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Abstract
Photobiomodulation therapy, represented by red light, has been established to promote

tissue healing and treat bone diseases. The osteoimmune microenvironment is
increasingly recognized as a critical regulator of bone regeneration, in which the
transition of pro-inflammatory M1 macrophages toward a pro-regenerative M2-like
phenotype plays an important role. In this study, we aimed to investigate the effects of
red-light PBM on macrophage polarization and the following osteoblast differentiation.
First, the M1- and M2-like macrophage polarization models were established using
lipopolysaccharide (LPS) and interleukin-4 (IL-4), respectively. The pre-treatment of
red light (Pre-IR+LPS) decreased the expression of Ml-associated markers while
increasing the expression of M2-associated markers. Morphological analysis also
showed that macrophages in the Pre-IR+LPS group were elongated, resembling the
M2-like macrophages. At the functional level, Pre-IR+LPS-treated macrophages

showed decreased levels of LPS-induced pro-inflammatory cytokines and enhanced



osteogenic gene expression. When osteoblasts were cultured with conditioned medium
derived from Pre-IR+LPS-treated macrophages, the migration and osteogenic
differentiation were promoted. In contrast, Pre-IR treatment had no significant effects
on IL-4-induced M2-like macrophages polarization. Taken together, these findings
suggest that red light promotes the transition of M 1-to-M2-like macrophage transition
rather than further enhancing established M2-like polarization. Furthermore, red-light
PBM creates a more osteogenesis-supportive osteoimmune microenvironment by
suppressing pro-inflammatory signals and enhancing osteogenic cues in M2-like

macrophages.
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Introduction

Photobiomodulation (PBM) refers to the beneficial effects of regulating biological
processes using red (~650 nm) or near-infrared (~750 nm) light [1]. PBM has been
applied to treat bone diseases in clinical settings due to its ability to maintain
homeostasis, reduce inflammation, and promote tissue healing [2]. Light in the 300-750
nm range displays a penetration depth of 0.37 to 5 mm, which is usually superficial to
the bone [3]. This suggests that PBM may indirectly participate in bone healing by
regulating the surrounding microenvironment. Bone regeneration is a dynamic
biological process critically regulated by crosstalk between the skeletal and immune
systems [4]. Light-emitting diode (LED) irradiation at 625 nm has been shown to
modulate intracellular inflammatory signaling [5], suggesting its potential role in bone
healing by regulating the immune microenvironment surrounding bone tissues. In this
study, we aimed to explore the effects of PBM on osteogenesis through the regulation
of the osteo-immune microenvironment.

Macrophages play a pivotal role in modulating the immune microenvironment by
polarizing into either pro-inflammatory Ml-like or pro-regenerative M2-like

phenotypes [6]. Macrophages of different phenotypes not only modulate the immune



microenvironment by secreting pro- or anti-inflammatory cytokines but also regulate
osteoblast differentiation by sharing common bone-related proteins. M1 macrophages
enhance phagocytosis and secrete pro-inflammatory cytokines to clear pathogens and
cell debris during the early stages (acute inflammatory phase) of bone healing [7].
However, the prolonged presence of MIl-like macrophages can lead to chronic
inflammation, which may result in delayed or impairing bone healing [8].

Following the acute inflammatory phase, M2-like macrophages create an anti-
inflammatory microenvironment by releasing IL-4 and IL-10. They also secrete bone
morphogenetic proteins (BMPs), osteoprotegerin (OPG), osterix (OSX), and
osteocalcin (OCN), which promote osteogenesis [9,10]. In addition to these two extreme
phenotypes, some macrophages show overlapping properties and are often referred to
as M1-like or M2-like macrophages [9]. Given the high plasticity of macrophages and
their close association with osteoblasts, appropriately regulating macrophage
polarization is a rational approach to promote osteogenesis.

PBM relies on electromagnetic irradiation to induce cell-type-dependent cellular
functions [11]. Macrophages are highly responsive to environmental stimuli, are found
in various tissues, including bones and soft tissues [12]. PBM has been shown to
modulate the activation and polarization of uncommitted macrophages toward distinct
functional phenotypes [13,14]. In our previous study, we demonstrated that LED
irradiation at 625 nm enhanced the mineralization of human dental pulp cells (HDPCs)
through activation of mitogen-activated protein kinase (MAPK) signaling pathways [15].
However, the effects of PBM on osteogenesis through the regulation of immune
microenvironment remain unclear.

To further investigate the mechanisms by which light-induced macrophage polarization
promotes osteogenesis, independent datasets from the Gene Expression Omnibus (GEO)
database were analyzed. Candidate genes linking inflammatory macrophage activation
to impaired osteogenesis were subsequently identified through integrative analysis of
publicly available transcriptomic datasets. These candidate genes were further

evaluated in an independent human fracture-healing transcriptomic dataset



(GSE93387), which comprises 51 peripheral-blood gene-expression profiles obtained
from fracture patients and healthy controls.

Therefore, we investigated the effects of 625-nm LED irradiation on macrophages and
osteoblast differentiation. RAW264.7 cells, a monocyte/macrophage-like cell line,
were irradiated, and the macrophage-conditioned medium (CM) was then used to
culture MC3T3-E1 pre-osteoblasts. In parallel, transcriptomic datasets were analyzed
to identify potential molecular targets linking macrophage polarization to bone healing.
In the human fracture-healing dataset, expression of these genes was positively
associated with M1-like macrophage signatures and inversely associated with M2-like
macrophage signatures.

However, whether PBM promotes osteogenesis by reshaping macrophage-mediated
osteoimmune signaling remains unclear. We therefore hypothesized that 625-nm LED
irradiation promotes a shift from a pro-inflammatory macrophage state toward a pro-
regenerative M2-like phenotype, thereby creating an osteoimmune microenvironment
favorable for osteoblast differentiation. To test this hypothesis, we investigated the
effects of 625-nm LED irradiation on macrophage polarization and evaluated the
subsequent effects of macrophage-derived conditioned medium on osteoblast migration
and osteogenic differentiation. In parallel, publicly available human transcriptomic
datasets were analyzed to identify potential molecular signatures linking macrophage

polarization to normal and impaired bone healing.

Materials and methods

Irradiation system and treatment

A 625-nm LED irradiation system was purchased from U-JIN LED (Koyang, Republic
of Korea). The system was placed in a cell incubator maintained at 37 °C, 5% CO-, and
95% relative humidity. The general procedure was identical to the previously
established protocol [16,17]. The distance between the light source and the cells was set

at 25 nm, and the energy delivered to the cells was set at 18 J/cm?.



Cell culture

RAW264.7 cells were purchased from the Korean Cell Line Bank and cultured in
DMEM (Gibco, Thermo Fisher Scientific, Massachusetts, USA) supplemented with 10%
fetal bovine serum (FBS; Atlas Biologicals, Seoul, Republic of Korea) and 1%
penicillin/streptomycin (Pen/Strep, Welgene, Gyeongsangbuk-do, Republic of Korea).
The cells were passaged at around 80-90% confluence and used within 20 passages for
consistent cellular properties. MC3T3-E1 pre-osteoblasts were cultured in a-MEM
(Gibco, Thermo Fisher Scientific) supplemented with 10% FBS and 1% Pen/Strep. To
induce differentiation, MC3T3-E1 cells were cultured in an osteogenic medium,
composed of complete o-MEM, 10 mM of B-glycerophosphate, 100 nM of

dexamethasone, and 50 pg/mL of ascorbic acid.

Cell viability

RAW 264.7 cells were seeded at a density of 2 x 10* cells per well in 48-well plates
and cultured for 24 hours. The medium was then replaced with DMEM containing
varying concentrations of LPS (0.1, 1, or 10 pg/mL) and IL-4 (20 or 40 ng/mL) with or
without pre-irradiation (Pre-IR), simultaneous-irradiation (Simul-IR), or post-
irradiation (Post-IR) for one hour. After an additional 24 hours, the cells were cultured
in a fresh medium for 12 hours. The schematic of this experimental protocol is shown
in Fig. 1. Subsequently, the EZ-Cytox assay kit (DoGenBio, Seoul, Republic of Korea)
was used to quantify cell viability. The cells were gently washed with DPBS, followed
by incubating with the EZ-Cytox working solution (1:10 dilution in FBS-free a-MEM)
for 40 minutes. The optical density (OD) at 450 nm was measured using a microplate
reader (BioTek, California, USA).

RAW 264.7 Pre-IR  Simul-IR Post-IR
<>

23 hours > 24 hours 12 hours

Seeding Cells Ih | Changing Harvesting Cells
LPS/IL-4 Medium

Figure 1. Schematic illustration of the macrophage treatment protocol.



ELISA

RAW 264.7 cells (2 x 10%well) were seeded in 48-well plates. The cells were treated
with Pre-IR+LPS, Pre-IR+IL-4, LPS, or IL-4. The supernatant from each well was
collected in 1.5 mL centrifuge tubes. The concentrations of IL-6 and TNF-a in the
collected supernatant were measured using the LEGEND MAX™ ELISA Kits
(Biolegend, San Diego, California, USA) for mouse IL-6 and TNF-aq, respectively. The
results were normalized to cell viability, which was determined using the EZ-Cytox

assay.

Flow cytometry

RAW 264.7 cells were seeded in 100-mm dishes at a density of 2 x 10° cells per dish.
After the treatment described above, the cells were trypsinized using TrypLE™
(Thermo Fisher Scientific, Illinois, USA), collected in 1.5-mL centrifuge tubes,
centrifuged, and resuspended in PBS at a concentration of 1 x 10° cells/mL. The cell
suspension was fixed with a fixation solution (Biolegend) for 15 minutes, followed by
treatment with 0.1% Triton X-100 for 5 minutes for permeabilization. Antibodies
against arginase-1 (Cell Signaling Technology, Massachusetts, USA) and iNOS (PE-
conjugated; Invitrogen, Illinois, USA) were diluted 1:50 and 1:300, respectively, in
PBS containing 0.5% FBS. The cells were incubated with the diluted antibodies for 30
minutes, and then with a secondary antibody (goat anti-rabbit [gG H&L-Alexa Fluor
488; Abcam, Cambridge, UK) for 15 minutes. Finally, cell sorting analysis was
performed using the Accuri™ C6 Flow Cytometer (BD Biosciences, Ann Arbor, MI,
USA).

Cytoskeleton staining

RAW 264.7 (1 x 107 cells per well) were seeded in cell culture slides (SPL Life Science,
Gyeonggi-do, Republic of Korea). The treated cells were stained for cytoskeleton
imaging using the Actin Cytoskeleton and Focal Adhesion Staining Kit (Merck KGaA,
Darmstadt, Germany). The cells were first fixed with 4% paraformaldehyde

(Tech&Innovation, Gangwon-do, Republic of Korea) for 5 minutes, permeabilized with



0.1% Triton X-100, and blocked with 1% bovine serum albumin (BSA) for 30 minutes.
An antibody against phalloidin (TRITC-conjugated; Merck KGaA) was diluted with
the blocking solution and incubated with the cells for 1 hour. Finally, the cells were
incubated with DAPI for 2 minutes for nuclei staining. The slides were mounted and

imaged using the Lionheart™ FX system (Winooski, Vermont, USA).

RT-PCR analysis

Total RNA was isolated using the XENOPURE™ PF-Total RNA Purification Kit
(XENOPURE, Gyeonggi-do, Republic of Korea) following the manufacturer's
instructions and homogenized to achieve uniform concentrations. Subsequently, the
cDNA was synthesized from the isolated RNA using the AccuPower® CycleScript™
RT PreMix (Bioneer, Yuseong-gu, Republic of Korea). cDNA was amplified using the
primers listed in Table 1 and the AccuPower® PCR PreMix (Bioneer). The final PCR
products were subjected to gel electrophoresis using agarose gels and stained with
NEOgreen (NEO science, Yuseong-gu, Republic of Korea) and visualized using the
ChemiDoc XRS+ System (Bio-Rad, Massachusetts, USA).

Table 1 Primer sequences used for RT-PCR

Gene Primer sequences (5'-3")
BMP-2 Forward GTGGCTGCTCAGAATTGCAG
Reverse CACGGCTTCTAGTTGATGGA
OCN Forward GCAGCTTGGTGCACACCTAG
Reverse ACCTTATTGCCCTCCTGCTT
RUNX2 Forward TTTGGCTGGTTTCCCAAATA
Reverse TGGGGAGGATTTGTGAAGAC
OPG Forward AAAGCACCCTGTATAAAACA
Reverse CCGTTTTATCCTCTCTACACTC
COL-1 Forward ACTCAGCCGTCTGTGCCTCA
Reverse GGAGGCCTCGGTGGACATTA
ALP Forward CCATGGTAGAATACGCTCAGAA
Reverse ATGGAGGATTCCAGATACAGG
OSX Forward CTTCCCAATCCTATTTGCCGTTT
Reverse CGGCCAGGTTACTAACACCAATCT

OPN Forward GCGTTACTGTTCAGTTTAAC



Reverse TGGAACTTGCTTGACTATCGA
B-actin Forward CCACACCTTCTACAATGAGC
Reverse GGCTTTCTGAACTTGACAAC

Macrophage-CM preparation

RAW 264.7 cells were treated with vehicle (Control), Pre-IR, LPS, IL-4, Pre-IR+LPS,
or Pre-IR+IL-4, and the medium was replaced with fresh medium. After 24 hours of
incubation, the medium from each group was collected in sterile 15 mL tubes, followed
by centrifugation at 500 x g for 5 minutes to pellet the cells and debris. The supernatants
were then transferred to new tubes. Subsequently, the RAW 264.7 culture medium was

mixed with complete a-MEM at a 1:3 ratio (macrophage-CM).

Cell migration

MC3T3-E1 cells (2.5 x 103 cells/well) were seeded in 6-well plates and cultured in
complete a-MEM. The cells were scratched using sterile pipette tips when the cell
density reached approximately 90% confluence. Immediately after scratching, images
were captured using the Lionheart™ FX system in a phase-contrast channel —
designated as “0 h.” Subsequently, the medium was replaced with Control-CM, Pre-IR-
CM, LPS-CM, IL-4-CM, Pre-IR+LPS-CM, or Pre-IR+IL-4-CM. After 20 hours of

incubation, the cells were imaged again — designated as “20 h.”

Alkaline phosphatase (ALP) staining and ALP activity assay
MC3T3-E1 cells were seeded in 60-mm dishes and cultured for 24 hours. The medium
was then replaced with macrophage-CM with osteogenic factors and incubated for 6
days. The cells were fixed and subjected to ALP staining (Thermo Fisher Scientific) for
1 hour. The cells were scanned by a scanner (Epson, Yamagata, Japan), and detailed
images were captured using the Lionheart™ FX system.

Total protein was extracted to determine the ALP activity in cells. Protein

concentration was measured using the BCA assay (Thermo Fisher Scientific).



Subsequently, the samples were analyzed using the SensoLyte® pNPP ALP assay kit
(ANASPEC, California, USA). The final OD values were measured using a microplate

reader and normalized based on the BCA calibration curve.

Western blot

Total proteins were extracted with RIPA buffer (Biosesang, Gyeonggi-do, Republic of
Korea) containing 1% protease inhibitor cocktail (PIC; Takara, Tokyo, Japan) and 1%
phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich, Missouri, USA). The BCA
assay was used to determine the protein concentrations. The samples were
homogenized to a uniform level. Subsequently, the heat-inactivated samples were
loaded onto SDS-PAGE gels. Electrophoresis was performed at 70 V for 1 hour,
followed by 110V for 1 hour. The separated proteins were transferred to polyvinylidene
fluoride (PVDF) membranes (Cytiva, Suwon, Republic of Korea) at 90 V for 90
minutes. The membranes were blocked with 5% milk in Tris-buffered saline containing
Tween-20 (TBST; MENTOS Biotechnology, Gyeongsangbuk-do, Republic of Korea)
for 1 hour at room temperature. Antibodies against the following proteins were diluted
in the blocking solution: iNOS, CD206, E-cadherin, Vimentin, ALP, OPN, RUNX2, -
actin, and Histone H3. The membranes were incubated with the primary antibodies
overnight for 4 °C, followed by incubation with the corresponding secondary antibody
for 1 hour at room temperature. Protein bands were visualized using the ChemiDoc

XRS+ System, and quantitative analysis was done using the ImagelJ software.

Public database analysis

All publicly available transcriptomic datasets used in this study were obtained from the
Gene Expression Omnibus (GEO) database. The in vitro datasets included the
GSE37558 (Late vs. Early osteogenesis) and GSE5099 (M1 vs. M0, M2 vs. MO0).
GSE93387, a human peripheral-blood microarray dataset of fracture healing, was used
as an independent clinical validation dataset. Differential gene expression analysis of
the in vitro datasets was performed using the limma package in R. Differentially

expressed genes (DEGs) were identified using the thresholds of an absolute log> fold



change ([logz FC|) > 0.5 and P < 0.05. Using these criteria; genes significantly
upregulated during osteogenic differentiation, M 1-like macrophage polarization, and
M2-like macrophage polarization were separately identified. Volcano plots were
generated to visualize the distribution of DEGs. To identify the target gene set, an
intersection analysis was conducted. Genes upregulated during osteogenic
differentiation were intersected with genes upregulated in M1 macrophages, after
which genes upregulated in M2 macrophages were excluded. The resulting candidate
gene set was visualized using a Venn diagram. Gene Ontology (GO) biological process
enrichment analysis was subsequently performed on the selected genes, and the
enrichment results were visualized as bubble plots. The candidate genes were submitted
to the STRING database to construct a protein—protein interaction (PPI) network. The
resulting interaction network was imported into Cytoscape, and node centrality was
evaluated using the maximal clique centrality (MCC) algorithm implemented in the
cytoHubba plugin. The 10 genes with the highest MCC scores were designated as hub
genes, and the corresponding hub gene interaction network was visualized. For
validation in the GSE93387 fracture cohort, expression values for the 10 hub genes
were extracted from the peripheral-blood transcriptomic dataset. Boxplots were
generated using the ggpubr package, and differences in hub gene expression between
the normal healing group and the nonunion group were assessed using the Wilcoxon
rank-sum test. Receiver operating characteristic (ROC) curves were generated using the
pROC package, and the area under the curve (AUC) was calculated for each hub gene
to quantitatively evaluate its diagnostic and discriminatory performance for adverse
clinical outcomes, including nonunion and delayed fracture healing. For each
GSE93387 sample, the mean normalized expression of predefined M1- and M2-
associated marker gene sets was calculated to derive M1- and M2-associated
macrophage signature scores, respectively. Differences in M1 and M2 signature scores
between the normal healing and impaired-healing samples were assessed using the
Wilcoxon rank-sum test and visualized with boxplots. Finally, Spearman correlation
analysis was performed to examine the associations between the expression levels of

the 10 hub genes and the MI- and M2-associated macrophage signature scores.



Correlation heatmaps were generated using the pheatmap package to assess the co-
expression relationships and directions of association between the in vitro-identified
hub genes and macrophage polarization states (M1/M2) in the human fracture-healing

dataset.

Statistical analysis
Statistical analyses were performed using ANOVA in SPSS. Statistical significance
was indicated as follows: *p < 0.05 and *p < 0.01. Experiments were carried out in

triplicate at a minimum to ensure reproducibility.

Results
Establishment of M1 and M2 macrophage models and their regulation by Pre-IR
treatment
Macrophages were treated with varying concentrations of LPS or IL-4. As shown in
Fig. 2A, treatment with 1 pg/mL LPS resulted in significantly higher cell viability
compared to the groups treated with 0.1 and 10 pg/mL LPS. The 1 pg/mL LPS group
consistently showed the highest viability among the test groups, even after Pre-IR
treatment. As such, 1 pg/mL LPS was selected as the optimal concentration for
subsequent experiments. For IL-4, 20 ng/mL was chosen as the optimal concentration,
as 40 ng/mL led to a reduction in cell viability.
Western blot analyses of cells treated with LPS and IL-4 are shown in Fig. 2B. LPS at
I pg/mL was found to induce M1 marker (iNOS) expression while IL-4 at 20 ng/mL
stimulated M2 marker (CD206) expression. These results confirmed the ability of the
respective concentrations to mediate macrophage polarization into M1 and M2 models.
Importantly, Pre-IR treatment (Pre-IR+LPS and Pre-IR+IL-4) significantly decreased
INOS expression in M1 macrophages while increasing CD206 expression in M2
macrophages. However, irradiation alone did not alter the expression of either protein.
As shown in Fig. 2C, flow cytometry further revealed the effects of Pre-IR on
macrophage polarization. Compared to the Control group, the LPS-treated group

showed a shift in the cell population to the lower-right quadrant — 47.90 + 4.34% of the



population showed high iNOS/low Arginase (iNOS'/Arginase’) expression, confirming
their polarization into the M1 phenotype. Only 30.27 £+ 5.42% of the Pre-IR+LPS cell
population showed iNOS'/Arginase™ expression, indicating that Pre-IR inhibited M1
polarization. In addition, the respective cell population showed a shift towards the
upper-right quadrant (iNOS"/Arginase”), increasing from 32.57 + 2.16% to 49.30 +

2.46% compared to the LPS-treated group. These results suggest that macrophages



exhibited a tendency to polarize M1-like macrophages to an M2-like phenotype

following irradiation.
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Figure 2. Establishment of M1 and M2 macrophage models and their regulation using
Pre-IR. (A) RAW 264.7 cell viability after treatment with varying concentrations of
LPS or IL-4 for 24 hours, with or without Pre-IR, Simul-IR, or Post-IR. (B) Expression

of iNOS and CD206, macrophage phenotypic markers, were determined by western



blot analysis. (C) The of macrophage phenotype was analyzed by flow cytometry. The
percentages of iNOS'/Arginase  and iNOS/Arginase” cell populations were quantified

and showed as mean =+ standard error of the mean (SEM) in the histograms.

Pre-IR induced M2-like macrophage morphology

Cytoskeleton staining was performed to observe macrophage morphology, as shown in
Fig. 3. The Control group (naive M0 macrophages) appeared round and lacked
pseudopods. LPS treatment induced the formation of filopodia and a significant
increase in the cell spreading area, as revealed by quantitative analysis. Conversely, IL-
4 treatment led to cell elongation and caused a polar distribution of actin.
Immunofluorescence staining further showed that IL-4-treated macrophages were
significantly elongated, exhibiting a spindle-like shape, with actin accumulating at the
cell poles (marked with green asterisks). The elongation ratio was found to be the
highest in the IL-4-treated group among the test groups. Additionally, although Pre-IR-
activated macrophages were not as significantly polarized as those in the IL-4 group,
they still exhibited an elongated, M2-like morphology. Interestingly, both Pre-IR+LPS
and Pre-IR+IL-4 groups developed lamellipodia-like structures (marked with red

asterisks), which were not observed in any other groups.

Control LPS IL-4

' Elongation ratio (Length/Width)

Figure 3. Pre-IR-induced changes in macrophage morphology. The analysis was

conducted on cells stained with TRITC-conjugated phalloidin (red) for actin skeleton



and DAPI (blue) for nuclei. The cellular spreading areas and elongation factors (the
ratio of the long axis to the short axis) were quantified for further analysis. Scale bars:

100 um. Green asterisk: elongated cells. Red asterisk: lamellipodia-like structure.

Pre-IR mitigated pro-inflammatory cytokine release and promoted osteogenic
gene expression in macrophages

The levels of macrophage-released pro-inflammatory cytokines are shown in Fig. 4A.
Compared to LPS treatment alone, Pre-IR+LPS significantly reduced TNF-a and IL-6
concentrations in the cell supernatant. IL-4, Pre-IR, and Pre-IR+IL-4 exhibited cytokine
levels similar to those of the Control group. Fig. 4B shows the osteogenic gene
expression levels in macrophages. The Control group exhibited basal levels of
osteogenic genes. Compared to this baseline, LPS treatment reduced BMP-2, OCN,
RUNX2, OPG, and ALP expression, whereas Pre-IR+LPS restored their levels. In
particular, COL-1 and OSX expression was increased in the respective group.
Compared to the Control group, IL-4 treatment upregulated BMP-2, OCN, RUNX2,
COL-1, and OSX expression. Among these genes, BMP-2 and RUNX2 expression
were further enhanced while OSX and OPG levels were reduced by Pre-IR+IL-4

treatment.
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Figure 4. Pre-IR mitigated pro-inflammatory cytokine release and promoted osteogenic
gene expression in macrophages. (A) Pre-IR reduced TNF-a and IL-6 secretion induced
by LPS treatment. (B) Osteogenic genes, including BMP-2, OCN, RUNX2, OPG,
COL-1, ALP, OSX, and OPN, were modulated by Pre-IR treatment in macrophages.

Pre-IR-treated macrophage-CM promoted MC3T3-E1 cell migration and the
corresponding protein expression
The effects of macrophage-CM on MC3T3-E1 cell migration are shown in Fig. 5. The
experimental timeline is depicted in Fig. 5A. The cell scratch assay (Fig. 5B)
demonstrated that LPS-CM inhibited cell migration. However, this inhibitory effect
was mitigated by Pre-IR (Pre-IR+LPS-CM). In contrast, IL-4-CM promoted cell
migration, which was further accelerated by Pre-IR (Pre-IR+IL-4-CM).

The expression levels of migration-related proteins, E-cadherin and vimentin, are
shown in Fig. 5C. The Pre-IR+LPS-CM group showed a reduced level of LPS-induced
E-cadherin expression. Other than the LPS-CM group, there was no significant

difference in E-cadherin levels between the treated groups and the Control-CM group.
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In contrast, compared to the LPS-CM group, the Pre-IR+LPS-CM group showed
increased vimentin expression. Furthermore, the Pre-IR+IL-4-CM group enhanced the

effects of IL-4-CM on promoting vimentin expression.

MC3T3-E1 24 hours CM: 24 hours Osteogenic Medium: 20 hours
Seeding Cells Changing Medium Changing Medium Harvesting Cells
Scratching

Control 1L-4 *

Conditioned Pre-IR Pre-IR

Medium Control LPS IL-4 Pre-IR STPS 4IE ;‘:-1.5
E-cadhen'nl—-—-_—___.__. ___‘__| Em
@
L4
Vlmentinl —— — —_—-| o) 054 |

0.0-Lls 1%
— — | Pre-IR
LPS
IL-4

B-actin | —aE——

Figure 5. Pre-IR-treated macrophage-CM promoted MC3T3-El migration and its
related proteins. (A) Experimental protocol for treating MC3T3-E1 with macrophage-
CM to assess its impact on cell migration. (B) The migration of MC3T3-E1 was
enhanced by culturing in Pre-IR-treated macrophage CM. (C) The expression of
migration-related proteins in MC3T3-E1 cells was regulated by Pre-IR-treated

macrophage-CM. Scale bars: 1000 pm

Pre-IR-treated macrophage-CM promoted osteogenic differentiation of MC3T3-
E1 cells

MC3T3-E1 cells were treated following the experimental schedule shown in Fig. 6A.
ALP staining (Fig. 6B) demonstrated that the LPS-CM group showed a reduced level
of purple precipitation compared to the Control-CM group. In contrast, the IL-4-CM
and Pre-IR-CM groups showed increased deposition of purple precipitates. Moreover,

the Pre-IR+LPS-CM group showed a higher level of staining than the LPS-CM group,



while the Pre-IR+IL-4-CM group showed further enhanced deposition of purple
precipitates. Quantified ALP activity showed a similar trend (Fig. 6C). However, the
difference between IL-4-CM and Pre-IR+IL-4-CM groups was not statistically
significant.

The expression of osteogenesis-related proteins and transcription factors is shown in
Fig. 6D. The Pre-IR+LPS-CM group showed enhanced levels of ALP and OPN
proteins compared to the LPS-CM group. However, RUNX2 expression in nuclei was
found to be lower in the Pre-IR+LPS-CM group. Additionally, the IL-4-CM group
showed increased levels of ALP, OPN, and RUNX2 expression, whereas the Pre-
IR+IL-4-CM group showed decreased expression of these markers. However, RUNX2
expression in nuclei was lower in Pre-IR+LPS-CM group. Additionally, IL-4-CM
increased ALP, OPN, and RUNX2 expression, whereas Pre-IR+IL-4-CM decreased

their expression.
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Figure 6. Pre-IR-treated macrophage-CM promotes osteogenic differentiation of
MC3T3-El cells. (A) The experimental protocol for treating MC3T3-E1 cells with
macrophage-CM to assess the impact on osteogenic differentiation. (B) MC3T3-E1
cells exhibited increased ALP deposition when cultured in Pre-IR-treated macrophage-
CM. (C) Pre-IR-treated macrophage-CM enhanced the ALP activity of MC3T3-El
cells. (D) Pre-IR-treated macrophage-CM regulated the expression of osteogenic
proteins in MC3T3-El cells. Scale bars: 1,000 um at 4x magnification; 200 pm at 10x

magnification.

Identification of M1 macrophage-associated gene signatures linked to osteogenesis
Differential gene expression patterns the GSE37558 and GSES5099 datasets are
presented in Fig. 7. The volcano plots in Fig. 7A revealed numerous differentially
expressed genes between the early and late stages of osteogenesis. As shown in Fig. 7B
and 7C, both M1- and M2- polarized macrophages exhibited distinct transcriptional
changes compared with MO macrophages. To identify the key gene set associated with
osteogenesis-related M1 macrophages, a multiple-set intersection analysis was
performed. As shown in the Venn diagram in Fig. 7D, 84 genes were shared between
the osteogenesis-upregulated and M1-upregulated gene sets. After excluding seven
genes that were also upregulated in M2 macrophages, 77 Ml-associated candidate

genes remained.
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Figure 7. Identification of key gene signatures underlying M1 macrophage-driven
osteogenesis. (A) Volcano plot of differentially expressed genes in Late vs. Early
osteogenesis. (B, C) Volcano plots of differentially expressed genes for M1 vs. M0 and
M2 vs. MO macrophages. (D) Venn diagram illustrating the intersecting genes among

the osteogenesis, M1 macrophage, and M2 macrophage gene sets.

Construction and enrichment analysis of the candidate gene networks

A protein—protein interaction (PPI) network was constructed for the 77 candidate genes
using the STRING database to assess their network connectivity. Topological analysis
using the maximal clique centrality (MCC) algorithm identified the top 10 hub genes
with the highest MCC scores: IFIT2, IFITM1, IFITM3, MX1, OAS2, IFI44L, TRIM22,
GBP2, IFITM2, and CCL5 (Fig. 8A). These genes formed a highly interconnected
module within the PPI network, suggesting coordinated involvement in M 1-associated

inflammatory and osteogenic processes.



Functional enrichment analysis of the 77 candidate genes is presented in the bubble plot
in Fig. 8B. These genes were enriched in biological processes related to response to
virus, leukocyte cell—cell adhesion, regulation of fat cell differentiation, and response

to type II interferon.
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Figure 8. Construction and functional enrichment analysis of candidate gene networks.
(A) Protein—protein interaction network of the top 10 hub genes. (B) Bubble plot of

functional enrichment analysis for the 77 candidate genes.

Validation of hub genes in a human fracture-healing microarray dataset

The 10 hub genes were further evaluated in the GSE93387 human peripheral-blood
microarray dataset of fracture healing, comprising 51 expression profiles. The 10 hub
genes identified from the intersection of osteogenesis- and MIl-associated
transcriptional signatures were evaluated in this dataset. The dataset included samples
from normal and impaired fracture-healing outcomes, allowing the clinical relevance
of the hub genes to be evaluated in the context of fracture healing.

As shown in Fig. 9A, seven of the 10 hub genes—IFIT2, IFITM1, MX1, OAS2, IFI44L,
TRIM22, and GBP2—were significantly upregulated in the impaired-healing group

compared with the normal-healing group (P < 0.05). The area under the curve (AUC)



values indicated that several individual genes exhibited potential diagnostic utility (Fig.
9B). Among these genes, IFI44L showed the highest AUC (0.79), followed by MX1
(0.78), GBP2 (0.77), and IFITM1 (0.74). M1- and M2-associated macrophage
transcriptional signature scores were further compared between the normal- and
impaired-healing groups (Fig. 9C). No statistically significant differences were
observed between the Normal and Disease groups in either M1 macrophage signature
scores (P =0.23) or M2 macrophage signature scores (P = 0.76). In Fig. 9D, Spearman
correlation analyses were performed between the expression levels of the 10 hub genes
and the signature scores of M1 and M2 macrophages. The correlation heatmap revealed
distinct patterns of association with the M 1- and M2-associated signatures. Several hub
genes, including OAS2, MX1, IFITM3, and TRIM22, were positively correlated with
M1 macrophage infiltration scores. In contrast, these genes tended to show inverse
correlations with M2 macrophage signature scores. For example, the Spearman
correlation coefficients with M2 macrophage signature were -0.38 for OAS2, -0.33 for

MX1, and -0.31 for IFI44L.
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Figure 9. Validation of hub genes in a human peripheral-blood fracture healing. (A)
Comparision of the expression levels of 10 hub genes between Normal- and impaired-
healing groups. (B) Receiver operating characteristic (ROC) curve analysis was
performed to evaluate the ability of individual hub genes to discriminate between
normal fracture healing and nonunion. (C) Comparison of M1- and M2-associated
macrophage signature scores derived from predefined marker gene sets in normal- and
impaired-healing samples. (D) Clustered heatmap of Spearman correlations between

hub gene expression and M 1- and M2-associated macrophage signature scores.

Discussion

PBM is a noninvasive therapeutic modality used clinically for pain relief, modulation
of inflammation, and tissue repair [15,18-20]. However, the underlying mechanisms
that contribute to these effects remain poorly understood. Recent studies have
demonstrated that red light modulate macrophage polarization, a process that play an
important role in immunomodulation and bone regeneration. Our previous study
revealed that red light can regulate intracellular protein homeostasis, thereby directly
promoting osteogenic differentiation in osteoblasts. Given the close crosstalk between
the skeletal and immune systems, we further investigated whether red-light PBM
influences osteogenesis through macrophage-mediated osteoimmune regulation.

Bone healing usually comprises three overlapping phases: inflammation, bone
formation, and remodeling [21]. Macrophages, characterized by high plasticity, are
involved in all three processes. They are among the first immune cells to respond to the
injury, facilitating debris clearance, phagocytosis of dead cells and pathogens and pro-
inflammatory cytokine release [22]. Following the initial inflammatory response,
macrophages transition from a pro-inflammatory phenotype (M1) to a regenerative
phenotype (M2), a critical shift from inflammation to tissue repair [23,24]. To model
inflammatory and pro-regenerative macrophage polarization in vitro, RAW264.7 cells
were treated with LPS and IL-4 to induce M1- and M2-like states, respectively (Fig.
2A and B). The effects of Pre-IR on macrophage phenotype and function were

subsequently examined.



As shown in Fig. 2B and C, Pre-IR reduced M1 marker expression while
enhancing M2 marker expression in LPS-stimulated macrophages. However,
irradiation alone did not significantly alter canonical M1- or M2-associated markers,
indicating that PBM alone was insufficient to induce overt macrophage polarization
under basal conditions. This activation can influence the subsequent polarization [25].
Cell morphology, a known indicator of macrophage polarization, is highly sensitive to
environmental changes [22,26]. Therefore, cellular morphology was further examined
as an additional indicator of macrophage phenotype. Fig. 3 demonstrated that Pre-IR

treatment altered cell morphology, inducing an elongated shape characteristic of M2-
like macrophages [26,27]. Moreover, Pre-IR upregulated osteogenesis-related genes,

including BMP-2, RUNX2, COL-1, and ALP, while having no impact on TNF-o and
IL-6 expression (Fig. 4B). Previous studies have shown that activated macrophages
show distinct gene expression profiles unrelated to cytokine release [25]. Our previous
study also demonstrated that red light treatment enhances the expression of chaperone
protein, providing protective effects in a highly stimulated environment [17]. Thus,
these findings suggest that Pre-IR indeed activates macrophages to prepare them for
subsequent stimuli.

To investigate the role of red light in macrophage phenotype transition, flow
cytometry was performed (Fig. 2C). Under inflammatory condition, Pre-IR increased
the proportion of iNOS'/Arginase”™ double-positive macrophages, consistent with a
intermediate phenotype between the M1 and M2 forms. As shown in Fig. 3, the Pre-

IR+LPS macrophages exhibited increased cell elongation characteristic of M2
macrophages [26,27]. Morphologically, lamellipodia-like protrusions (marked with red

asterisks) were observed predominantly in Pre-IR+LPS- and Pre-IR+IL-4-treated
macrophages (Fig. 3). These cytoskeletal actin protrusions play a role in driving cell
migration [28,29]. From a physiological perspective, M1 macrophages remain at the
infected site to clear pathogens, while M2 macrophages migrate to facilitate tissue
repair [30,31]. These morphological changes suggest that irradiation may alter

cytoskeletal organization and migratory potential; however, direct macrophage



migration assays would be required to confirm this interpretation. The Pre-IR+LPS
group showed a reduced level of pro-inflammatory cytokine release while upregulating
osteogenic gene expression (Fig. 4). These findings demonstrated that the Pre-IR+LPS
macrophages functioned similarly to M2-like macrophages, which promote tissue
repair [32]. However, there was no significant difference between the IL-4 and Pre-
IR+IL-4 groups. As M1 and M2 phenotypes represent the two extremes of the complex
macrophage phenotype spectrum [33,34], recent studies have proposed the concept of
MI-like and M2-like macrophages [7,35,36]. Thus, Pre-IR appeared to preferentially
redirect LPS-induced inflammatory macrophages toward an M2-like phenotype rather
than further enhancing IL-4-induced M2-like polarization.

Macrophages participate in bone regeneration through cytokine secretion and
osteogenic signaling [10]. As shown in Fig. 4A, the Pre-IR+LPS group showed a
reduced level of LPS-induced pro-inflammatory cytokine release. These findings
suggest that Pre-IR attenuated excessive inflammatory signaling and contributed to a
microenvironment more favorable for osteogenesis. Analysis of osteogenesis-related
transcripts in macrophages (Fig. 4B) revealed differential regulation of genes
classically associated with osteoblast differentiation and mineralization [37,38].
Compared to LPS alone, Pre-IR+LPS increased the expression of RUNX2, COL-1, and
ALP genes, which facilitate the maturation of pre-osteoblasts [39]. The increased levels
of OCN and OPG contribute to the mineralization phase [40,41]. However, with the
exception of RUNX2, no significant differences in osteogenesis-related gene
expression were observed between the 1L-4 and Pre-IR+IL-4 groups, consistent with
the flow-cytometric findings.

To confirm the osteogenic functions of Pre-IR treated macrophages, CM was used
to transfer macrophage-derived biological cues to osteoblasts. A wound-healing assay
was performed to assess osteoblast migratory capacity. As shown in Fig. 5B, Pre-
IR+LPS-CM restored LPS-induced cell migration inhibition, while Pre-IR+IL-4-CM
increased cell migration beyond the effects induced by IL-4-CM. To elucidate the
underlying mechanism, the expression of E-cadherin and vimentin — cell migration-

related proteins — was analyzed. E-cadherin, a cell-cell adhesion molecule, disrupts



migration, whereas vimentin promotes migration by modulating cytoskeletal dynamics
[42-45]. Fig. 5C showed that Pre-IR+LPS-CM decreased E-cadherin expression while
increasing vimentin expression, consistent with its relevance to cell migration and
protein expression. Similarly, Pre-IR+LPS-CM enhanced ALP staining and activity,
along with the expression of associated proteins (ALP and OPN) (Fig. 6). However,
there was no significant difference between the IL-4-CM and Pre-IR+IL-4-CM groups.
Previous studies have demonstrated that alleviating inflammation is beneficial to bone
regeneration, and even low levels of inflammatory cytokines can promote osteogenesis
[46-48]. Additionally, M2 or M2-like macrophages have been demonstrated to support
osteoblast migration and differentiation by secreting osteogenic factors [35,49,50].
Based on the above cellular experimental results, osteogenesis-related genes in M1
macrophages were further screened and analyzed. Bioinformatics analyses were
performed using the GSE37558, GSE5099, and GSE93387 datasets. Integrated analysis
of the in vitro transcriptomic datasets identified 10 network-central hub genes shared
between M 1-associated and osteogenesis-related transcriptional signatures (Figs. 7 and
8). A characteristic pathological feature of nonunion is the prolongation of
inflammation, with retention of the immune microenvironment in an M1-dominant pro-
inflammatory state [51]. The expression patterns of the 10 hub genes were subsequently
evaluated in the human peripheral-blood fracture-healing dataset GSE93387. Several
hub genes were significantly upregulated in impaired-healing samples, consistent with
persistence of an inflammation-associated transcriptional program during unsuccessful
fracture healing (Fig. 9A). The finding in Fig. 9B suggest that altered expression of
these genes may serve as potential early molecular indicators for impaired fracture
healing and the risk of nonunion. As shown in Fig. 9C, no significant differences were
detected between the normal- and impaired-healing groups in either the M1- or M2-
associated macrophage signature scores. These findings suggest that differences in
individual inflammation-related genes may occur even in the absence of detectable
group-level differences in the composite M 1- and M2-associated transcriptional scores.
These correlation patterns in the clinical cohort were consistent with the screening

rationale derived from the initial datasets, GSE37558 and GSE5099 (Fig. 9D). The



identified genes may therefore represent an inflammation-associated gene module that
is positively related to M1-like transcriptional signatures and inversely related to M2-
like signatures. Analysis of the independent human fracture-healing dataset provided
preliminary translational support for the clinical relevance of several hub genes
identified from the in vitro datasets. Among the hub genes, IFI44L, MX1, and GBP2
emerged as candidate molecular signatures associated with persistent inflammatory
macrophage states and impaired fracture healing. Their positive associations with M1-
like transcriptional signatures and inverse associations with M2-like signatures suggest
that suppression of this inflammatory gene module may accompany the macrophage
reprogramming induced by PBM. Nevertheless, the present bioinformatic analysis does
not establish these genes as direct molecular targets of Pre-IR, and further experimental
studies are required to determine whether PBM directly regulates their expression and
whether such regulation contributes to the transition toward an M2-like, osteogenesis-
supportive macrophage phenotype. Followed by optimizing the osteo-immune
microenvironment by regulating M2-like macrophage polarization, thereby reducing
pro-inflammatory cytokines and regenerating osteogenic cues to promote bone
regeneration. Collectively, these findings support a model in which Pre-IR attenuates
LPS-driven inflammatory signaling, promotes the acquisition of M2-like macrophage
features, and enhances macrophage-derived cues that favor osteoblast migration and

osteogenic differentiation.
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Pre-treatment with red light (Pre-IR+LPS) shifted LPS-stimulated macrophages toward
an M2-like phenotype rather than further enhancing IL-4-induced M2-like polarization.

This phenotypic and functional reprogramming attenuated pro-inflammatory signaling
and enhanced macrophage-derived pro-osteogenic cues, thereby creating an
osteoimmune microenvironment favorable for osteoblast migration and osteogenic

differentiation.
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