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Abstract: Objective: Wingless/integrated (Wnt) signaling plays critical roles in maintaining environ-
mental homeostasis and is also involved in the pathogenesis of inflammatory diseases. However,
its role in macrophages during periodontitis is not well understood. The present study aims to
investigate the interaction between Wnt signaling and macrophages in the context of periodonti-
tis. Methods: Experimental periodontitis was induced in C57/BL6 mice using a Porphyromonas
gingivalis (P.g)-associated ligature for 14 days. Immunohistochemistry was performed to study the
expression of the pro-inflammatory cytokine tumor necrosis factor (TNF-α), the stabilization of
β-catenin, and the macrophage marker F4/80 in the periodontal tissues. The effect of Wnt signaling
on TNF-α was examined using Western blot analysis in Raw 264.7 murine macrophages stimulated
by Wnt3a-conditioned medium, with or without Wnt3a antibody neutralization, and compared with
primary cultured gingival epithelial cells (GECs). The effect of P.g lipopolysaccharide (LPS) on Wnt
signaling was assessed by analyzing key components of the Wnt signaling pathway, including the
activity of low-density lipoprotein receptor-related protein (LRP) 6 and nuclear accumulation of
β-catenin in GEC and Raw 264.7 cells. Results: Over-expressions of TNF-α and activated β-catenin
were presented in the macrophages in the gingiva from mice with P.g-associated ligature-induced
periodontitis. The expression patterns of TNF-α and activated β-catenin were consistent with the
expression of F4/80. In Raw 264.7 cells, activation of the Wnt signaling pathway led to an increase in
TNF-α, but this effect was not observed in GEC. Additionally, treatment with LPS induced β-catenin
accumulation and LRP6 activation in Raw 264.7 cells, which were blocked by the addition of Dickkopf-
1(DKK1). Conclusions: Wnt signaling was aberrantly activated in the macrophages in experimental
periodontitis. The activation of Wnt signaling in the macrophages may play a pro-inflammatory role
in periodontitis. Targeting specific signaling pathways, such as the Wnt pathway, may hold promise
for developing novel therapeutic interventions for periodontitis.
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1. Introduction

Periodontitis is a chronic inflammatory disease that is initiated by reversible infectious
gingivitis and develops to irreversible periodontal inflammation. It is a leading cause
of jawbone loss and deep tissue damage [1]. Among the various types of cells in the
periodontal tissues, gingival epithelial cells (GEC) and macrophages are important cells in
maintaining periodontal homeostasis and limiting pathogen invasion [2,3].

The GEC functions as a first line defense against the invasion of exogenous pathogens,
protecting the periodontal tissues from biofilm contact. GEC also plays a critical role in
triggering and modulating the immune response by expressing several pattern recognition
receptors (PRRs) that recognize periodontal pathogens and activate the key inflammatory
cytokines to trigger and regulate the immune response of macrophages [4,5]. Gingivitis is
the first manifestation of an immune response and contributes to the further development
of periodontitis.
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Macrophages play a central role in initiating the immune response. A recent study
showed that pro-inflammatory macrophages play a pathogenic role in the chronic inflam-
mation associated with periodontitis and is a major resource of pro-inflammatory cytokines.
Periodontitis-related inflammation is mainly driven by bacterial communities [6,7], of
which Porphyromonas gingivalis (P.g) is the most prominent. The virulence factor of P.g,
lipopolysaccharide (LPS), plays the main pathogenic role in the initiation and enhancing of
inflammation [8]. The inflammation begins with the immune response of resident immune
cells, including the macrophages to the bacterial biofilm followed by the activation of in-
flammation cytokines [7]. Among the many pro-inflammatory cytokines that macrophage
mediate, tumor necrosis factor α (TNF-α) is one of the key early cytokines induced by
periodontal pathogens in destructive periodontitis. TNF-α over-expression in the gingiva
has been shown to contribute to the onset of periodontal diseases by augmenting bacterial
invasion [9], dysregulating immune responses, inducting other pro-inflammatory media-
tors and adhesion molecules to facilitate the inflammation response, and promoting the
destruction of alveolar bone by stimulating osteoclast formation [9–13].

Canonic Wnt signaling, also referred as the β-catenin-dependent pathway, is highly
conserved and essential for development, tissue homeostasis, and disease [14]. This path-
way is initiated when Wnt, a family of secreted glycoproteins, binds to the Frizzled (Fz)
family of receptors and the co-receptor, low-density lipoprotein receptor-related proteins
5 and 6 (LRP5/6), on the cell surface. This binding leads to the recruitment of the intra-
cellular protein Disheveled (Dvl) to the plasma membrane, disrupting the formation of
the destruction complex consisting of Axin, APC, PP2A, and GSK3β [15]. Normally, in the
absence of Wnt signaling, the destruction complex is activated, and GSK3β continuously
phosphorylates β-catenin at specific sites, including serine 33/37, threonine 41, and ser-
ine 45. The phosphorylated β-catenin is then targeted by the β-Trcp E3 ubiquitin ligase
complex, leading to its ubiquitination and proteasomal degradation. However, when Wnt
signaling is activated, the destruction complex is inhibited, and β-catenin is stabilized and
accumulates in the cytoplasm, where it can then translocate to the nucleus and interact
with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factor to induce the
expression of Wnt target genes involved in various cellular processes.

The aberrant activation or dysregulation of the Wnt signaling has been shown to
play a key causative mechanistic role in triggering and amplifying pathogenic inflamma-
tion [16,17]. In the context of periodontitis, Wnt signaling has been widely recognized as
critical for maintaining periodontal tissues and promoting tissue remodeling, particularly
in the regeneration of alveolar bone, periodontal ligaments, and cementum [18]. However,
the exact role of the canonic Wnt signaling pathway in the inflammation associated with
periodontitis in GECs and macrophages remains unclear [19]. In this study, we sought to
investigate the role of the canonical Wnt signaling pathway in macrophages and GECs
during periodontitis. By examining the interaction between the canonical Wnt signaling
pathway and these cell types, we aim to gain insights into the underlying mechanisms of
periodontitis and identify potential therapeutic targets.

2. Materials and Methods

Animal: Wild-type (WT) C57BL/6 mice (Jackson Laboratory) were used for exper-
iments at the age of 8–10 weeks old (body weight 20 g to 28 g) with equal numbers of
male and female mice. For the in vitro study, a total 12 mice was used (6 per group). For
the in vivo study, a total of 12 mice was used (6 per group). All mice were distributed
into groups randomly with different cages/racks in the fully functional animal facility.
The Institutional Animal Care and Use Committee approved all the animal experiments
(IACUC-20-005). All the animal experiments complied with the ARRIVE guidelines.

Animal model: P.g-associated ligature-induced experimental periodontitis was in-
duced by ligation with silk (7-0, Fisher Scientific, Waltham, MA, USA) surrounding the
maxillary second molars on the left side. The silk was soaked in the P.g (Strain ATCC 33277)
suspension for 30 min before ligation. All the mice were anesthetized by intraperitoneal
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injection with ketamine/xylazine (87 mg ketamine/kg, 10 mg xylazine/kg). The ligatures
were checked every 2 days and replaced if missing. Both groups (Group 1, staining for
TNF-α; Group 2, staining for β-catenin; n = 6 animals/group) were sacrificed on day 14,
and samples were processed blinded.

Immunohistochemistry staining: The maxillae from at least three animals in each
treatment groups were harvested and fixed in 4% formaldehyde for 12 h. The samples were
then decalcification in 10% EDTA for 2 weeks at 4 ◦C with agitation. After embedding with
paraffin and sectioned along the long axis of the molars, these sections were deparaffinized
and rehydrated, followed by antigen retrieval and blocking with 1% BSA (Cell Signaling,
Danvers, MA, USA, #9998) and 10% goat serum (Cell Signaling, #5425). Primary antibodies
used in the study were rabbit anti-TNFα antibody (Abcam, Cambridge, UK, ab 6671, 1:50),
rabbit non-phospho (active) β-catenin at Ser33/37/Thr41 (D13A1) (Cell Signaling, #8814,
1:100), and rabbit anti-mouse F4/80 (MyBiosource, San Diego, CA, USA, MBS8535016,
1:300). A rabbit-specific HRP/DAB kit (Abcam, ab64261) was used to show the antigen
localizations. After hematoxylin counterstaining, images of gingival areas mesial and distal
to the molars were taken under light microscope.

Cell preparation and culture: Mouse gingival epithelial cells were isolated and cul-
tured following a procedure described previously [20]. Briefly, the palatal gingival tissue
was minced by scalpel and then put in solutions containing Dispase II (2 mg/mL, Sigma,
St. Louis, MO, USA) and collagenase (4 mg/mL, Sigma) for 1.5 h at 37 ◦C. After cen-
trifugation and rinsing, the cells were separated and cultured in keratinocyte serum-free
medium (Gibco, Waltham, MA, USA) for 7 days, after which they were ready to use. To
study the direct effect of Wnt on TNF-α, primary cultured gingival epithelial cells and Raw
264.7 cells were stimulated with 0.1 µg/mL P.g LPS (Invivogen, tlrl-pglps) for 2 h before
being pre-treated with control IgG (R&D system, Minneapolis, MN, USA, 6-001-F, 5 µg/mL)
or anti-Wnt3a antibody (Santa Cruz Biotechnology, Dallas, TX, USA, AB_2215415, 5 µg/mL)
overnight, then cultured in a control medium or 50% Wnt3a-conditioned medium (ATCC,
CRL-2647) for 48 h. To study the effect of P.g LPS on the Wnt pathway, gingival epithelial
cells and Raw 264.7 murine macrophages were treated with 1 µg/mL P.g LPS and were
harvested at 0, 1, 3, 6, 12, and 24 h for the Western blot analyses. For the immunohistochem-
istry analysis, GEC and Raw 264.7 murine macrophages were pretreated with DKK-1 (R&D
system, 5897-DK-010/CF, 500 ng/mL) for 24 h, followed by 1 µg/mL P.g LPS for 24 h.

2.1. Non-Junctional Glycoprotein Isolation

Non-junctional β-catenin was isolated following a protocol previously described by
Fagotto et al. [21]. Briefly, after treatment, Raw 264.7 cells and GECs were washed and
harvested in a non-ionic detergent buffer, and equal amounts of total protein (50 µg) were
incubated with 160 µL concanavalin A (ConA)–magnetic beads (500 µg) for 1 h in an
activation buffer (Cell Signaling, Cat. 93569). The Con A beads were then washed 2 times to
remove the non-functional cadherin binding protein (junctional β-catenin). The equivalent
ConA unbound fraction proteins were subjected to standard SDS-PAGE and immunoblot
analysis for Wnt/β-catenin signaling.

2.2. Nuclear Fraction Preparation

Raw 264.7 cells and GEC cells were collected, washed, and suspended in a cytoplasmic
extract buffer and incubated on ice for 40 min, and then the suspension was centrifuged
at 12,000 rpm. The resulting supernatant containing the cytoplasmic extract was carefully
collected and stored. The nuclear pellet was washed to remove any residual cytoplasmic
material and then resuspended in a nuclear extraction buffer. This suspension was incu-
bated on ice for 15 min and then centrifuged at 14,000 rpm. The resulting supernatant was
collected, and the protein concentration of the nuclear extract was determined by a BCA
protein assay kit (Thermo Fisher, Cat. 23225) according to the manufacturer’s instructions.
The nuclear extracts were then stored at −80 ◦C until use.
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Immunoblot analysis: The procedure was followed as described previously [22].
Briefly, nuclear cell lysates or non-junctional cell lysates (20 µg) were used for the analysis
of non-phospho β-catenin, and the total cell lysates were used for TNF-α and Phospho
LRP6. The expressions were normalized by β-actin levels and analyzed by ImageJ software
(Version 1.54d). Specifically, the integrated density of each band of interest was determined,
and it was divided by the integrated density of the corresponding β-actin band using ImageJ
software. Primary antibodies included rabbit anti-non-phospho β-catenin (Cell Signaling,
#8814, 1:500), rabbit anti-TNFα antibody (Abcam, ab 6671, 1:000), rabbit anti-phospho LRP6
(Cell Signaling, #2568, 1:500), and rabbit anti-β-actin (Abcam, ab8227, 1:2000).

Statistical analysis: All the results were expressed as means ± SD. Unpaired Student’s
t tests were used for comparisons of any two groups of data sets in the statistical analysis.
Probability values less than 0.05 were considered statistically significant. All statistical
analysis was performed by GraphPad Prism.

3. Results
3.1. The Pro-Inflammatory Cytokine TNF-α Was Elevated in the Periodontal Tissues of
Experimental Periodontitis

TNF-α is known to be destructive and is implicated in bone loss during the disease, and
there is a strong positive correlation between the over-expression of TNF-α in periodontal
tissues and tissue destruction.

To better understand the role of TNF-α in periodontitis, we examined its expression
in a P.g-associated ligature-induced periodontitis model. As depicted in Figure 1, positive
staining of TNF-α in the periodontal tissue was discovered in the gingiva of the periodontal
region (Figure 1B,C) of mice with periodontitis 14 days after ligation compared to non-
ligation control tissue (Figure 1A). These findings indicate that TNF-α in the gingiva may
play a crucial role in the pathogenesis by mediating tissue destruction and bone loss;
a further mechanism study is therefore needed to determine the cause underlying the
inflammation in this disease.
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Figure 1. Elevations of pro-inflammatory cytokine TNF-α in the gingival tissue during periodon-
titis. Representative immunohistochemistry analysis of TNF-α expression in periodontal tissues from
mice (n = 3) 14 days after ligature induction. (A) Non-ligation side periodontal tissues. (B) Ligature-
induced periodontitis (LIP). (C) Enlarged view of the box in (B) shows the periodontal tissues. Arrows
(red and yellow) indicate the positive staining cells in the gingival tissue. Scale bar: 50 µm.

3.2. The Canonical Wnt Signal Was Activated in the Gingiva of Experimental Periodontitis

The stabilization and nuclear translocation of β-catenin represents the activation of
Wnt signaling, which activates the nuclear transcriptional factor to promote Wnt target
gene transcription. TNF-α can activate the Wnt/β-catenin pathway, while the activa-
tion of Wnt/β-catenin signaling augments TNF-α and induces NF-kB signaling and pro-
inflammatory cytokine expression. Therefore, we examined the key Wnt signaling effector,
non-phosphorylated β-catenin (np β-catenin), indicating the activation of the canonical
Wnt pathway, in the periodontal tissues during periodontitis.

As shown in Figure 2B, the expression of activated β-catenin (non-phosphorylated
β-catenin), indicating the activation of Wnt signaling, was high in the gingiva of the mice
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14 days after ligation compared with non-ligation control tissue (Figure 2A), and the expres-
sion pattern in the gingival was consistent with the expression of the key pro-inflammatory
cytokines of TNF-α (Figure 1B). These results together suggested that canonical Wnt signal-
ing was activated and likely involved in the inflammatory process during periodontitis.
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Figure 2. A positive aberrant Wnt signal was activated in the periodontal tissues in experimen-
tal periodontitis during periodontitis. Representative immunohistochemical analysis of the non-
phosphorylated β-catenin, indicating Wnt signaling activation, in the periodontal section from the
mice (n = 3) 14 days after ligation (B) and without ligation (A), respectively. (A1) is one of the enlarged
views of without ligation group. (B1) is the enlarged view of the box (B1) in (B), and (B2) is the
enlarged view of the box (B2) in (B) to show the positive staining, likely GECs (yellow arrows) or
immune cells (green arrows), respectively. Scale bar: 50 µm.

These data suggested that the canonical Wnt pathway is likely activated in the gingiva
during periodontitis and is consistent with the expression of the key pro-inflammatory
cytokines of TNF-α. These results together suggested that canonical Wnt signaling is
activated in gingiva, and this activation is involved in the inflammatory process during
periodontitis.

3.3. Activation of Canonical Wnt Signaling Induced TNF-α Expression in the Macrophages but
Not in GEC In Vitro

Given the important role that the Wnt signaling pathway plays in recruiting macrophages,
we sought to determine whether the pathway is present in macrophages in the gingiva
during periodontitis. To this end, we examined the expression of F4/80, a macrophage-
specific marker. Our results, shown in Figure 3, revealed a similarity in the expression
patterns of F4/80 (Figure 3B), activated β-catenin (Figure 2B), and TNF-α (Figure 1B) in
the gingiva during periodontitis. Accordingly, it is reasonable to hypothesize that the
consistent expression of activated β-catenin and TNF-α is associated with macrophages,
and that the activation of the Wnt pathway is linked to the recruitment and activation of
macrophages in the gingiva during periodontitis.

To assess if the activation of the Wnt signaling in macrophages plays a pathogenic role
in inflammation, we examined if activation of the canonical pathway alone could increase
the expression of TNF-α in comparison to primary cultured gingival epithelial cells (GEC).
We exposed GECs and Raw 264.7 cells to 50% Wnt3a-conditioned medium (CM), which
induced mainly the canonical Wnt signaling pathway, resulting in the accumulation of
β-catenin in the nucleus (Figure 4A,C). As shown in Figure 4B,E, exposure to Wnt3a CM
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for 48 h resulted in the stabilization of non-phosphorylated β-catenin in the nucleus, with
a 2.4-fold in GEC and 6.5-fold increase in Raw 264.7 cells, confirming activation of the
canonical Wnt pathway.
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Figure 3. The expression of macrophage-specific markers in the periodontal tissues during peri-
odontitis. Representative immunohistochemical staining of the F4/80 in the periodontal section
from the mice (n = 3) 14 days after ligation (B) and without ligation (A), respectively. (A1) is one of
the enlarged views of without ligation group. (B1,B2) are the enlarged views of boxes in (B). Arrows
(green) indicate the positive staining of F4/80. Arrow blue, nuclear staining. Scale bar: 50 µm.

Next, upon confirmation of Wnt signaling activation, its effects on the expression of
TNF-α were subsequently examined and compared, as depicted in Figure 4A,C; interest-
ingly, the levels of TNF-α were not significantly increased in the GEC (Figure 4C) but were
significantly increased in the Raw 264.7 cells 8.9 fold (Figure 4F). These data clearly showed
a direct association between Wnt signaling activation and the production of TNF-α, and
especially in the macrophages but not in the GEC.

To further test the hypothesis that the increase of TNF-α resulted from Wnt signaling
activation, we examined whether Wnt-directed TNF-α secretion would be abolished or
decreased when Wnt activation was inhibited in these cells. As shown in the representative
Western blot in Figure 4A,D, when we neutralized Wnt3a using an anti-Wnt3a-specific
antibody, Wnt activation was silenced, as indicated by the decreased accumulations of non-
phosphorylated β-catenin in the nucleus from 2.4-fold to 1.4-fold of the control in GEC and
from 6.5-fold to 2.3-fold of the control in Raw 264.7 cells. However, unlike the significant
alterations of β-catenin in both GEC and Raw 264.7 cells, the change in TNF-α was not
significant in GEC (Figure 4C) but significantly decreased in Raw 264.7 cells (Figure 4F).
These data suggest that activation of the canonical Wnt signaling has a significant direct
effect on the induction of TNF-α in macrophages, but not in GEC.

Overall, these findings support the hypothesis that activation of the Wnt pathway is likely
associated with the recruitment and activation of macrophages in the gingiva during periodon-
titis, which may contribute to the pathogenesis of inflammation in periodontal diseases.



Dent. J. 2023, 11, 129 7 of 12

Dent. J. 2023, 11, x FOR PEER REVIEW 7 of 13 
 

 

(Figure 4F). These data suggest that activation of the canonical Wnt signaling has a signif-
icant direct effect on the induction of TNF-α in macrophages, but not in GEC. 

 
Figure 4. Activation of Wnt signaling induced the secretion of TNF-α in the GEC and macrophages.
After serum starvation, the primary cultured gingival epithelial cells (A) and Raw 264.7 cells (D) were
pre-treated with control IgG or anti-Wnt3a antibody at a concentration of 5 µg/mL overnight, and
then they were cultured in a control medium or 50% Wnt3a-conditioned medium (CM) for 48 h.
The non-phosphorylated β-catenin at Ser33/37/Thr41 (B,E) and the TNF-α (C,F) were measured by
Western blot analysis in equal amounts of non-junctional protein and the total cell lysis in GEC and
Raw 264.7 cells, respectively. Each lane represents one individual treatment (mean ± SD; all groups
n = 4, * p < 0.05, ** p < 0.01 as indicated; NS, no significant difference).



Dent. J. 2023, 11, 129 8 of 12

3.4. P.g LPS Activated Wnt Signaling in the GEC and Macrophages In Vitro

The principal component from P.g is lipopolysaccharide (LPS), which is important vir-
ulence factor in the mechanisms of periodontitis and can induce TNF-α secretion. Based on
our previous findings, we hypothesized that LPS may also induce Wnt signaling activation
in macrophages during periodontitis. To test this hypothesis, we examined the effects of
LPS on key components of the Wnt pathway.

As shown in Figure 5, exposure of GEC (representative Western blots in Figure 5A)
and Raw 264.7 cells (representative Western blots in Figure 5C) to LPS (1 µg/mL) for a time
range from 1 h to 24 h resulted in increased phosphorylated LRP6, indicating initial Wnt
activation, and increased accumulation of non-phosphorylated β-catenin in the nucleus, a
hallmark of the canonical Wnt signaling activation (Figure 5B,D).
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confluence, primary cultured GEC (A) and Raw 264.7 cells (C) were stimulated with 1 µg/mL P.g
LPS for 0 to 24 h, the cells were harvested at indicated time, and the expression of TNF-α and
Wnt activation were measured by Western blot analysis. Phosphorylated LRP6 and TNF-α in the
equal amount of total cell lysis, and non-phosphorylated β-catenin in the equal amount of non-
junctional cell lysis were analyzed and compared at 0, 1, and 24 h in the GEC (B) and macrophages
(D) (mean ± SD; all groups n = 3, * p < 0.05, ** p < 0.01; NS, no significant difference). Representative
immunohistochemistry analysis of the non-junctional β-catenin in the GEC (E) and Raw 264.7 cells
(F) pretreated with 500 ng/mL DKK-1 for 24 h and followed with 1 µg/mL P.g LPS for 24 h. Scale
bar: 50 µm.

To further investigate the effect of LPS-induced Wnt signaling activation on TNF-
α production, we used DKK1, a Wnt antagonist via the internalization of the key co-
receptor LRP6 on the cell surface, to inhibit Wnt signaling in GEC and macrophages. As
shown in Figure 4E,F, pretreatment with 500 ng/mL of DKK1 for 24 h prevented the
nuclear accumulation of non-junctional β-catenin in both GEC and Raw 264.7 cells upon
stimulation with LPS (1 µg/mL for 2 h), indicating inhibition of canonical Wnt signaling.
Interestingly, the levels of TNF-α were not significantly altered in GEC (Figure 5B) but were
remarkably increased in Raw 264.7 cells upon LPS stimulation (Figure 5D). Moreover, the
increase of phosphorylated LRP6 and non-phosphorylated β-catenin in Raw 264.7 cells
was significantly higher than in GEC.

Taken together, these results suggest that LPS functions as a strong activator of the
Wnt pathway in both GEC and macrophages. However, Wnt signaling activation in
macrophages, but not in GEC, likely plays a major pro-inflammatory role.

4. Discussion

Periodontitis is a complex disease caused by the interaction between the oral micro-
biota and the host immune system, resulting in the destruction of the periodontal tissues
and alveolar bone loss. In our present study, we focused on Wnt pathway activation
and its relationship with TNF-α, a key pro-inflammatory cytokine in periodontitis. Our
findings suggest that Wnt signaling is activated in the gingival tissue during periodontitis
induced by P.g LPS ligature. We also demonstrated that the Wnt pathway has a direct
pro-inflammatory effect on the production of TNF-α in macrophages in the gingival tissue.
Furthermore, we found that LPS can activate the Wnt pathway, while inhibition of the Wnt
signaling results in the reduction of TNF-α in macrophages.

The present study investigated the role of TNF-α and Wnt signaling in the pathogen-
esis of destructive periodontitis. The findings of this study are consistent with previous
research that has shown TNF-α to be a potent early pro-inflammatory cytokine in destruc-
tive periodontitis, and that its activities in the periodontal tissues include degradation of
the connective tissues and stimulation of osteoclast formation [23]. Previous research has
also suggested a complex interaction between Wnt signaling and TNF-α in various cells.
For instance, Jang et al. demonstrated that TNF-α activates the Wnt/β-catenin pathway in
human bronchial epithelial cells [24], while Hiyama showed a complex interaction between
Wnt signaling and TNF-α in nucleus pulposus cells. In the latter study, the activation
of Wnt signaling up-regulated TNF-α expression and caused cell degeneration [25,26].
In the present study, we found that although the expression of TNF-α and the aberrant
activated signaling were concurrent in the GEC and macrophages during periodontitis,
the regulatory role of Wnt signaling on TNF-α was different in these two cell types. In the
GEC, activation or inhibition of Wnt signaling generated insignificant changes in TNF-α
expression. In contrast, in the Raw 264.7 macrophage cell line, Wnt signaling activation
caused a robust increase in TNF-α, while blocking the Wnt pathway resulted in a dramatic
reduction. These disparities suggest that macrophages play a crucial role in stimulating
TNF-α secretion during periodontitis, which is consistent with the previous findings that
macrophages are a major source of TNF-α [3]. Further studies are needed to elucidate the
mechanisms underlying this differential regulatory effect.
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The study also found that P.g LPS activated Wnt signaling in macrophages, which likely
induces M1 polarization based on its strong TNF-α induction effect. Wnt signaling has been
shown to play a protective role in the development and maintenance of periodontal tissues
and regeneration of the alveolar bone, periodontal ligament, and cementum [27]. Therefore,
modulation of macrophage polarization through interfering with Wnt signaling may indicate
a novel direction to prevent the inflammation and bone loss in periodontal tissue.

Although the study did not find significant alteration of TNF-α expression upon
activation of Wnt signaling, the present study did find interesting disparities in the ac-
cumulation of β-catenin and the phosphorylation of LRP6 during a time course, GEC
displayed a rapid response to the stimulator, and the role of the Wnt signaling in GEC
acting as an inducer or a messenger through the secretion of Wnt ligand or TNF-α for
macrophages is unclear. The present study also showed that LPS acted as an activator
of the Wnt pathway, likely through interfering with the binding of the Wnt ligand to the
receptor or post-translational modification of the receptor. Further research is necessary
to explore potential crosstalk between the Wnt and toll-like receptor signaling pathways,
which both induce pro-inflammatory cytokines.

The findings of this study contribute to our understanding of the complex interactions
between TNF-α and Wnt signaling in periodontitis. Previous research has highlighted the
significant role of TNF-α in the pathogenesis of destructive periodontitis, and our study
found that activated Wnt signaling plays a complex and cell-type specific role in TNF-α
expression, suggesting a modulating effect on inflammation during periodontitis.

It is important to note that this study has some limitations. Firstly, we focused
exclusively on the effects of Wnt signaling on TNF-α expression and did not investigate
the potential influence of other inflammatory cytokines or signaling pathways. Given
the complexity of periodontitis, it is likely other signaling pathways are involved and
may cross-talk with Wnt signaling. Secondly, our experimental periodontitis mice model
was limited to a 14-day period. While this time frame allowed us to observe significant
changes in TNF-α expression, further research is needed to investigate the progression of
periodontitis over shorter or longer periods. This would provide a more comprehensive
understanding of the disease process. Additionally, we attempted to perform quantitative
analysis of the images, but the complex and variable background made it impossible to
obtain accurate and reproducible results. Therefore, we presented the data in a binary
representation format, indicating either the presence or absence of staining, in order to
provide a clear indication of the staining pattern, but it does have its limitations.

In addition, in Figures 4B–F and 5, it appears that there is a difference in the TNF-α
effect between the control and the Wnt3a+ Ab group (Figure 4) or between 1 h and 24 h in
Figure 5. There may be several factors contributing to this difference. One possibility is that
Wnt signaling is not completely blocked in the Wnt3a+Ab group, leading to some residual
Wnt activity. Another possibility is that non-Wnt pathways may be activated downstream of
the receptor, bypassing the need for Wnt signaling altogether. These potential mechanisms
make the interpretation of the results complicated and require further study to explore.
Therefore, in our present study, we aim to focus solely on comparing the effect of Wnt
activation and inactivation, without delving into the intricacies of the downstream signaling
pathways.

Overall, our findings shed new insights into the interplay between inflammation and
Wnt signaling in macrophages during periodontitis and highlight the need for further
research to fully understand the mechanism involved in this complex disease. Targeting
specific signaling pathways, such as the Wnt pathway, may hold promise for developing
novel therapeutic interventions for periodontitis. We hope our study will contribute the
development of new treatments for this challenging condition.
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