibility, it predominantly mimics acute systemic inflammation rather than the chronic autoimmune milieu typical
of rheumatoid arthritis or the foreign-body reactions linked to orthopedic implant loosening. To comprehensively verify
therapeutic efficacy of paroxetine across diverse inflammatory etiologies of osteolysis, future studies should integrate K/
BxN serum transfer, collagen-induced arthritis (CIA), and titanium particle-induced osteolysis models. Finally, although
PIK3CA has been recognized as a potential target for the modulation of osteoclast differentiation by paroxetine, the
precise molecular mechanisms governing this regulation require further investigation.

In conclusion, paroxetine exhibits potential in alleviating inflammatory osteolysis by concurrently inhibiting the NF-
kB and PI3K-AKT signaling pathways, thereby suppressing osteoclast differentiation and activity. However, this
conclusion is constrained by the use of an acute LPS model (which does not recapitulate chronic clinical contexts),
the unassessed effects on osteoblast function (a key component of bone homeostasis), and the need for deeper
mechanistic exploration of PIK3CA-mediated regulation. Thus, paroxetine may serve as a candidate for further
investigation into osteolytic bone disease treatment, with its clinical applicability requiring validation in more relevant
models and comprehensive assessments of bone metabolism balance.
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