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Purpose: Periprosthetic osteolysis (PPO) induced by ultra-high molecular weight polyethylene (UHMWPE) particles remains a major
clinically challenging problem in joint arthroplasty. This study investigated whether local delivery of bone marrow mesenchymal stem
cells (BMSCs) could alleviate UHMWPE-induced bone destruction by modulating macrophage polarization.

Methods: In vivo, a murine calvarial osteolysis model was established and divided into four groups: Sham, UHMWPE-induced
osteolysis (PIO), single BMSC injection (BMSCs-1), and repeated BMSC injection (BMSCs-2) groups. In vitro, RAW264.7
macrophages were treated under five conditions: RAW264.7 alone, BMSCs alone, RAW264.7+BMSCs, RAW264.7 + UHMWPE,
and RAW264.7 + UHMWPE + BMSCs in a transwell co-culture system. Bone parameters (BMD, BV/TV, Tb.Th, and Tb.N) were
evaluated by micro-CT; Macrophage polarization and cytokine expression were assessed by histology, immunohistochemistry (IHC),
flow cytometry, ELISA, and immunofluorescence.

Results: In vivo, BMSC administration markedly improved bone parameters and mitigated UHMWPE-induced osteolysis, with
repeated dosing showing more efficacy than a single dose compared to the PIO group. BMSC treatment suppressed M1 (CD80+)
macrophage infiltration, enhanced M2 (CD206+) polarization, and rebalanced cytokine expression by reducing TNF-a and increasing
IL-10 levels. In vitro, the BMSC transwell co-culture system consistently promoted M2 polarization and anti-inflammatory cytokine
secretion in UHMWPE-stimulated macrophages, confirming the paracrine-mediated immunomodulatory effect.

Conclusion: Local BMSC therapy, particularly with repeated dosing, effectively attenuated UHMWPE-induced osteolysis by
reprogramming macrophage polarization through paracrine signaling. These findings highlight a potential translational strategy for
stem cell-based treatment of periprosthetic osteolysis.

Keywords: osteolysis, macrophage activation, bone marrow mesenchymal stem cells, polyethylene, inflammation

Introduction

Total joint arthroplasty (TJA) is widely recognized as one of the most effective surgical interventions for managing end-
stage joint disease and offers significant pain relief and functional restoration.'> However, the long-term success of TJA
is often compromised by aseptic loosening caused by wear particle-induced periprosthetic osteolysis (PPO), which
remains the leading cause of prosthesis failure and revision surgeries worldwide.>* Among the various types of wear

Journal of Inflammation Research 2025:18 15717-15735 15717
Received: 6 August 2025 © 2025 Ding et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 27 October 2025 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work
Publishecj‘ 11 November 2025 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For

permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ding et al

debris generated during implant use, ultra-high molecular weight polyethylene (UHMWPE) particles are the most
prevalent in modern joint prostheses because of their widespread application as bearing materials.>® However, prolonged
mechanical wear releases a large number of UHMWPE particles into the peri-implant microenvironment, triggering
chronic inflammation and progressive bone resorption.*’

Recent projections indicate that the demand for TJA will continue to increase significantly over the coming decades.”
For example, projected models based on Medicare data anticipate a 176% increase in total hip arthroplasty (THA) and
a 139% increase in total knee arthroplasty (TKA) by 2040, with further growth expected by 2060, similar trends have
been reported in other predictive models.” "' Concurrently, the incidence of osteoporotic fractures and other bone-related
conditions is rising with demographic aging, emphasizing the urgent need for preventive and regenerative strategies to
preserve bone integrity and long-term implant stability.'> '

UHMWPE and titanium particles have been implicated in the pathogenesis of PPO, and despite differences in their
physicochemical properties, they share similar macrophage-mediated inflammatory pathways.'>'® Once released, wear
particles are recognized and internalized by local immune cells, particularly macrophages, triggering a cascade of chronic
inflammatory responses.!” These immune reactions disrupt the bone remodeling balance, primarily by promoting
osteoclast differentiation and activity, ultimately leading to progressive bone loss around the prosthesis.'®!'® Mounting
evidence suggests that the imbalance between pro-inflammatory M1 and anti-inflammatory M2 macrophages plays
a pivotal role in this pathological process.>’*! M1 macrophages secrete tumor necrosis factor-alpha (TNF-a), interleukins
(IL-1B, IL-6), and reactive oxygen species (ROS), which stimulate osteoclastogenesis.22 In contrast, M2 macrophages
support inflammation resolution and tissue regeneration through IL-10 and TGF-B secretion.”® Therefore, Macrophage
polarization has emerged as a therapeutic target to prevent or reverse periprosthetic bone loss.>*

Various strategies have been explored to modulate this polarization, such as surface modification of implants, local
delivery of anti-inflammatory agents, and use of immune-modulating biomaterials.”> However, these approaches often
lack long-term efficacy or are difficult to implement clinically.>*?” Cell-based therapies, particularly those involving
mesenchymal stem cells (MSCs), are gaining traction owing to their immunomodulatory potential and regenerative
properties.

Bone marrow-derived mesenchymal stem cells (BMSCs) possess multipotent differentiation potential and exert
profound immunomodulatory effects on both innate and adaptive immune systems. Through direct cell-cell contact
and paracrine signaling, BMSCs can suppress M1 polarization and promote M2 macrophage differentiation.”® By
secreting a range of soluble factors, including IL-10, PGE2, TSG-6, and TGF-f, and modulating key inflammatory
signaling pathways, such as the NF-kB, STAT3, and PI3K/Akt pathways.?**® Clinical and preclinical studies have
demonstrated the efficacy of MSC-based therapy in promoting bone repair, reducing inflammation, and improving
outcomes in degenerative and osteoporotic bone diseases.>' * In orthopedic applications, bone marrow-derived
mesenchymal stem cells (BMSCs) have shown the ability to regulate the local immune microenvironment, inhibit
osteoclastogenesis, and enhance osteogenesis, providing dual benefits in restoring bone balance and mitigating
inflammation, which may be highly relevant in lesions involving both bone resorption and inflammation-driven
bone loss.***>

However, the mechanistic understanding of how BMSCs regulate macrophage polarization and cytokine production
in the presence of UHMWPE wear particle-induced osteolysis remains incomplete. Although BMSCs have demonstrated
promising therapeutic effects in various inflammatory diseases, their specific roles in orthopedic settings, particularly in
wear particle-induced periprosthetic osteolysis, remain to be fully elucidated. In particular, the influence of BMSCs on
macrophage polarization and remodeling of the local immune microenvironment has not been systematically studied. The
signaling networks and cellular interactions underlying these effects remain unclear and require further investigation.

Objective: Therefore, this study aims to conduct a comprehensive evaluation of the regulatory effects of BMSCs on
macrophage polarization and inflammatory cytokine secretion in response to UHMWPE particles. By integrating an
in vitro co-culture system with an in vivo murine calvarial osteolysis model, we assessed the immunomodulatory
mechanisms of BMSCs, the impact of treatment frequency on therapeutic efficacy, and their influence on local bone

microarchitecture and cytokine profiles.
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By uncovering how BMSCs reprogram macrophage phenotypes and reshape the peri-implant immune milieu, this
study seeks to provide a mechanistic foundation for the development of stem cell-based precision immunotherapies or
advanced biofunctionalized materials for preventing UHMWPE wear particle-induced osteolysis.

Materials and Methods

Preparation of UHMWPE Wear Particles
The UHMWPE particles (Nanochemazone, Leduc, Alberta, Canada) had a mean particle diameter of 2.6 um (range from

<0.6 to 21 pm), measured by scanning electron microscopy according to the manufacturer’s specifications.***” The
particles were immersed in 70% ethanol for 2448 hours, rinsed with sterile PBS, and UV-sterilized for 30 minutes. The
particles tested negative for endotoxin using a Limulus Amebocyte Lysate Kit (Beyotime Biotechnology, Shanghai,
China). Particles were suspended in DMEM (Gibco, NY, USA) and stored at 4°C. To prevent aggregation, the

suspension was ultrasonicated for 15-30 min before use.

Isolation and Culture of BMSCs

Bone marrow-derived mesenchymal stem cells (BMSCs) were isolated from the femurs and tibias of 2-week-old C57BL/6 mice
using the compact bone explant method, as previously described.*®*” Cells were cultured in a-Minimum Essential Medium (a-
MEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
1% penicillin-streptomycin (Gibco, Grand Island, NY, USA). Cells at passages 3—5 were used for subsequent experiments. To
verify their identity and multipotency, BMSCs were induced to differentiate into osteogenic, adipogenic, and chondrogenic
lineages using a standard induction medium. Differentiation was confirmed by Alizarin Red S, Oil Red O, and Alcian Blue
staining (Sigma-Aldrich, St. Louis, MO, USA).

Culture of RAW264.7 Macrophages

The RAW264.7 cell line was purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). The cells
were cultured in DMEM supplemented with 10% FBS (FBS, Gibco, Grand Island, NY, USA) and 1% penicillin-
streptomycin (Gibco, Grand Island, NY, USA), and maintained at 37°C in a humidified incubator with 5% CO,. The
culture medium was refreshed every 2-3 days, and cells in the logarithmic growth phase were used for experiments.

Determination of UHMWPE Particle Concentration

To determine the appropriate concentration of UHMWPE particles for macrophage polarization assays, RAW264.7 cells
were treated with varying concentrations (0.05, 0.1, 0.2, and 0.8 mg/mL) for 24 hours. The expression of the M1 marker
CD80 and M2 marker CD206 was assessed using flow cytometry, and the CD80 “/CD206 " cell ratio was calculated to

evaluate the polarization shift.

Co-Culture of BMSCs and RAW264.7 Cells Using a Transwell System

A non-contact co-culture system was established using Transwell plates with 0.4 pm pore size membrane inserts (Corning, NY,
USA). RAW264.7 macrophages were seeded into the lower chambers (1x 10 cells/well) in I mL DMEM with 10% FBS. For the
particle-treated groups, the UHMWPE particles were added at a final concentration of 0.2 mg/mL. After 12 h, BMSCs (1x10°
cells/well) were seeded into the upper inserts in 1 mL a-MEM with 10% FBS and co-cultured for 24 h at 37°C with 5% CO,. Five
groups were included: A. RAW264.7 alone (M), B. BMSCs alone (BMSCs), C. co-culture without particles (M + BMSCs),
D. RAW264.7 with particles (M + UPE), and E. co-culture with particles (M + UPE + BMSCs). After incubation, the
supernatants were collected, centrifuged, and stored at —80°C for cytokine assays. RAW264.7 cells were harvested for flow
cytometry and immunofluorescence analysis.
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Flow Cytometry Analysis

Flow Cytometric Characterization of BMSCs

Flow cytometry (ACEA Biosciences Inc., Hangzhou, China) was performed using a panel of surface markers.BMSCs
were harvested, washed, and stained with fluorochrome-conjugated antibodies (BioLegend, San Diego, CA, USA),
including CD31-FITC, CD45-FITC, CD34-PE, Sca-1-PE, CD90-APC, CD105-APC, CD11b-PerCP-Cy5.5, and CD44-
PerCP-Cy5.5. Isotype controls were used to assess nonspecific binding. At least 10,000 events per sample were acquired
and analyzed using FSC/SSC gating to exclude debris and doublets.

Macrophage Polarization of RAW?264.7 Cells

After co-culture, RAW?264.7 cells were harvested, washed, and stained with F4/80-PerCP-Cy5.5, CD80-PE, and CD206-
APC (BioLegend, San Diego, CA, USA). Isotype-matched controls were used to assess nonspecific binding. At least
10,000 events were recorded for each sample, and gating strategies were used to quantify the proportions of M1 (F4/80
+CD80+) and M2 (F4/80+CD206+) macrophages.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of the inflammatory cytokines TNF-a and IL-4 in the culture supernatants were quantified using
ELISA kits (Cusabio, Wuhan, Hubei, China) according to the manufacturer’s protocol. Absorbance was measured at 450
nm using a microplate reader (Bio-Rad, Hercules, CA, USA), and cytokine concentrations were calculated based on
standard curves.

Immunofluorescence Staining

After co-culture, the cells were fixed with 4% paraformaldehyde (Solarbio, Beijing, China), permeabilized with 0.1%
Triton X-100 (Solarbio, Beijing, China), and blocked in 1% bovne serum albumin (BSA, Solarbio, Beijing, China). The
cells were then incubated with antibodies against F4/80 (red) and either CD80 or CD206 (green, BioLegend, San Diego,
CA, USA), followed by nuclear counterstaining with DAPI (blue, Beyotime, Shanghai, China). Fluorescence images
(Leica Microsystems, Wetzlar, Germany) were acquired, and merged channels were used to assess marker colocalization
with F4/80-positive macrophages.

Mouse Calvarial Osteolysis Model Induced by UHMWPE Particles
C57BL/6 male mice (2—3 weeks old) were purchased from Vital River Laboratory Animal Technology Co., Ltd (Beijing, China).

The protocols implemented in this study adhered to internationally recognized standards and were approved by the Animal
Ethics Committee of the First Affiliated Hospital of Harbin Medical University. A murine calvarial osteolysis model was
established using 4-week-old male C57BL/6 mice (n=4/group). After anesthesia with 4% chloral hydrate (Solarbio, Beijing,
China), a midline incision was made to expose the parictal bone, and a UHMWPE particle suspension (0.2 mL, 10 mg/mL) or
0.2mL PBS was applied to the calvarial surface. Mice were randomly assigned to four groups: A. Sham (PBS), B. PIO
(UHMWPE), C. BMSCs-1 (UHMWPE + BMSCs on day 7), and D.BMSCs-2 (UHMWPE + BMSCs on days 7 and 14). BMSCs
were subcutaneously administered at a dose of 1x10° cells in 0.2 mL PBS. All mice were sacrificed on day 21 for analysis.

Micro-Computed Tomography (Micro-CT) Analysis

Calvarial samples were scanned using a VNC-102 micro-CT scanner (VINNO, Suzhou, China) at 90 kV and 0.09 mA
with a voxel size of 10 um. Soft tissue and residual particles were removed before scanning. Three-dimensional
reconstructions were generated, and bone parameters were evaluated within a standardized region of interest near the

sagittal suture.
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Histological and Immunohistochemical (IHC) Analyses

After micro-CT scanning, calvarial samples were decalcified in 10% EDTA (Solarbio, Beijing, China) for 14 days at
room temperature, dehydrated, embedded in paraffin, and sectioned at 5 pm. Hematoxylin and eosin (HE) staining was
performed to evaluate histological changes.

For THC, the sections were deparaffinized, antigen retrieval was performed in citrate buffer (pH 6.0, Beyotime,
Shanghai, China), and nonspecific binding was blocked with 3% BSA. The Slides were incubated overnight at 4 °C with
primary antibodies against CD80 (BioLegend, San Diego, CA, USA) and CD163 (Abcam, Cambridge, UK), followed by
incubation with HRP-conjugated secondary antibodies (Abcam, Cambridge, UK). DAB was used for color development,
and nuclei were counterstained with hematoxylin. IHC-staining was visualized by Leica DM microscope (Leica
Microsystems, Wetzlar, Germany).

ELISA for Mouse Tissue Samples

Periosteal tissue samples were collected on day 21 post-surgery, homogenized in lysis buffer containing protease
inhibitors, and centrifuged. Supernatants were used to quantify TNF-a and IL-4 levels using ELISA kits (Cusabio,
Wuhan, Hubei, China). Subsequent steps followed the same procedure as the ELISA assay described earlier.

Flow Cytometry of Tissue-Derived Cells

Periosteal tissues were enzymatically digested with collagenase I, hyaluronidase, and Dnase (Solarbio, Beijing,
China) at 37°C, filtered through a 40 um mesh, and washed with PBS. Single-cell suspensions (1x10° cells/mL)
were stained with F4/80-PerCP-Cy5.5, CD80-PE, and CD206-APC. After incubation and washing, >10,000 events
per sample were collected and analyzed. Macrophage subsets were defined as M1 (F4/80+CD80+) and M2 (F4/80
+CD206+).

Statistical Analyses

All experiments were performed in triplicate as independent biological replicates. Data are presented as mean + standard
deviation (SD). Data normality was assessed using the Shapiro—Wilk test in GraphPad Prism 9.0 (GraphPad Software,
San Diego, CA, USA). Most data sets showed no significant deviation from a normal distribution (p > 0.05), while a few
groups exhibited slight deviations (p < 0.05). Given that the overall data were approximately normally distributed,
parametric tests were applied for statistical comparisons. Comparisons between two groups were made using an unpaired
two-tailed Student’s f-test, and one-way ANOVA followed by Tukey’s post hoc test was used for multiple group
comparisons. Statistical significance was set at P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Characterization of BMSCs Isolated from Mouse Bone Marrow

BMSCs were successfully isolated from mouse femurs and tibias using the compact bone adhesion method (Figure 1A).
By day 3 of primary culture, fibroblast-like cells had migrated from the bone fragments and adhered to the flask surface.
They proliferated rapidly and gradually formed whirlpool-like colonies, and by 10-14 days, most cells exhibited
a spindle-shaped morphology, characteristic of mesenchymal stem cells (Figure 1B).

To confirm their multipotency, BMSCs were subjected to trilineage differentiation. After 14 days, Alizarin Red
S staining revealed extensive calcium deposition, confirming osteogenic differentiation. Oil Red O staining identified
intracellular lipid droplets indicative of adipogenic differentiation, whereas Alcian Blue staining demonstrated glycosa-
minoglycan-rich extracellular matrix deposition, confirming chondrogenic potential (Figure 1C).

Flow cytometry further validated the immunophenotypic profiles of the isolated cells. BMSCs showed strong
expression of CD44, CD90, CD105, and Sca-1, whereas hematopoietic and endothelial markers (CD31, CD34, CD45,
CD11b) were almost absent compared to the isotype controls, meeting the criteria for defining mesenchymal stem cells
(Figure 1D).
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Figure | Characterization of bone marrow-derived mesenchymal stem cells (BMSCs). (A) Surgical isolation of mouse femoral and tibial bone chips for BMSC extraction
using the compact bone digestion—explant method. (B) Phase-contrast microscopy showing fibroblast-like morphology and spiral colony formation by 10-14 days. (C)
Trilineage differentiation confirmed by Alizarin Red S staining for osteogenesis, Oil Red O staining for adipogenesis, and Alcian Blue staining for chondrogenesis. (D) Flow
cytometry analysis showing high expression of CD44, CD90, CD 105, and Sca-1, and negative expression of CD3|, CD34, CD45, and CDI Ib.
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Figure 2 Micro-CT evaluation of UHMWPE particle-induced calvarial osteolysis and the effects of BMSC treatment. (A-D) Representative 3D micro-CT images of murine
calvaria: Sham (A), PIO (B) single BMSC injection (BMSCs-1, C), and repeated injections (BMSCs-2, D). Bone resorption was observed in the PIO group and alleviated by
BMSC therapy, especially in BMSCs-2. (E) Quantitative analysis of BMD, BV/TV, Tb.Th, and Tb.N showed significant improvement in bone quality after BMSC treatment
compared with PIO. Data are mean * SD (n = 4). *P < 0.05, **P < 0.0, ***P < 0.001, **P < 0.0001 vs PIO.

Abbreviation: ns, not significant.

BMSCs Alleviate UHMWPE Particle-Induced Calvarial Osteolysis in vivo

To evaluate the therapeutic effects of BMSCs on UHMWPE particle-induced osteolysis, micro-CT was used to assess the
calvarial bone loss. As shown in Figure 2A-D), group A (sham) displayed intact cortical bone and dense trabeculae,
whereas group B (PIO model) showed severe cortical erosion and trabecular destruction. The C group (single BMSC
injection, BMSCs-1) slightly reduced bone resorption but lacked clear structural restoration. In contrast, the D group
(repeated BMSC injections, BMSCs-2) demonstrated more evident preservation of trabecular architecture.

The quantitative analysis (Figure 2E) confirmed these observations. UHMWPE particles significantly reduced BMD,
BV/TV, and Tb. Th, and Tb. N compared to those in the sham (P<0.01-0.0001). A single BMSC injection did not
produce significant improvements in any of these parameters. However, repeated BMSC delivery significantly increased
BV/TV (P<0.05), Tb. Th (P<0.01), and Tb. N (P<0.05) compared to the B group, although BMD remained lower than
that in the sham with only mild, non-significant recovery.

These findings suggest that repeated BMSC treatment alleviates UHMWPE-induced bone loss primarily by improv-
ing trabecular volume and architecture, whereas full mineral density recovery may require longer-term remodeling.

Histological and Immunohistochemical Evaluation of Calvarial Tissue

HE staining revealed marked periosteal thickening, dense inflammatory cell infiltration, and extensive bone surface
erosion in the PIO group compared with the sham group (Figure 3A). In the BMSCs-1 injection group, periosteal
hyperplasia and inflammatory infiltration were noticeably reduced, and more intact cortical bone could be observed.
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Figure 3 Histological and immunohistochemical staining of calvarial sections. (A) HE staining showing periosteal inflammation and bone destruction in the PIO group,
partially alleviated by BMSC treatment. (B) IHC staining of CD80 showing reduced pro-inflammatory macrophage infiltration following single and repeated BMSC
administration. (C) IHC staining of CD163 showing increased anti-inflammatory macrophage recruitment after BMSC treatment. Scale bars = 100 pm and 50 pm.

BMSCs-2 showed the greatest reduction in inflammatory infiltration and better preservation of bone architecture, with the
periosteal morphology approaching that of the sham group.

IHC staining further demonstrated changes in macrophage polarization within periosteal tissue (Figure 3B). CD80
was strongly expressed in the PIO group, with numerous CD80+ cells distributed along the periosteal surface and within
the inflammatory lesion. In the BMSCs-1 group, CD80 expression was reduced compared with that in the PIO group, and
the BMSCs-2 group showed an even lower density of CD80" cells.

Conversely, CD163 expression was markedly reduced in the PIO group compared with that in the sham group
(Figure 3C). BMSC treatment restored CD163 expression, with more CD163+ cells visible in both single and repeated-
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injection groups. The BMSCs-2 group showed the most abundant CD163+ macrophage distribution, particularly around
the preserved cortical bone.

Taken together, the histological and THC staining results suggest that BMSC treatment alleviates UHMWPE-induced
inflammatory bone destruction, suppresses M1 macrophage infiltration, and promotes M2 macrophage recruitment, with
repeated injection providing a more pronounced effect.

BMSCs Modulate Periosteal Inflammatory Cytokines and Macrophage Polarization

in vivo

BMSCs Enhance M2 Macrophage Polarization in Periosteal Tissue

Macrophage polarization in the calvarial periosteum was analyzed using flow cytometry. For CD80 (M1 macrophage
marker), the proportion of CD80+ macrophages was 25.02 + 2.00% in the sham group and increased markedly to 36.25 +
2.86% in the PIO group (P < 0.01). Both BMSC-treated groups showed reduced CD80 expression relative to PIO, with
values of 23.48 + 4.48% in the BMSCs-1 group and 24.98 + 2.52% in the BMSCs-2 group (P < 0.01 vs PIO)
(Figure 4A).

The proportion of CD206+ (M2) macrophages was significantly lower in the PIO group (14.71 + 2.65%) than in the
sham (24.94 + 3.33%, P < 0.05). Both BMSC-treated groups showed increased CD206 expression compared with P10,
reaching 24.07 + 4.98% in BMSCs-1 and 25.40 £+ 2.35% in BMSCs-2 (P < 0.05 for both vs PIO) (Figure 4B).

In addition, the CD80+/CD206+ polarization ratio (Figure 4C) was markedly elevated in the PIO group (1.64 £+ 0.03)
compared with the sham (1.20 £ 0.19, P < 0.01), indicating enhanced M1 polarization. This ratio was significantly
reduced after BMSC treatment. This ratio decreased to 1.15 + 0.02 and 1.12 £+ 0.05 in the BMSCs-1 and BMSCs-2
groups, respectively, restoring values close to those observed in the sham. Representative flow cytometry plots
(Figure 4D and E) further illustrate these changes, showing a clear rightward expansion of CD80+ M1 cells under
UHMWPE stimulation, which was substantially reversed following BMSC administration, alongside an increase in
CD206+ M2 macrophages.

BMSCs Regulate Periosteal Inflammatory Cytokine Levels
The periosteal tissue was analyzed by ELISA on day 21. TNF-a levels were significantly higher in the PIO group than in
the sham (P < 0.05). Single BMSC treatment (BMSCs-1) slightly reduced TNF-a but without statistical significance,
whereas repeated treatment (BMSCs-2) markedly suppressed TNF-a to near-sham levels (P < 0.05 vs PIO) (Figure 4F).
For IL-10, the PIO group showed the highest levels (P<0.05 vs sham), indicating a compensatory anti-inflammatory
response. BMSCs-1 slightly lowered IL-10 (ns), while BMSCs-2 significantly reduced IL-10 compared with PIO
(P<0.05), reaching values comparable to those of sham (Figure 4G).

Overall, repeated BMSC administration more effectively modulated periosteal inflammation and suppressed exces-
sive TNF-a production, while normalizing dysregulated IL-10.

UHMWPE Particles Induce Dose-Dependent Macrophage Polarization in vitro
RAW264.7 macrophages were exposed to UHMWPE particles at 0.05, 0.1, 0.2, and 0.8 mg/mL for 24 h, and M1 (CD80)
and M2 (CD206) expression was analyzed by flow cytometry. Quantitative analysis (Figure 5SA—C) showed that the
proportion of F4/80+CD80+ (M1) macrophages significantly increased at 0.05, 0.1, and 0.2 mg/mL compared with
control (****P < 0.0001, ***P < 0.001), while 0.8 mg/mL showed no significant difference. The proportion of F4/80
+CD206+ (M2) macrophages remained unchanged at lower concentrations but slightly increased at 0.8 mg/mL (*P <
0.05). The CD80+/CD206+ polarization ratio was maximally elevated at 0.05 and 0.1 mg/mL (****P < 0.0001),
moderately at 0.2 mg/mL (***P < 0.001), and minimally at 0.8 mg/mL (**P < 0.01), indicating a dose-dependent
shift toward M1 polarization. Representative flow cytometry plots (Figure 5D and E) illustrate these trends, showing an
expansion of the CD80+ population with increasing particle concentrations and partial restoration of CD206+ expression
at the highest dose.
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Figure 4 Flow cytometry and ELISA analyses of macrophage polarization and cytokine expression in periosteal tissue. (A=C) Quantitative analysis of CD80+ (M|) and
CD206+ (M2) macrophages by flow cytometry showing increased CD80 and reduced CD206 in the PIO group, reversed by BMSC treatment, especially after repeated
injections. (D and E) Representative gating plots illustrating MI/M2 distribution. (F and G) ELISA results showing elevated TNF-o and IL-10 in the PIO group and a reduction
toward sham levels after BMSC therapy. Data are mean * SD (n = 4). *P < 0.05, **P < 0.0, **P < 0.001, ****P < 0.0001 vs PIO.

Abbreviation: ns, not significant.

Collectively, 0.2 mg/mL UHMWPE induced a stable and reproducible pro-inflammatory phenotype while maintain-
ing macrophage viability, and was therefore selected for subsequent experiments.

BMSCs Suppress UHMWPE-induced Macrophage Polarization and Inflammatory
Cytokines in vitro

BMSCs Modulate Macrophage Polarization in Vitro

Macrophage polarization in RAW264.7 cells was analyzed using flow cytometry after UHMWPE particle stimulation
(Figure 6A—E). The proportion of CD80+ (M1) macrophages increased from 44.17 + 2.79% in the RAW264.7 control
group to 89.63 + 0.46% after UHMWPE stimulation (P < 0.0001). BMSCs co-culture with UHMWPE significantly
reduced CD80+ expression to 46.94 + 8.57% (P < 0.0001 vs UHMWPE), restoring values close to the RAW264.7 control
group baseline. For CD206+ (M2) macrophages, UHMWPE exposure caused only a minor change (10.40 + 0.11% vs
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Figure 5 Dose-dependent effects of UHMWPE particles on macrophage polarization. (A-C) Quantification of CD80+, CD206+, and the MI/M2 ratio across particle
concentrations, showing elevated M| polarization and reduced M2 expression in a dose-dependent manner. (D and E) Representative flow cytometry plots of CD80 and
CD206 expression. Data are presented as mean * SD (n = 3). **P < 0.01, ¥*P < 0.001, ***P < 0.0001 vs control.

Abbreviation: ns, not significant.

12.25 £ 0.29% in control, ns), whereas BMSCs alone markedly increased CD206+ expression to 35.27 = 0.91% (P <
0.0001 vs RAW264.7), and BMSCs co-culture with UHMWPE-stimulated macrophages further elevated CD206+
expression to 30.69 + 2.48% (P < 0.0001 vs UHMWPE).

Consequently, the CD80+/CD206+ polarization ratio rose from 4.25 = 0.31 in control to 7.32 + 0.18 in the UHMWPE
group (P < 0.0001), and was significantly reduced to 1.52 + 0.17 by BMSC co-culture with UHMWPE (P < 0.0001 vs
UHMWPE), indicating a clear restoration of the M1/M2 balance.

BMSCs Regulate Inflammatory Cytokine Secretion in vitro
ELISA analysis of culture supernatants (Figure 6F and G) showed that UHMWPE particles significantly elevated TNF-a
compared with the RAW264.7 group (P < 0.0001), whereas BMSC co-culture markedly reduced TNF-a to near-baseline
levels (P < 0.0001 vs UHMWPE). Conversely, IL-4 secretion was only slightly increased by UHMWPE particles, but
was further enhanced by BMSC co-culture (P < 0.0001 vs UHMWPE).

Overall, these in vitro results demonstrate that BMSCs suppress UHMWPE-induced pro-inflammatory M1 polariza-
tion while promoting an anti-inflammatory M2 phenotype, accompanied by corresponding cytokine reprogramming.

BMSCs Modulate UHMWPE-Induced Macrophage Polarization by

Immunofluorescence
Immunofluorescence staining revealed macrophage polarization under UHMWPE stimulation and BMSC co-culture
(Figure 7). CD8O0 (green) indicates M1 macrophages, CD206 (green) indicates M2 macrophages, F4/80 (red) indicates all
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Figure 6 Effects of BMSCs on UHMWPE-induced macrophage polarization and cytokine secretion in vitro. (A-C) Quantitative analysis of F4/80+CD80+ (M) and F4/80
+CD206+ (M2) macrophages showing increased M| and reduced M2 polarization after UHMWPE exposure, both reversed by BMSC co-culture. (D and E) Representative
flow cytometry plots illustrating polarization shifts. (F and G) ELISA results showing UHMWPE-induced TNF-a elevation and mild IL-4 increase, both further modulated by
BMSC co-culture. Data are mean * SD (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001 vs control.

Abbreviation: ns, not significant.

macrophage types, and DAPI (blue) indicates the nuclei. The groups included M (RAW264.7), M + UPE (RAW264.7 +
UHMWPE), and M (UPE) + BMSCs (RAW264.7 + UHMWPE + BMSCs).

For CD8O0, the M group showed weak staining, indicating a resting state. The UHMWPE particles markedly increased
the CD80 fluorescence, confirming M1 polarization. BMSC co-culture reduced CD80 staining compared to that in the M
+UPE group, suggesting suppression of M1 activation. For CD206, baseline expression in the M group was moderate but
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CD206 F4/80

Figure 7 Immunofluorescence of macrophage polarization markers.(A) CD80 (green), F4/80 (red), and DAPI (blue) staining showed strong M| marker expression in
RAW?264.7 + UHMWPE, reduced by BMSC co-culture. (B) CD206 (green), F4/80 (red), and DAPI (blue) staining were suppressed by UHMWPE but enhanced after BMSC
co-culture. Scale bar: 50 um.

M(UPE)+

further suppressed by UHMWPE particle, indicating reduced M2 polarization. Co-culture with BMSCs restored CD206
fluorescence, promoting a shift toward the M2 phenotype.

These qualitative observations align with the flow cytometry results, supporting BMSCs’ role in reprogramming
macrophages toward an anti-inflammatory state.
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Discussion

Periprosthetic osteolysis remains the leading cause of late implant failure and is primarily driven by macrophage-
mediated inflammation in response to wear particles.'®** Among these, UHMWPE debris is clinically more relevant than
titanium because of its higher generation rate in modern prostheses. This paper further indicates that UHMWPE particles
elicit stronger sex-dependent macrophage responses than metallic debris, resulting in more persistent inflammation.*' In
our study, UHMWPE particles induced robust M1 macrophage polarization, elevated TNF-a, and significant bone loss,
confirming previous findings that particulate debris skews macrophages toward a pro-inflammatory phenotype.****

Consistent with prior studies on wear particle-induced osteolysis, our data demonstrated that UHMWPE particles
strongly promote M1 macrophage polarization and pro-inflammatory cytokine secretion. Similar inflammatory profiles
have been observed in titanium and nanoparticle exposure models, confirming macrophage activation as a key pathogenic
mechanism in periprosthetic osteolysis.**

However, our results extend these findings by showing that UHMWPE particles not only trigger stronger pro-
inflammatory activation than metallic debris but also induce a dysregulated compensatory IL-10 response, suggesting
sustained immune stress rather than transient inflammation. Importantly, repeated administration of BMSCs effectively
alleviated bone destruction, reduced TNF-a levels, and enhanced M2 macrophage polarization both in vivo and in vitro.

The RAW264.7 murine macrophage line, as used in our study, is a well-established in vitro model owing to its stable
genotype, consistent phenotype, and reproducible responsiveness to immune stimuli, such as lipopolysaccharides
(LPS).*> These cells retain key macrophage functions, including phagocytosis, nitric oxide production, and cytokine
secretion, which closely mirror the behavior of primary macrophages under inflammatory stress.*® This supports their
reliability in modeling wear particle-induced immune responses and osteolytic processes.

UHMWPE Particles Induce Persistent M1 Polarization and Dysregulated IL-10
UHMWPE particles caused a pronounced increase in CD80+ macrophages and TNF-o secretion, consistent with
evidence that wear debris activates NF-kB and MAPK signaling, amplifying osteoclastogenesis.*’** Indeed,
UHMWPE debris specifically activates the Chemerin/ChemR23-NF-«kB axis, amplifying downstream AP-1 signaling
and sustaining TNF-a release.*”>° Interestingly, IL-10, a classical anti-inflammatory cytokine, was also elevated in the
particle-stimulated periosteum. Similar paradoxical IL-10 upregulation has been reported in UHMWPE particle-induced
osteolysis models as a transient compensatory response attempting to counterbalance TNF-a-driven inflammation.”’

Specifically, Loi demonstrated that UHMWPE-induced macrophage activation leads to simultaneous TNF-o and
IL-10 secretion, reflecting a mixed but imbalanced immune state.>* Likewise, a murine UHMWPE model revealed that
while TNF-o and IL-6 are strongly induced, IL-10 also increases at sub-compensatory levels—a response further
modulated by metformin treatment.’’ However, these endogenous IL-10 responses remain insufficient to restore immune
balance, as the M1/M2 ratio stays skewed, sustaining osteoclast-driven bone resorption.°

Interestingly, our study also revealed that IL-10 levels decreased following BMSC treatment, concurrent with the
reduction of TNF-a. This seemingly paradoxical pattern likely reflects the self-limiting nature of the IL-10 response.
During intense inflammatory activation, macrophages upregulate IL-10 as a negative feedback mechanism through
STAT3-dependent induction of SOCS3, aiming to restrain excessive NF-kB signaling.’>>* However, once the inflam-
matory drive subsides—such as after BMSC-mediated suppression of TNF-o and restoration of M2 polarization—the
stimulus for IL-10 production is reduced, leading to normalization rather than persistent elevation.’* In mathematical
models of LPS-stimulated monocytes, IL-10 expression similarly peaks early and declines as pro-inflammatory signaling
wanes.”> Moreover, in wear particle—induced osteolysis, the NF-kB/let-7f-5p—IL-10 pathway has been shown to regulate
macrophage polarization, where let-7f-5p suppresses IL-10 expression and reinforces M1 activation.’® Moreover,
macrophage models have demonstrated that IL-10 transcription can be initiated within minutes but is transient and
subject to remodeling.’” Collectively, these findings indicate that IL-10 expression is dynamically tuned by feedback
circuits and does not remain persistently elevated once inflammatory homeostasis is restored.”®

Our flow cytometry and ELISA data confirmed a significant rise in CD80+ macrophages, supporting a model-
dependent inflammatory shift. These findings reinforce the idea that wear particles generate a “mixed but predominantly
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pro-inflammatory” immune microenvironment, where IL-10 is present but insufficient to counteract the dominant M1-
mediated inflammatory cascade.

BMSCs Reprogram Macrophage Phenotypes and Modulate Cytokines
BMSC co-culture significantly suppressed M1 polarization while promoting M2 differentiation, as shown by decreased
CD80 and increased CD206 expression. This aligns with previous studies demonstrating that BMSCs exert immuno-
suppressive effects through paracrine secretion of prostaglandin E2 (PGE2), TSG-6, IL-10, and TGF-B, which inhibit
NF-kB activation and promote STAT3 signaling.”*>° Notably, repeated BMSC administration in vivo achieved more
pronounced effects than a single injection, likely due to enhanced local retention and sustained release of immunomo-
dulatory factors.®® Similar trends were observed in rheumatoid arthritis and bone defect models, where multiple BMSC
doses improved therapeutic efficacy compared with single dosing.>*®!

Immunofluorescence further confirmed these effects: UHMWPE-stimulated macrophages showed intense CD80
fluorescence colocalizing with F4/80, whereas BMSC co-culture markedly reduced this signal. Conversely, CD206
fluorescence, which was suppressed by UHMWPE, was restored by BMSCs treatment. These findings support the idea

that BMSC-derived soluble factors and extracellular vesicles directly drive macrophage phenotype switching.*>?®

Mechanistic Insights and Emerging Pathways
Based on our flow cytometry and ELISA findings showing a marked TNF-a reduction but normalized IL-10 levels after
BMSC treatment, we speculate that BMSCs restore immune homeostasis through the NF-kB/STAT3 feedback network
rather than merely amplifying M2 polarization. Besides classical NF-«kB inhibition, recent work suggests IL-17 signaling
and ferroptosis contribute to particle-induced osteolysis.®? Interestingly, some studies link IL-17 to LCN2-mediated
chronic inflammation and bone loss, raising the possibility that IL-17/LCN2 signaling might underlie the “mixed but
imbalanced” immune state we observed.®>** In our model, UHMWPE stimulation caused robust TNF-a secretion
accompanied by a compensatory but insufficient IL-10 elevation, suggesting a prolonged low-level inflammatory stress
rather than acute necrotic damage, which is consistent with ferroptosis-associated chronic macrophage injury reported in
wear debris models.®> Although we did not directly detect ferroptosis markers, the partial restoration of M2 macrophages
after BMSC treatment implies their action may converge on rebalancing NF-kB/STAT3 rather than completely blocking
IL-17 signaling. Furthermore, BMSC-derived exosomal miR-146a has been shown to suppress TRAF6/NF-kB, facil-
itating macrophage repolarization toward M2.°%-6°

Compared to titanium debris, UHMWPE particles induced both stronger TNF-a production and compensatory IL-10
elevation. This aligns with reports that UHMWPE debris preferentially activates monocyte/macrophage-mediated
inflammation with limited lymphocyte involvement, whereas metallic debris triggers a broader innate and adaptive
immune response due to ion release and oxidative stress.’’ Therefore, the type of wear particle may influence the
required immunomodulatory strategy.

Translational Relevance

Our study adds two clinically meaningful insights: (1) UHMWPE-induced PPO requires prolonged immune regulation
because particle release is chronic; (2) repeated BMSC delivery yields superior bone preservation compared with single
dosing. Compared with single-target approaches such as surface-modified titanium implants or small-molecule anti-
inflammatory drugs, BMSCs exhibit a dual advantage by simultaneously regulating immune polarization and promoting
osteogenic microenvironments, which may explain the superior bone preservation observed with repeated dosing. This
supports the concept of optimized BMSC treatment schedules or cell-free therapies using preconditioned exosomes as
a future direction. The latest USC-derived exosome and MSC-EV therapies showed immunomodulatory efficacy
equivalent to that of live MSCs, suggesting engineered EVs could reduce the need for repeated cell
transplantation.®®®’ Exosome-based therapies offer several practical advantages over direct stem cell transplantation,
including their “off-the-shelf” availability, absence of tumorigenic or differentiation risks, greater stability during storage
and transport, and easier standardization for clinical manufacturing.””’" These features make exosome therapy an
attractive and scalable alternative for translational applications in orthopedic and inflammatory bone diseases.
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By combining in vivo periosteal macrophage flow cytometry, cytokine assays, and in vitro transwell co-culture, we
provided multi-layer evidence of BMSC-driven macrophage reprogramming. Few PPO studies integrate these comple-
mentary approaches, making this work more comprehensive in evaluating immune—bone crosstalk.

Limitations and Future Directions

This study has some limitations. First, the 21-day observation period may not capture long-term remodeling, as bone
mineral density recovery lagged behind trabecular structure restoration. Second, we did not directly trace BMSC
survival or exosome release at the calvarial site. Advanced tools, such as single-cell RNA sequencing and live-cell
tracking, can clarify the temporal dynamics of macrophage reprogramming. Third, although previous studies have
implicated NF kB, TLR4/MyD88, ferroptosis-related NF kB-SLC7A11, and chemerin/ChemR23-AP 1 signaling in
wear particle-induced immune dysregulation, this study did not directly investigate the underlying signaling path-
ways, which is a notable limitation; nevertheless, subsequent research is planned to elucidate these mechanisms in
detail.

Additionally, exploring BMSC-derived exosomes as a cell-free alternative may overcome logistical barriers to
repeated cell transplantation.”” Compared with live cell delivery, exosome-based approaches offer improved delivery
consistency, lower immunogenicity, and reduced safety risks associated with uncontrolled differentiation or vascular
occlusion.”® Future studies could leverage engineered BMSCs or bone-targeting exosomes (eg, collagen-binding EVs) to
achieve “low-dose, high-efficiency” or sustained release, thereby enhancing therapeutic precision and reproducibility
while maintaining safety and controllability. Finally, validating these findings in larger, load-bearing models is essential
for clinical translation.

Conclusion

This study demonstrates that local delivery of bone marrow mesenchymal stem cells (BMSCs), particularly through
repeated administration, effectively attenuates UHMWPE wear particle—induced osteolysis by reprogramming macro-
phage polarization from a pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype. We confirmed that BMSCs
exert these effects mainly via paracrine-mediated immune modulation, leading to reduced cytokine secretion and
improved bone microarchitecture. These findings provide a mechanistic foundation for developing MSC-based immu-
nomodulatory therapies against periprosthetic osteolysis and related inflammatory bone disorders.

Despite these promising results, further studies are required to address current challenges, including long-term
efficacy, detailed signaling mechanisms, and optimization of delivery strategies. Future work focusing on BMSC-
derived exosomes and bone-targeted cell-free systems may offer a more practical, safe, and scalable therapeutic approach
for clinical translation.
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PPO, periprosthetic osteolysis; UHMWPE, ultra-high molecular weight polyethylene; BMSCs, bone marrow mesench-
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ELISA, enzyme-linked immunosorbent assay; IF, immunofluorescence; BMD, bone mineral density; BV/TV, bone
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