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A B S T R A C T

Objectives: Tideglusib (Tx) is known for its osteogenic potential, yet its effects on the interplay between osteo-
blasts and M1 macrophages remain underexplored. This in vitro study aimed to isolate and evaluate both the
individual and combined roles of M1 macrophages and osteoblasts in macrophage differentiation and osteoblast
function, specifically focusing on how these interactions influence protein expression of osteogenesis and
osteoclastogenesis in the presence or absence of Tx.
Methods: Osteoblast and macrophage cells were co-cultured in direct contact for 24 and 48 h, with or without the
presence of Tx. ALP activity, the expression of inflammatory-related genes using RT-qPCR, and histological
analyses were performed.
Results: Co-culturing osteoblasts and M1 macrophages with Tx increased alkaline phosphatase production,
indicative of enhanced osteoblast activity. Histological assessments revealed that Tx treatment contributed to the
stability and maintenance of cell morphology within the scaffold, suggesting a supportive environment for cell
viability and function. Tx significantly reduced the expression of pro-inflammatory markers, such as TNF-α and
IL-1β, in the co-culture at both 24 and 48 h Tx also effectively inhibited osteoclastogenic differentiation in
macrophages, thereby diminishing their pro-inflammatory phenotype.
Conclusions: Tx increased ALP activity and produced a significant up-regulation of RANKL expression, indicating
enhanced osteoblast differentiation and osteoclast activation. Tx mitigates macrophage-driven inflammation.
Clinical significance: Tx may enhance bone regeneration by modulating inflammatory responses and preserving
cell integrity.

1. Introduction

Periodontitis is an infectious disease characterized by the dysbiosis
of subgingival microbiota, leading to the destruction of tooth-supporting
tissues and ultimately resulting in tooth loss [1]. The progression of
periodontitis involves a complex interplay of factors, including
infection-driven inflammation largely mediated by macrophages. This
inflammatory response disrupts the balance between bone formation
and resorption, contributing to tissue and bone loss at affected sites [2].
Key players in this process include alkaline phosphatase (ALP), a marker
of osteoblast differentiation that facilitates mineralization in bone for-
mation, and receptor activator of nuclear factor kappa-В ligand
(RANKL), a crucial regulator of osteoclast differentiation and activation.
RANKL binds to its receptor RANK on osteoclast precursors, promoting

osteoclastogenesis and bone resorption. The balance between ALP ac-
tivity and RANKL expression thus reflects the ongoing balance between
bone formation and degradation, making these markers essential for
understanding bone remodeling processes in periodontitis [3].

Osteoblasts and macrophages coexist and play essential roles in bone
remodeling involving osteoblast-mediated bone formation followed by
osteoclast-mediated bone resorption [3]. Osteoblasts, which are derived
from multipotent mesenchymal precursors, produce key extracellular
matrix (ECM) proteins, including osteocalcin, alkaline phosphatase, and
type I collagen, the latter constituting over 90 % of bone ECM [4]. Innate
immune cells, primarily macrophages, are crucial for bone remodeling.
Macrophages are derived from monocytes that extravasate into local
tissues and differentiate into various phenotypes, including
pro-inflammatory (M1) and anti-inflammatory/pro-regenerative (M2),
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depending on the stimuli and microenvironment [3,5]. Manipulating
cytokines and signaling pathways at the affected area can shift macro-
phage phenotypes from pro-inflammatory to anti-inflammatory and
promote osteogenesis [3]. This bidirectional crosstalk between osteo-
blastic cells and macrophages is integral to the tightly regulated bone
remodeling process [6,7]. In fact, in our prior studies, the osteoblast- and
proinflammatory macrophage-specific roles in inflammation and
osteogenesis have been deciphered with the conclusion that contact
coculturing between osteoblast and macrophages has an anabolic effect
on bone tissue in a bacteria-derived inflammatory environment [8].

Considering the persistent inflammatory nature of periodontitis, it is
challenging to achieve predictable outcomes in clinical settings with a
treatment. Thus, modulating the pro-inflammatory response at the
affected site and promoting bone regeneration is important for the
success of the treatment. Anti-inflammatory drugs can be valuable tools
in both treating and preventing periodontitis. Collagen-based scaffolds
are widely used in dentistry for tissue regeneration due to their
biocompatibility and low immunogenicity [9]. Being able to load
anti-inflammatory drugs into the collagen mesh and its injectability
make collagen-based scaffolds further ideal for an immunomodulatory
tissue scaffold, serving as adjuncts in bone regeneration and periodon-
titis treatment [10]. Recent studies suggest that localized delivery of
Tideglusib (Tx) could be an effective treatment aiding in bone regen-
eration and periodontitis treatment [3,11]. Tx, also known as NP-12, is a
glycogen synthase kinase-3β (GSK-3β) inhibitor [11]. GSK-3β is a small
protein that: i) inactivates the Wnt/β-catenin signaling pathway,
thereby reducing the regenerative response of osteoblasts [12] and ii)
triggers the production and activation of toll-like receptor-initiated
pro-inflammatory cytokines [2]. Given these functions, it has been hy-
pothesized that Tx, a selective GSK-3β inhibitor, can serve as a thera-
peutic agent in inflammatory and bone resorptive diseases. However, it
is not clear whether Tx can be an effective drug in the presence of
osteoblast and macrophages co-culture environment.

In order to determine how the osteoblasts and proinflammatory
macrophages crosstalk may affect the osteogenesis and macrophage
polarization, some cell markers have been proposed [8]. The bone
remodeling has been suggested as a sequential stepwise process, with an
initial osteoclasts-mediated bone resorption followed by an
osteoblasts-mediated bone formation [13], both actions may be mainly
anticipated by RANKL expression [14] and ALP activity [9], respec-
tively. Some other osteoclast activity markers as matrix metal-
lopeptidase 3 (MMP3), TNF receptor associated factor (TRAF6) and acid
phosphatase 5 tartrate-resistant ACP5 may also assist in determining
osteoclastogenic activity [8]. Immune response is also critical in bone
healing and regeneration, as monocytes migrate from the circulation to
the local tissue and differentiate into macrophages. Depending on the
stimulus and the microenvironment, macrophages polarize into
different types pro-inflammatory M1 and anti-inflammatory and
pro-regenerative M2. Therefore, the expression of two pro-inflammatory
cytokines (T nuclear factor alpha -TNF-α- and interleukin 1β -IL1β-) and
two anti-inflammatory cell markers (CCL8 and CD163) are used to
determine the balance between the pro-inflammatory/anti-
inflammatory signaling in cell cultures [8].

To this end, the objective of this in vitro study was to isolate and
evaluate both the individual and combined roles of M1 macrophages
and osteoblasts in macrophage differentiation and osteoblast function,
specifically focusing on how these interactions influence protein
expression of osteogenesis and osteoclastogenesis in the presence or
absence of Tx. Understanding these interactions is important for devel-
oping strategies to better manage bone-destructive diseases like
periodontitis.

2. Materials and methods

2.1. Cultivating human osteoblast and macrophages and synthesizing cell-
laden collagen scaffold

One week before incorporating the cells within the 3D collagen
scaffolds, human osteoblast cells (hFOB, ATCC; Manassas, VA,USA) and
human blood-derived U937 monocytes (U937, ATCC, Manassas, VA,
USA) were cultured separately. The hFOB mature osteoblast cells were
cultured in Ham’s F12 Medium Dulbecco’s Modified Eagle’s medium
(DMEM, ATCC, Manassas, VA, USA) supplemented with 10 % fetal
bovine serum (FBS) (Gibco, Waltham, MA USA), 0.3mg/mL G418, and
50ug/mL ascorbic acid for 7 days, with fresh complete media replaced
every 2–3 days. The U937 monocytes were cultured in RPMI (DMEM,
ATCC; Manassas, VA, USA) media supplemented with 10 % FBS and 1 %
penicillin-streptomycin before being differentiated into native macro-
phages via incubation with 100ng/mL PMA (Sigma-Aldrich, Chemie,
Riedstr, Germany) for 24h After PMA treatment, the native macrophages
were further differentiated into M1 (pro-inflammatory) via incubation
with 100ng/mL lipopolysaccharide (LPS) (Sigma-Aldrich, Chemie,
Riedstr, Germany) and 20ng/mL interferon-gamma (IFN©) (Sigma-
Aldrich, Chemie, Riedstr, Germany) for 24h The macrophage and oste-
oblast phenotypes have been established and verified, ensuring consis-
tent cell characterization [8]. Following one week of cell culturing, cells
were encapsulated within the 3D collagen matrix and incubated with or
without Tx for 24 h (Day 1) or 48 h (Day 2). Fig. 1 shows the major steps
followed throughout the study.

The 3D scaffolds were synthesized using rat tail collagen type I. A
neutralized collagen solution was prepared from an 8.9mg/mL Corn-
ing® collagen Type-I solution (Sigma-Aldrich, Chemie, Riedstr, Ger-
many) with a pH of ~3.4 by mixing with 1M sodium hydroxide,
phosphate buffer solution (PBS), and cell media suspension to a final
collagen concentration of 3mg/mL, following previously established
protocols [13,15]. Human osteoblasts, either alone or with M1 macro-
phages at a 1:1 ratio, were encapsulated within the collagen scaffolds at
a cell density of 106 cells/mL, depending on the experimental setups
(Fig. 1). Then scaffolds were incubated for 24 or 48h at 37 ◦C. A solution
of Tx (≥98 % HPLC) (SML0339 Sigma-Aldrich, Chemie, Riedstr, Ger-
many) in DMSO was prepared in a final concentration of 50nM Tx [16].
In experimental groups, the complete cell culturing media was replaced
with the conditioned media containing Tx. In the control group, the
complete cell culturing media was replaced with the conditioned media
without Tx. Briefly, to accomplish the research objectives and under-
stand the solo and compound effects of osteoblast and macrophages with
and without presence of Tx, the following experimental and control
groups were established: Osteoblast cells without and with Tx (O and
O-Tx); M1 macrophage cells without and with Tx (M and M-Tx); Oste-
oblasts and M1 macrophages in co-culture without and with Tx (O-M
and O-MTx).

2.2. Assessing osteogenesis and osteoclastogenesis

2.2.1. Assessing alkaline phosphate activity
The alkaline phosphate (ALP) activity was evaluated using a fluo-

rometric alkaline phosphate assay kit (Abcam Limited, Cambridge, En-
gland). ALP cleaves the phosphate group of the non-fluorescent 4-
methylumbelliferyl phosphate disodium salt (MUP) substrate resulting
in an intense fluorescent signal. Before ALP analysis, the samples were
washed, encapsulated cells within the scaffolds were liberated by snap
freezing the scaffolds, and the solution was homogenized on ALP assay
buffer. The samples were centrifuged, and the supernatant was collected
for assay. The MUP (5 mM) substrate and assay buffer were added to the
supernatant in a 96-well plate, and the solutions were incubated for 30
min at 25 ◦C and protected from light. A stop solution was used, and the
4-MU production was determined by measuring ex/em=360/440 nm
using a microplate reader (SOFTmax Pro). A standard curve was
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established using a serial dilution of the ALP enzyme to convert the
measured absorbance to aMU value. Results were normalized to the ALP
4-MU standard curve following the manufacturer’s protocol and the ALP
4-MU standard curve.

2.2.2. Gene Expression Analysis
To understand the specific phenotypic changes for both osteoblast

and M1 during monoculture and co-culture, the gene expression ana-
lyses were carried out using a quantitative real-time polymerase chain
reaction (RT-qPCR). Briefly, on characterization points (24h and 48h),
the scaffolds were mechanically disrupted, and then the RNA was
extracted using TRIzol reagent (Thermo Fisher Scientific Inc., Waltham,
MA, USA) . The isolated RNA was reverse transcribed to cDNA using a
Superscript IV kit Invitrogen (Sigma-Aldrich, Chemie, Riedstr, Ger-
many) per the manufacturer’s protocols. RT-PCR was performed using
TaqMan SYBR (Bio-Rad Laboratories, Inc., CA, USA) in the iCycler iQ
detection system (Bio-Rad Laboratories, Inc., CA, USA). The relative
gene expression for fold difference treated and control samples was
obtained using the ΔΔCt method. The ΔΔCt method used
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the house-
keeping normalizing gene. The primer sequences for each gene were
designed using NCBI primer blast software and synthesized by Inte-
grated DNA Technologies (IDT, Iowa, USA). The list of genes and asso-
ciated primer sequences are listed in Table 1.

2.2.3. Histological analysis
The cellular content and encapsulated cells within the scaffolds were

visualized using a histological analysis. On characterization day (24h
and 48h), the scaffolds were removed and washed with PBS for 10 min.
Then, samples were incubated in 10 % formalin overnight, dehydrated

using an ethanol gradient, and cleared with xylene before embedding in
paraffin. The paraffin-embedded samples were sectioned at 5μm thick-
ness, using a microtome, and mounted on microscope slides. Hematox-
ylin and Eosin (H&E) and Masson’s trichrome dying techniques were
utilized to visualize the cells and collagen fibers. Von Kossa staining was
also executed to analyze the mineralization and osteoblast distribution
within the collagen tissue scaffolds.

2.3. Statistical Analysis

Data were reported as the mean ± standard deviation (SD). Data
were analyzed for normalization and after for the statistical significance
using Student’s t-tests (p<0.05). The statistical analysis was performed
using RStudio. At least three independent replicates were analyzed in
each experiment.

3. Results

3.1. Effect of Tx on Cells within the 3D Collagen Matrix

In H&E staining (Fig. 2), the stability and morphology of osteoblasts
within the 3D collagen matrix were assessed. In the control group, os-
teoblasts exhibited a spread morphology and were more abundant at 48
h compared to 24 h. In contrast, in the Tx-treated group, osteoblasts
were less prevalent at 48 h than at 24 h. Similarly, H&E staining images
(Fig. 3) provided insights into the stability and morphology of M1
macrophages within the matrix. M1 macrophages displayed a dot-like
morphology and increased in number at 48 h compared to 24 h in
both groups, though they were more numerous in the control group than
in the Tx-treated group at 48 h. In all conditions, cells were evenly

Fig. 1. The schematic representation of cell-specific and co-culture study. hFOB, human fetal osteoblasts cells; M1, pro-inflammatory macrophages.

Table 1
Forward and reverse primers for real-time PCR.

Gene Forward Primer Reverse Primer Ref

RANKL TCCATGTTCGTGGCCCTCCT TGCAGTGAGTGCCATCTTCTG [14]
ACP5 CGACGGCAGGGACTGAAGG TCCATCCAGGGGGAGACACA [14]
TRAF6 AGAGTTTGCCGTCCAAGCAG GCACACAAAGAAAGCTGGGTCC [14]
ALP CTATCCTGGCTCCGTGCTCC GCCACGTTGGTGTTGAGCTT [14]
IL1β AGCCATGGCAGAAGTACCTG CCTGGAAGGAGCACTTCATCT [14]
TNF-a AGAGGGAAGAGTTCCCCAGGGAC TGAGTCGGTCACCCTTCTCCAG [14]
CD163 TCTGTTGGCCATTTTCGTCG TGGTGGACTAAGTTCTCTCCTCTTGA [14]
CCL18 AAGAGCTCTGCTGCCTCGTCTA CCCTCAGGCATTCAGCTTAC [14]
MMP3 CAGCCAACTGTGATCCTGCT CTTCATATGCGGCATCCACG [14]
GAPDH AGAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC [14]
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distributed throughout the collagen scaffold.
The stability of both osteoblasts and M1 macrophages was further

highlighted in H&E staining images (Fig. 4). In the Tx-treated groups,
osteoblasts were the dominant cell type over macrophages, though the
total cell count decreased in both treated groups after 24 and 48 h
(Fig. 4). Histological images confirmed the close proximity of M1 mac-
rophages and osteoblasts within the collagen matrix.

3.2. The Synergistic Effect of Tx and Osteoblast/M1 Co-culturing Toward
Osteogenesis and Osteoclastogenesis

The effect of Tx only and Tx along with osteoblast/macrophage co-
culturing on early osteoblast differentiation marker of ALP and estab-
lished osteoblast marker of RANKL is presented at the Fig. 5. In the
presence of Tx, RANKL gene expression in co-cultured cells within the
3D collagen matrix exhibited a dynamic response. At the 24-h time
point, RANKL expression was significantly up-regulated (p=0.03)
(Fig. 5), indicating a potential early expression of osteoclastogenic
signaling. However, by the 48-h point, RANKL expression was down-
regulated under similar conditions (p=0.01)(Fig. 5A), suggesting a
delayed or compensatory response in osteoclastogenic activity. In
contrast, the expression levels of the osteogenesis marker ALP were
consistently up-regulated at 24 h (p=0.02) and 48 h (p=0.30) in the
presence of Tx but only significant at 24 h, reflecting an increase in bone-
forming phenotype under this condition (Fig. 5B).

In the analysis of osteoclastogenesis markers MMP3, TRAF6, and
ACP5, the effects of Tx showed a dynamic response (Fig. 6). In the co-
culture group, TRAF6 expression was significantly up-regulated by
almost 6-fold at 24 h (p=0.008) and remained significantly elevated at
48 h (4-fold compared to the control group) (p=0.04), showing Tx’s role
in enhancing TRAF6 expression in this co-culture environment. How-
ever, MMP3 expression was downregulated at all time points in the co-
culture model (24 h: p=0.0001; 48 h: p=0.004). Additionally, ACP5
levels were consistently lower at 24 h (p=0.02) in the presence of Tx,
indicating reduced osteoclast differentiation potential, with expression
remaining unchanged after 48 h (p=0.91). This differential impact of Tx
on MMP3, TRAF6, and ACP5 highlights its complex role in modulating
osteoclastogenesis depending on the cell-cell contact in a co-culture
model.

3.3. The Synergistic Effect of Tx and Osteoblast/M1 Co-culturing in
Inflammation

In the presence of Tx, the expression of the pro-inflammatory genes
TNF-α and IL1β, as well as the anti-inflammatory genes CCL18 and
CD163, demonstrated notable temporal expressions (Fig. 7). For TNF-α
and IL1β, down-regulation was observed at the 24 and 48 h time points
(24 h: TNF-α p=0.004 and IL1β p=0.0004; 48 h: TNF-α p=0.04 and IL1β
p=0.001), which suggests an initial anti-inflammatory effect of Tx.
Additionally, this suppression was followed by an up-regulation of anti-

Fig. 2. Histology images of hFOB within the collagen matrix. Representative hematoxylin and eosin staining at A, B) control and C, D) Tideglusib (Tx) treated
groups, after 24 h and 48 h The scale bar is 100 µm.
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inflammatory genes at 48 h (p=0.01).
For both anti-inflammatory markers CCL18 and CD163, the expres-

sion was initially down-regulated at 24 h but then up-regulated at 48 h
by almost 2.5-fold and 4.5-fold (p=0.003 and p=0.01, respectively).
This pattern suggests that while Tx may enhance CCL18 and CD163
expressions in the later phase, its effect is contingent over time. Overall,
these findings highlight Tx’s complex role in modulating inflammatory
responses, demonstrating its anti-inflammatory effect in particular when
osteoblast and macrophages were both cultured together along with the
Tx.

4. Discussion

In this study, whether the presence of Tx would affect the inflam-
matory and osteoclastogenic environment of human osteoblasts when
co-cultured with M1 macrophages was evaluated. For this purpose,
hFOB and M1 cells were co-cultured in direct contact for 24 and 48 h,
with or without the presence of Tx (Fig. 1). Co-culturing was specifically
chosen to closely mimic the in vivo environment, as direct interactions
between osteoblast and pro-inflammatory macrophages are critical in
modulating both inflammatory and osteogenic responses [8]. This
approach allows for a more comprehensive examination of Tx’s effects
within a three-dimensional matrix. Compared to cell monocultures,
co-culture offers the opportunity to study the interaction between os-
teoblasts and macrophages, particularly under the influence of drugs

[17], such as Tx. ALP activity, the expression of inflammatory-related
genes using RT-qPCR and histological analyses were performed.

For hFOB and M1 macrophages in co-culture, Tx exerted an increase
in ALP production after 24 h by up to eight times, and after 48 h, ALP
secretion was double fold (Fig. 5B). Therefore, the null hypothesis is
rejected. ALP activity is one of the most frequently used markers of early
osteoblasts differentiation [9] and plays a role in the mineralization of
newly formed bone [4]. A large amount of Wnt proteins induces ALP
production in mesenchymal cells [18]. Our results corroborate previous
studies in which Tx promoted bone regeneration and osteoblast differ-
entiation in experimental animals [11], as bone formation was stimu-
lated by the inhibition of GSK-3β [18], a potent driver of inflammation
[19]. Tx stabilizes β-catenin, a crucial downstream target of Wnt
signaling [11]. In this study, 50nM of Tx was used, a concentration that
has also been proven sufficient to augment bone healing in a
critical-sized defect model [11,18]. Tang et al. [20] observed lower ALP
activity and down-regulation of ALP gene expression, showing inhibi-
tion of osteogenic differentiation after co-culturing M1 macrophages
and adipose-derived mesenchymal stromal cells in the early stages of
osteogenesis, similar to what occurred in this study (Fig. 5B). Low ALP
activity is associated with a small number of osteoblasts in the collagen
matrix. However, based on our results, it may be that local delivery of Tx
could counteract this effect on co-cultured cells. Comeau-Gauthier et al.
[11] obtained the first early peak in ALP activity at 14 d postoperative in
animal experimentation, suggesting an enhanced osteoblast

Fig. 3. Histology images of macrophage (M1) within the collagen matrix. Representative hematoxylin and eosin staining at A, B) control and C, D) Tideglusib (Tx)
treated groups, after 24 h and 48 h The scale bar is 100µm.
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differentiation after local administration of Tx.
Our data suggested that in co-culture, the osteoblasts curbed the pro-

inflammatory differentiation of macrophages in the presence of Tx
(Fig. 7). Thus, the effect of Tx when co-culturing M1 macrophages and
osteoblasts was beneficial. Histological analysis showed greater prolif-
eration of osteoblasts compared to macrophages in the presence of Tx
(Fig. 4). Contact co-culturing down-regulated both IL-1β (a pro-
inflammatory cytokine) and TNF-α gene expression at the 24 and 48 h
time points in the presence of Tx (Fig. 7). These results suggest that Tx
decreased the M1 pro-inflammatory phenotype overall in the presence
of osteoblasts. It is well established that enzymatically active GSK-3β
acts as a crucial positive regulator of pro-inflammatory cytokines, such
as TNF-α and IL1β [19]. Active Wnt/β-catenin signaling represses a
pro-inflammatory response and protects tissues from overwhelming
inflammation. An excessive inflammatory response down-regulates
Wnt/β-catenin signaling, which exerts its function by crosstalk with
other signaling pathways to precisely modulate cellular responses
[21–23]. Several studies have reported that inhibition of GSK-3β
signaling greatly reduces the production of pro-inflammatory cytokines
[24]. Therefore, inhibition of GSK-3β results in the downregulation of
the inflammatory markers [24]. TNF-α generally stimulates M1 differ-
entiation and can promote the switch of M2 (anti-inflammatory) into M1
(pro-inflammatory) phenotypes [14]. Macrophages can communicate
with other cell types via direct cell-to-cell contacts [25], but the specific
mechanism that may drive the suppression or modulation of the

inflammatory response after Tx treatment is not completely understood,
though it is highly complex.

On the other hand, RANKL gene expression in osteoblast and M1 co-
cultured with Tx increased significantly compared to their counterparts
without Tx, at 24 and 48 h time points (Fig. 5A). This significant increase
(p<0.05) in RANKL gene expression would promote osteoclast differ-
entiation in macrophages in close contact with osteoblasts [26].
Regarding the effect of co-culturing on osteoclast marker expression, M1
macrophages within the co-culture significantly expressed the promi-
nent osteoclastogenic marker TRAF6 at both 24 and 48 h in the presence
of Tx (Fig. 6B). These results also corroborate previous research in which
Tx contributed to an increase in the number of both osteoblasts and
osteoclasts in an animal model [18]. Thus, the upregulation of the genes
encoding for this protein would result in increased osteoclast activation
and subsequent bone resorption. The main factor required for osteoclast
maturation involved in bone homeostasis is RANKL, expressed on sur-
face osteoblasts [27]. Osteoblasts have been shown to secrete RANKL,
which can stimulate the differentiation of macrophages into
pre-osteoclasts and, subsequently, into osteoclasts [14]. RANKL binds to
RANK on the surface of pre-osteoclast cells, initiating a signaling cascade
that leads to differentiation into functional osteoclasts [6]. Osteoclas-
togenesis from macrophages is tightly regulated by complex mecha-
nisms, with RANKL being a key factor [28–30]. TRAF6 is a downstream
signaling molecule, where IL1β receptor-activated protein kinase is first
phosphorylated and later associated with other signaling molecules

Fig. 4. Histology images of osteoblasts (hFOB) and macrophages M1 within the collagen matrixes. Representative hematoxylin and eosin staining at A, B) control
and C, D) Tideglusib (Tx) treated groups, after 24 h and 48 h, respectively. The scale bar is 100 µm.
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[27]. RANK utilizes TRAF6 to activate intracellular signaling pathways
to promote osteoclastogenesis [31]. Conversely, MMP3 gene expression
was downregulated at both time points (Fig. 6A). The ACP5marker gene
was downregulated at 24 h and was not affected by the presence of Tx at
the 48-h time point (Fig. 6C). The data in Fig. 6 suggest that close contact
with osteoblasts within the matrix helped M1 macrophages increase
their differentiation into osteoclast when the TRAF6 gene was assessed
at a 48-h time point. Nevertheless, the role of the canonical Wnt/β-ca-
tenin signaling pathway in osteoclastogenesis remains controversial
[18]. Furthermore, activation of GSK-3β can sometimes be favorable in
suppressing osteoclastogenesis [18,24,32].

Inflammation may regulate osteoblast activity within the bone
microenvironment [20]. TNFα is a pro-inflammatory cytokine that
promotes osteoclastogenesis both directly, by increasing the number of
pre-osteoclasts and/or their differentiation, and indirectly, via osteo-
blasts and other cells, which increase RANKL production [14].
Wnt/β-catenin signaling, through the inhibition of GSK-3β, negatively
regulates osteoclastogenesis by inducing osteoprotegerin, a well-known
osteoclast inhibitor secreted by differentiated osteoblastic cells [33,34].
In the present study, though the TNF-α gene was down-regulated at 48 h
in the presence of Tx (Fig. 7A), RANKL gene expression was up-regulated
at the same time point (Fig. 5A). This suggests that osteoblasts may have
been focused on matrix synthesis and deposition [10], or may have been
promoting the differentiation of macrophages into pre-osteoclast [35],
thereby diminishing matrix production. The MMP3 gene was also
down-regulated (Fig. 6A), which is significant because TNF-α increases
the degradation of the extracellular matrix by stimulating the produc-
tion of matrix metalloproteinases (MMPs) [36]. IL1β [7] also plays a
notable role; it can down-regulate the expression of type II collagen and
modulate the induction of MMP expression.

In the present study, the IL1β gene expression was always down-
regulated in the presence of Tx (Fig. 7). Recently, the nuclear factor

erythroid 2 (NF-E2)-related factor 2 (Nrf2) has gained increasing
attention for its role in preventing inflammation. Kobayashi et al. [37]
demonstrated that Nrf2 regulates the transcription of IL1β by binding to
the promoter regions of this NF-κB-mediated pro-inflammatory cytokine
[38], and Tx is a clinically tested Nrf2 inducer [39]. Therefore, GSK-3β
enzyme inhibition by Tx may modulate the Nrf2 pathway in response to
cellular damage, which could be responsible for the lower IL1β gene
expression, thereby producing cell protective effects [37].

The primary cells that secrete IL1β are macrophages [36,40]. IL1β is
a strong stimulator of bone resorption, regulating and enhancing the
production of RANKL, stimulating osteoclast activity, and inhibiting
osteoclast apoptosis [27]. Many of the effects of TNF-α on osteoclasto-
genesis are up-regulated by IL1β [27]. IL1β strongly inhibits osteo-
blastogenesis, decreases new bone formation, and contributes to
aggravating apical periodontitis [41]. Therefore, in co-culture, the
presence of Tx may help alleviate periodontitis in the early stages of
bone regeneration. On the other hand, TNF-α has been proven to inhibit
early RANKL-induced osteoclastogenesis in vitro [14]. Both TNF-α and
IL1β are known to promote osteoclastogenesis and alveolar bone loss
during in vivo experiments. Thus, the pharmacological inhibition of
GSK-3β is expected to suppress the pro-inflammatory role of these cy-
tokines, while concurrently augmenting the production of
anti-inflammatory cytokines [2]. In our research, both types of cytokines
were downregulated in co-culture.

Finally, macrophage differentiation and polarization are rapid and
highly dynamic in response to micro-environment cues, and they can
quickly switch to the M1 phenotype [20]. There is some evidence sug-
gesting that GSK-3β may directly and indirectly regulate the inflam-
matory response in macrophages [32]. As an example of this effect,
GSK-3β regulates NF-κB function and TNF-α regulates GSK3-β signaling
to promote feedback inhibition of NF-κB, leading to reduced inflam-
matory cytokine production [32]. Therefore, GSK-3β has been linked to

Fig. 5. A)Mean and standard deviation of RANKL expression of hFOB and M1co-culture within the matrix after 24 h and 48 h B) Mean and standard deviation of ALP
activity expression of hFOB and M1 macrophages within the matrix after 24 h and 48 h The symbol ‘‘*’’ indicates a significant difference between the control and the
Tideglusib (Tx) experimental group at p<0.05 (n=3). RANKL, receptor activator of nuclear factor-kB ligand.
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the termination of several inflammatory events [19].
Previous research has shown that in contact co-culturing with M1

pro-inflammatory macrophages and osteoblasts, the pro-inflammatory
markers gene expressions were up-regulated, while some anti-
inflammatory markers were down-regulated [14]. However, this study
demonstrates how osteoblasts and macrophages, when cultured in an
inflammatory environment, may modulate their behavior in the pres-
ence of Tx. The complex interplay between osteoblasts and
pro-inflammatory macrophages within the three-dimensional collagen
matrix warrants further study to better understand their potential con-
tributions to bone tissue homeostasis and regeneration. The present
results can serve as a basis for the rational design of therapeutic stra-
tegies aimed at manipulating the innate immune response in the
periodontium affected by periodontitis. Since this process is aggravated
by an excessive inflammatory reaction, primarily mediated by the
NLRP3 inflammasome [42], the search for immunomodulatory scaffolds
to attenuate the inflammatory response through the local release of
drugs like Tx is a promising approach. This is especially challenging
when attempting bone regeneration in the harsh inflammatory envi-
ronment surrounding defect sites caused by periodontitis, which is
dominated by bacterial LPS, MMPs, inflammatory cytokines, and
phagocytic macrophages (M1), all of which affect the osteogenic

capacity of bone cells. Currently, no studies have considered the effect of
this immunomodulatory drug on osteoblasts and macrophages in
co-culture within such an inflammatory environment.

The study has several limitations. Firstly, it was not possible to
address multivariate research questions, which would require large
numbers of cells and complex mechanistic assays. Additionally, the
entire study was conducted at in vitro conditions, which may not fully
replicate the environment of native injured tissues in periodontitis. In
vivo, the observed cell behavior in the presence of Tx, promoting an
anti-inflammatory and osteogenic environment may be influenced by
other uncontrolled and varying factors. Therefore, animal model ex-
periments on bone regeneration defects induced by experimental peri-
odontitis are necessary before considering the application of the present
material in a clinical setting.

5. Conclusion

In conclusion, this study demonstrated that Tideglusib treatment led
to increased ALP activity, indicating enhanced osteoblast differentia-
tion, and a significant up-regulation of RANKL expression, suggesting
osteoclast activation. These findings highlight the dual role of Tideglusib
in promoting both osteogenic and osteoclastogenic activities. These

Fig. 6. Mean and standard deviation of gene expression of the osteoclast activity markers A)MMP3, B) TRAF6, and C) ACP5, from hFOB and M1 in co-culture at 24 h
and 48 h The symbol ‘‘*’’ indicates a significant difference between the control and the Tideglusib (Tx) experimental group at p<0.05 (n=3). TRAF6, TNF (T nuclear
factor) receptor-associated factor 6; MMP3, Matrix Metallopeptidase 3; ACP5, Acid phosphatase 5 tartrate-resistant; Tx, Tideglusib.
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findings suggest that Tx, through GSK-3β inhibition and subsequent
Wnt/β-catenin signaling modulation, may offer therapeutic potential for
bone regeneration in inflammatory environments such as periodontitis.
However, further in vivo studies are needed to validate these results and
assess the clinical applicability of Tx in bone regeneration therapies.
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