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Abstract: Periodontitis is accompanied by inflammation that causes dysregulation of the
Wnt/β-catenin and TGF-β signaling pathways. This leads to a violation of the homeostasis
of periodontal tissues. Components of the extracellular matrix (ECM) are an important
part of biomaterials used for the repair of periodontal tissue. The purpose of this study
was to evaluate the components of the effect of ECM (hyaluronic acid (HA), fibronectin
(Fn), and laminin (Lam)) on the osteogenic and odontogenic differentiation of periodontal
ligament stem cells (PDLSCs) in the collagen I hydrogel under conditions of disruption of
the Wnt/β-catenin and TGF-β signaling pathways. The study showed that the addition
of components of the ECM restored the expression of odontogenic markers in PDLSCs,
which was absent during inhibition of the canonical Wnt signaling pathway, and their
multidirectional effect on the secretion of transforming growth factor-β1 (TGF-β1) and bone
morphogenetic protein 2 (BMP-2). Fn and Lam suppressed the expression of odontogenic
markers in PDLSCs against the background of inhibition of the TGF-β signaling pathway.
The addition of HA under the conditions of the TGF-β signaling pathway improved BMP-2
secretion, preserving odontogenic differentiation. Thus, our results demonstrated that
disruption of the Wnt/β-catenin and TGF-β signaling pathways causes disorders in the
differentiation of PDLSCs, preventing the regeneration of periodontal tissues. This should
be taken into account when developing multicomponent scaffolds that recapitulate the ECM
microenvironment at endogenic regeneration of the periodontium. Inclusion of hyaluronic
acid as one of these components may enhance the therapeutic effect of such biomaterials.

Keywords: decellularized extracellular matrix; collagen I hydrogel; hyaluronic acid; fi-
bronectin; laminin; periodontal ligament stem cell differentiation; TGF-β signaling; Wnt/β-
catenin signaling

1. Introduction
Inflammation that induces damage to periodontal tissues leads to a disruption of

homeostasis that supports their normal functioning [1,2]. Restoration of mechanisms aimed
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at maintaining the homeostasis of periodontal tissues is a key approach that ensures their
natural regeneration from the point of view of regenerative dentistry. The Wnt/β-catenin
and TGF-β signaling pathways are involved in both the development and regulation of
periodontal tissue function [3–6].

The Wnt signaling pathway plays an important role in periodontal tissue homeostasis,
periodontal cell function, and periodontal progression [7,8]. The Wnt signaling pathway
regulates the proliferation and differentiation of periodontal ligament stem cells (PDLSCs)
and is involved in alveolar process, the formation and orientation of the periodontal
ligament (PDL), and cementum regeneration. Furthermore, data from in vitro studies
suggest that each strand of the Wnt pathway may have different functions: the canonical
Wnt/β-catenin pathway correlates with osteogenic differentiation, and the noncanonical
Wnt pathway may inhibit this differentiation [9]. Modulators targeting Wnt signaling are
considered adjuvant therapy in the treatment of periodontitis [10].

The TGF-β superfamily, including TGF-β1 and BMP, plays a key role in many processes
of periodontal tissue development. Matrix-associated forms of TGF-β are present in the
alveolar bone and connective tissue of the periodontium and are reported to be the most
significant cytokine distributed throughout the PDL. Interestingly, the level of TGF-β
expression in PDL is higher than in pulp or alveolar bone [11]. This indicates the active
participation of TGF-β in maintaining homeostasis and regeneration of periodontal tissues.
However, the function of endogenous TGF-β in PDL cells is not fully understood. Although
the signaling activity of the TGF-β pathway determines the strength and duration of the
response, the nature of this response depends on many microenvironmental factors (type
and state of target cells and ECM type), as well as the presence of other signaling pathways
that modify the response [11].

The transmission of Wnt and TGF-β signaling has a dual effect on cementogenic
differentiation due to the difficulty of crosslinking to multiple signaling pathways. When
PDLSCs are at different stages of differentiation or in different microenvironments, the
role of Wnt and TGF-β signaling can be controversial. Furthermore, there is little or no
information available on the effects of the Wnt and TGF-β signaling pathway on the PDL
and cementum in an inflammatory environment that induces its dysregulation [10,12].

Biomaterials are widely used in the repair of the dental microenvironment by provid-
ing conditions for the migration and expansion of resident stem cells and to support their
self-renewal and appropriate cell differentiation [13]. They should mimic the structure
and ECM composition of periodontal tissues, recreating their microenvironment. The com-
ponents of ECM are an important part of functional biomaterials that are used to induce
phenotypic plasticity and differentiate resident periodontal tissue stem cells to restore
them [14]. They are a reservoir of matrix-associated pro-inflammatory cytokines, growth
factors of the TGF-β family, including several BMPs, and angiogenic growth factors, such
as vascular endothelial growth factor, which are required to achieve osteoinduction by regu-
lating different phases of regeneration [15]. Previously, we showed that the combination of
the decellularized tooth matrix (dTM) and the decellularized periodontal ligament (dPDL)
in a collagen I hydrogel induces spontaneous differentiation of PDLSCs in the osteogenic
and odontogenic directions, and the addition of fibronectin (Fn) induces differentiation
of PDLSCs into odontoblast- and osteoblast-like cells [16]. However, the effect of this
bioengineered construct and the exogenous components of the ECM on the differentiation
of PDLSCs under conditions of dysregulation of signaling pathways is unknown.

The purpose of this study was to evaluate the effect of ECM components on the
osteogenic and odontogenic differentiation of PDLSCs in the collagen I hydrogel with
decellularized matrices under the conditions of disruption of Wnt/β-catenin and TGF-β
signaling pathways.
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2. Materials and Methods
2.1. Preparation of Decellularized Matrices

Healthy teeth (1–3 molars) were used to make bioengineered constructs. The teeth
were obtained with the written consent of the patients. The planned tooth extraction was
performed during orthodontic treatment. The procedures were carried out according to
the guidelines established by the Ethical Committee of the Russian University of Medicine
(code 03/20 from 18 March 2020). Under aseptic conditions, PDL tissues were separated
from the surface of the middle third of the tooth root, cut into strips (0.5 to 0.7 mm), and
stored at -20 ◦C. The teeth were dissected at the cement–enamel junction site. The remaining
tooth roots were used to form particles 1–2 mm thick with an electric mill (Bosch MKM
6000, Görlingen, Germany). Next, to obtain decellularized matrices, PDL strips and tooth
particles were subjected to sequential treatment with chemical detergents (1% SDS solution
and Triton X-100 solution) and enzymes (20 µg/mL DNase solution) (all reagents from
Sigma-Aldrich, St. Louis, MO, USA) using procedures previously described (farther–dPDL
and dTM, respectively) [17].

2.2. ECM Components

The components of ECM at the final concentration (sodium hyaluronate (HA;
1 mg/mL, Dongkook Pharmaceutical Co., Ltd., Seoul, Korea), fibronectin (Fn; 10 µg/mL,
Gibco™ 33016015), and laminin (Lam; 1 µg/mL, Gibco™ 23017015)) were added separately
to the collagen I hydrogel.

2.3. Signaling Pathway Inhibition

To inhibit the Wnt/β-catenin signaling pathway, a small molecule IWP-2 (STEMCELL
Technologies, New York, NY, USA) was used at a concentration of 1.1 µg/mL, which blocks
cell proliferation and differentiation along the canonical pathway. To block the TGF-β
signaling pathway, a small molecule A 83-01 was used at a concentration of 2.1 µg/mL,
which inhibits type I receptor TGF-β, but does not affect the receptors of BMPs. Stock
solutions of inhibitors have been dissolved in 0.05% DMSO (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s protocol.

2.4. Preparation of Bioengineered Constructs in Collagen I Hydrogel

Collagen I hydrogel (Imtek, Russia) and PDLSCs were received according to the
procedures previously described [17]. PDLSCs were obtained from PDL tissues by enzyme
extraction and cultured in DMEM-GlutaMAX growth medium supplemented with 2 mM
essential amino acids, 15% fetal bovine serum (FBS), and antibiotics (100 U/ml penicillin
and 100 µg/mL streptomycin) (all reagents from Gibco, USA) at 37 ◦C, 5% CO2.

The neutralized collagen I hydrogel with an embedded combination of dTM and dPDL,
the suspension of PDLSCs (at a final concentration of 0.5 × 106 cells/mL), and the ECM
component were placed in the wells of a 12-well plate in a volume of 1.5 mL per well and
left to polymerize at 37 ◦C, 5% CO2 for 60 min. After collagen polymerization, prewarmed
complete DMEM-GlutaMAX (Gibco) with 10% FBS containing the signal pathway inhibitors
were added to bioengineered constructs. Cells were cultured for 14 days with a change of
medium every 3 days with the addition of DMSO or inhibitors.

As a control, PDLSCs were cultured with a combination of decellularized matrices
in a collagen I hydrogel in a growth medium with the addition of 0.05% DMSO, which
was used to prepare inhibitor stock solutions without (group 1) or with the addition of
ECM components (groups 2–4). In the experiment, group 1 (without inhibitors with 0.05%
DMSO) was compared with groups 5 (inhWn) and 6 (inhTGFβ), group 2 with groups 7 and
10, group 3 with groups 8 and 11, and group 4 with groups 9 and 12 respectively, as follows:
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(1) Col I + dECM + DMSO (DMSO);
(2) Col I + dECM + DMSO + HA (DMSO+HA);
(3) Col I + dECM + DMSO + Fn (DMSO+Fn);
(4) Col I + dECM + DMSO + Lam (DMSO+Lam);
(5) Col I + dECM + inhWnt (inhWnt);
(6) Col I + dECM + inhTGF-β (inhTGFβ);
(7) Col I + dECM + inhWnt + HA (inhWnt+HA);
(8) Col I + dECM + inhWnt + Fn (inhWnt+Fn);
(9) Col I + dECM + inhWnt + Lam (inhWnt+Lam);
(10) Col I + dECM + inhTGFβ + HA (inhTGFβ+HA);
(11) Col I + dECM + inhTGFβ + Fn (inhTGFβ+Fn);
(12) Col I + dECM + inhTGFβ + Lam (inhTGFβ+Lam).

2.5. Histological and Immunohistochemical Examination

The 3D cultured cells were fixed with 10% neutral formalin on day 14. Next, the
samples were decalcified, embedded in paraffin, and the histological specimens were
prepared according to standard procedures.

For the immunohistochemistry, deparaffinized sections were incubated with antibod-
ies to osteopontin (OPN, ab218237, Abcam, Newark, DE, USA), osteocalcin (OC, ab198228,
Abcam), dentin sialophosphoprotein (DSPP, ab216892, Abcam), dentin matrix acidic phos-
phoprotein 1 (DMP-1, HPA037465, Sigma-Aldrich, St. Louis, MO, USA), and alkaline
phosphatase (ALP, ab216892, Abcam). Before immunohistochemical staining, antigen
recovery was performed using Dako PT Link (Dako, Glostrup, Denmark A/S) at 97 ◦ C
for 20 min. The unmasking was performed under low pH using EnVison FLEX Target
Retrieval Solution (Dako, Denmark A/S). Endogenous peroxidase and host IgG were
blocked, and primary antibodies at the appropriate dilution were incubated for 12 h at
4 ◦C. The EnVision FLEX detection system (Dako, Denmark A/S) with the chromogen 2,
3-diaminobenzidine DAB (DAB Chromogen Solution, Dako) was used for imaging. Nuclei
were counterstained with hematoxylin. Incubation in the absence of primary antibodies
served as a negative control.

2.6. Semi-Quantitative and Quantitative Scoring of the Immunohistochemistry Study

The expression of markers was assessed by both quantitative and semi-quantitative
methods.

Semi-Quantitative Scoring of the Immunohistochemistry Study. The immunore-
activity score was determined by the intensity and distribution of the specific stain and
expressed as ‘+++’–strong diffuse positive, ‘++’–moderate diffuse positive, ‘+’–mild or
moderate focal positive, ‘+−‘– weak positive, or ‘−’–no stain. All immunohistochemical
slides were independently evaluated by three investigators.

Evaluation of Odontogenic and Osteogenic Expression. The number of antigen-
positive cells was determined in three images of random fields of view obtained with a
magnification of the microscope lens of 20× by means of the ImageJ1.54m software (Wayne
Rasband, National Institute of Health, Bethesda, MA, USA). The approximate number of
total cells contained in the randomly selected field for 3D cultures ranged from 100 to 200.
The percentage of cells that expressed the osteogenic or odontogenic differentiation marker
was calculated by dividing the number of positively stained cells by the total number of
cells per field of view multiplied by 100.
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2.7. ELISA Assay

The supernatants were collected on day 14 before fixation of 3D cultured cells and
frozen at -70 ◦C. ELISA Kits (Cloud-Clone Corp.) for TGF-β1, BMP-2, Osteopontin (OPN),
and Osteocalcin (OC) were used. The ELISA procedures were performed according to
the manufacturer’s instructions. All samples (three from each group) were analyzed in
duplicate; as a result, n=6 for each group. The absorbance was measured at 450 nm
by a multifunctional plate reader (Multiskan FC Microplate Photometer, Thermo Fisher
Scientific, Katy, TX, USA).

2.8. Statistical Analysis

Statistical data processing was performed using a one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparison test with GraphPad Prism v.10.4.0(621) soft-
ware (GraphPad Software, Boston, MA, USA). The results of the quantitative morphometric
analysis are represented as the mean ± standard error of the mean (SEM), n = 3. The results
of the ELISA analysis are represented as box-plot graphs in the Tukey style, n = 6. A change
was considered significant at p < 0.05.

3. Results
Immunohistochemical results in the control group (DMSO), when PDLSCs were

cultured in decellularized scaffolds under 3D conditions for 14 days without inhibition
of the Wnt and TGF-β signaling pathways and without the addition of ECM compo-
nents, as in the previous study [16], showed spontaneous differentiation of PDLSCs in
the osteogenic direction (Figure 1A–C; Table 1) and odontogenic direction (Figure 1D,E;
Table 1). ELISA of the supernatants revealed the secretion of TGF-β1–42.63 ± 11.63
pg/mL, BMP-2–82.7 ± 45.29 pg/mL, OPN–0.26 ± 0.36 ng/mL, and OC–2.5 ± 0.80 ng/mL
(Figure 1U–X).
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signaling pathway (inhTGFβ) without the addition of ECM components: (A–O) immunoperoxidase
staining. Expression of osteogenic markers (ALP (A,F,K), OPN (B,G,L), and OC (C,H,M)) and
odontogenic markers (DSPP (D,I,N) and DMP-1 (E,J,O)). The nuclei were counterstained with
hematoxylin. Scale bars, 100 µm; (P–T) morphometric analysis of the percentage of cells stained with
ALP, OPN, OC, DSPP, and DMP-1 in different groups; n = 3. Values were expressed as mean ± SEM.
ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; (U–X) secretion of TGF-β1
(U), BMP-2 (V), OPN (W), and OC (X) by PDLSCs. Boxplots, n = 6. ns, non-significant; **** p < 0.0001.

Table 1. Semi-quantitative estimation of odontogenic and osteogenic markers in PDLSCs under
different culture conditions.

Marker DMSO
DMSO
+HA

DMSO
+Fn

DMSO
+Lam

inhWnt
inhWnt

+HA
inhWnt

+Fn
inhWnt
+Lam

inhTGFβ
inhTGFβ

+HA
inhTGFβ

+Fn
inhTGFβ

+Lam

ALP +++ ++ +++ ++ ++ + /++ + +/++ + + + +
OPN ++ ++ +++ ++ ++ + ++ +/++ + + + +
OC ++ ++ +++ ++ ++ + +/++ +/++ + + ++ +

DSPP + + + + − + + + +/+− + − −
DMP-1 + + + + − + + + +/+− + − −

‘+++’–strong diffuse positive, ‘++’–moderate diffuse positive, ‘+’–mild or moderate focal positive, ‘+−‘—weak
positive, ‘−’—no stain.

Expression of osteogenic and odontogenic markers was also detected in the presence
of one or another ECM components (HA (Figure 2A–E; Table 1), Fn (Figure 3A–E; Table 1),
and Lam (Figure 4A–E; Table 1)). The addition of Fn primarily promoted the expression
of osteogenic and odontogenic markers (Figure 5A–E). However, the ELISA results did
not reveal statistically significant differences in the levels of the osteogenic markers OPN
and OC when the ECM components were added. The addition of Lam without inhibitors
significantly increased TGF-β1 production in PDLSCs (Figure 6A), while HA and Fn did
not change it (Figure 6A). At the same time, HA and Lam reduced BMP-2 production in
the PDLSCs (Figure 6B), and Fn did not have a noticeable effect on its secretion (Figure 6B).

Blocking the Wnt signaling pathway in the group without the addition of compo-
nents of the ECM revealed suppressed expression of odontogenic markers in the PDLSCs
(Figure 1I,J,S,T, Table 1), with little or no effect on the expression of osteogenic markers
(Figure 1F–H,P–R, Table 1) compared to the control group. The secretion of TGF-β1 and
BMP-2 did not change significantly (Figure 1U,V).

The addition of HA, Fn and Lam while blocking the canonical Wnt signaling pathway
contributed to the restoration of the expression of odontogenic markers in the PDLSCs
(Figure 2I,J; Figure 3I,J; Figure 4I,J, respectively; Figure 5I,J; Table 1), slightly reducing the
expression of osteogenic differentiation markers (Figure 2F–H; Figure 3F–H; Figure 4F–H,
respectively; Figure 5F–H; Table 1) compared to the inhWnt group. However, the results of
the ELISA did not reveal statistically significant differences in the levels of the osteogenic
markers OPN (Figure 6G) and OC (Figure 6H) when ECM components were added. Lam
increased TGF-β1 secretion by the PDLSCs (Figure 6E), while HA and Fn did not change it
(Figure 6E). The secretion of BMP-2 by PDLSCs was not altered (Figure 6F).

In contrast to inhibition of the Wnt signaling pathway, inhibition of the TGF-β signal-
ing pathway significantly suppressed the expression of osteogenic markers in the PDLSCs
(Figure 1L,M,Q,R; Table 1) and slightly reduced the expression of odontogenic differen-
tiation markers (Figure 1N,O,S,T; Table 1). TGF-β1 was reduced (Figure 1U), but BMP-2
secretion was not significantly altered (Figure 1V). The ELISA results did not reveal statisti-
cally significant differences in OPN and OC secretion when the Wnt and TGF-β signaling
pathways were blocked (Figure 1W,X). Fn promoted the increase in osteogenic markers in
the PDLSCs (Figure 3K–M and Figure 5K–M; Table 1), while HA and Lam decreased them
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compared to the inhTGFβ group (Figure 2K–M; Figure 4K–M, respectively; Figure 5K–M;
Table 1). At the same time, Fn and Lam suppressed the expression of odontogenic dif-
ferentiation markers (Figure 3N,O; Figure 4N,O, respectively; 5N,O; Table 1), while the
addition of HA preserved it (Figure 2N,O and Figure 5N,O; Table 1). The ELISA results
did not reveal statistically significant differences in the secretion of the osteogenic markers
OPN (Figure 6K) and OC (Figure 6L) when ECM components were added. The amount of
TGF-β1 did not change significantly in all groups. At the same time, incubation with HA
increased BMP-2 production under inhibition of the TGF-β signaling pathway (Figure 6J).
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(K–O) under inhibition of the TGF-β signaling pathway (inhTGFβ).
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Figure 5. Morphometric analysis of the percentage of cells stained against ALP (A,F,K), OPN (B,G,L),
OC (C,H,M), DSPP (D,I,N), and DMP-1 (E,J,O) (A–E) without inhibition of the Wnt and TGF-β
signaling pathways and with the addition of ECM components (hyaluronic acid (HA), fibronectin
(Fn), and laminin (Lam)) in comparison to the control group (DMSO); (F–J) after inhibition of the
Wnt signaling pathway (inhWnt) and the addition of components of the ECM (HA, Fn, Lam) in
comparison to inhWnt; (K–O) after inhibition of the TGF-β signaling pathway (inhTGFβ) and the
addition of components of the ECM (HA, Fn, Lam) in comparison to inhTGFβ; n = 3. Values are
expressed as mean ± SEM. ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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them compared to the inhTGFβ group (Figures 2K–M; 4K–M, respectively; 5K–M; Table 
1). At the same time, Fn and Lam suppressed the expression of odontogenic differentiation 
markers (Figures 3N,O; 4N,O, respectively; 5N,O; Table 1), while the addition of HA pre-
served it (Figures 2N,O; 5N,O; Table 1). The ELISA results did not reveal statistically sig-
nificant differences in the secretion of the osteogenic markers OPN (Figure 6K) and OC 
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Figure 6. ELISA. Secretion of TGF-β1 (A,E,I), BMP-2 (B,F,J), OPN (C,G,K), and OC (D,H,L) by
PDLSCs under different conditions: (A–D) in a model without inhibition of the Wnt and TGF-β
signaling pathways and with the addition of ECM components (hyaluronic acid (HA), fibronectin
(Fn), and laminin (Lam)) compared to the control group (DMSO); (E–H) in a model with inhibition
of the Wnt signaling pathway (inhWnt) and the addition of components of the ECM (HA, Fn, Lam)
compared to inhWnt; (I–L) in a model with inhibition of the TGF-β signaling pathway (inhTGFβ)
and the addition of components of the ECM (HA, Fn, Lam) compared to inhTGFβ; n = 6. Box-plot
graphs in the Tukey style; ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

Thus, under conditions of violation of the Wnt/β-catenin and TGF-β signaling path-
ways, a multidirectional effect of the ECM components on the expression of osteogenic and
odontogenic markers in PDLSCs was established.

4. Discussion
A distinctive feature of inflammatory/infectious processes in periodontitis is the

increased production of cytokines, proteases, and other pro-inflammatory mediators that
disrupt the homeostasis of periodontal tissues [5,18,19]. Disturbances in signaling pathways
caused by changes in the microenvironment during inflammatory processes can lead to an
imbalance of immune reactions and disorders in the differentiation of resident stem cells
migrating to the lesion. The degradation of ECM also contributes to impaired signaling in
stromal cell interactions. Therefore, in addition to antibiotic therapy, the main approach
in the treatment of periodontitis is the use of biomatrices, which ensure the restoration
of key matrix signals that ensure the recruitment of endogenous stem cells and their
differentiation.
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The application of dECM is an attractive strategy in the repair of damaged tissues [20].
The architectonics of the ECM components that contain matrix-associated factors form a
microenvironment that promotes the homing of resident stem cells to the damage zone [21].

The combination of dTM and dPDL in collagen I hydrogel induces spontaneous
differentiation of PDLSCs in osteogenic and odontogenic directions, and the addition of Fn
further enhances the expression of both osteogenic and odontogenic markers. A network
of Fn and type I collagen microfibrils is known to facilitate the formation of latent forms of
TGF-β and BMP by serving as their reservoir in the bone and cartilage matrix [22].

In addition, the Wnt/β-catenin and TGF-β signaling pathways are known to be
essential for periodontal tissue development. Both the canonical WNT/β-catenin and TGFβ
pathway stimulate each other via the Smad and non-Smad pathways, such as signaling
of phosphatidylinositol-3-kinase/serine/threonine kinase (PI3K/Akt), which regulates
periodontal tissue differentiation [23]. Savithri et al. have shown that there is a gradient of
Wnt/β-catenin activity throughout PDL with higher activity at the cement/PDL interface,
which correlates with increased cell proliferation. On the other hand, lower Wnt/β-catenin
activity was found at the interface between PDL and alveolar bone, which corresponds to
increased differentiation towards an osteogenic clone. This suggests that the effects of the
Wnt/β-catenin signaling pathway depend on the spatial arrangement of the cells, which
affects both their proliferation and differentiation in PDL [24].

In our study, we attempted to investigate the effect of Wnt/β-catenin and TGF-β
signaling pathways on the differentiation of PDLSCs under homeostasis-disruptive condi-
tions arising from periodontal diseases. The small molecule IWP-2 was used to inhibit the
Wnt/β-catenin signaling pathway and block cell proliferation and differentiation through
the canonical pathway. To block the TGF-β signaling pathway, a small molecule A 83-01
was used, which inhibits the type I receptor TGF-β, but does not affect the receptors of
bone morphogenetic proteins. The collagen hydrogel containing dECM was supplemented
with individual ECM components as potential constituents of functional bioscaffolds.

The results of the study demonstrated that the addition of ECM components restored
the expression of odontogenic differentiation markers in PDLSCs, which was absent when
the canonical Wnt signaling pathway was inhibited. At the same time, ECM components
had a multidirectional effect on the secretion of TGF-β1 and BMP-2. Based on the results
obtained, it may be suggested that activation of the Wnt/β-catenin signaling pathway is
necessary for the odontogenic differentiation of PDLSCs. The results of other researchers
demonstrate contradictory data on this issue [8,9,12]. The determination of TGF-β1 and
BMP-2 levels by ELISA in our study did not reveal a significant role for these factors in
the expression of markers of odontogenic differentiation in PDLSCs, which may be due
to the presence of these factors in decellularized matrices of the tooth and periodontal
ligament [15,25].

The addition of Fn and Lam while inhibiting the TGF-β signaling pathway suppressed
the expression of odontogenic markers in the PDLSCs, exerting a multidirectional effect
on BMP-2 secretion. Inhibition of the TGF-β1 signaling pathway is known to significantly
inhibit osteogenic differentiation of PDLSCs through competition with BMP-2 [26,27]. At
the same time, several researchers note that cementoblastic differentiation of PDLSCs is
induced by blocking TGF-β1 signaling [3]. For example, overexpression of Runx2, the
master regulator of osteoblast differentiation into odontoblasts, has been shown to inhibit
terminal odontogenic differentiation and convert them to an osteogenic phenotype [28].
Since the Wnt signaling pathway is an evolutionarily conserved intracellular signaling
that plays an important role in osteogenic cell differentiation, it is likely that TGF-β may
inhibit Wnt signaling by reducing Runx2 expression. This may explain how the TGF-β
signaling pathway regulates the osteo/odontogenic phenotype of mature root odontoblasts.
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However, the molecular mechanisms underlying these regulations need to be further
clarified [28]. It can be assumed that Fn and Lam inhibit the expression of odontogenic dif-
ferentiation markers in PDLSCs, activating Wnt/ β-catenin signaling through the integrin
a9b1-FAK-MAPK/ERK pathway [29,30]. On the basis of these data, we believe that it is
not advisable to include Fn and Lam in the composition of multicomponent scaffolds in the
treatment of periodontitis.

The presence of HA without inhibition of thr Wnt/β-catenin and TGF-β signaling path-
ways depressed odontoblastic differentiation [31] and blocked BMP-2 production, which is
consistent with previously published data [32], while the addition of HA upon the inhibi-
tion of thr TGF-β signaling pathway improved BMP-2 secretion, maintaining/restoring
the expression of markers of odontogenic differentiation in PDLSCs. According to the
literature, HA stimulates the TGF-β/BMP signaling pathway and promotes the secretion of
TGF-β1 and TMR, and suppression of this signaling pathway inhibits the secretion of these
proteins [33]. Since in our study we used a molecule that inhibits type I receptor TGF-β
but does not affect BMP receptors, BMP-2 secretion was enhanced in the presence of HA.
Consequently, HA can be considered a component that enhances/restores the osteogenic
and odontogenic differentiation of PDLSCs.

5. Conclusions
Thus, the results demonstrated that when the Wnt/β-catenin and TGF-β signaling

pathways that develop during inflammatory processes in the periodontium are disrupted,
disorders in the differentiation of PDLSCs occur, preventing periodontal tissue regeneration.
This should be taken into account when developing multicomponent scaffolds that reca-
pitulate the microenvironment at the endogenic regeneration of the periodontium. Since
the HA addition contributed to the maintenance of both the osteogenic and odontogenic
differentiation of PDLSCs, the inclusion of HA as one of the key components of scaffolds
may enhance the therapeutic effect of such biomaterials.

Author Contributions: Conceptualization, A.A.I. and O.O.Y.; methodology, A.A.I.; investigation,
A.V.K., O.P.P., T.I.D., A.V.L., and A.A.I.; resources, O.O.Y.; writing—original draft preparation, A.V.K.
and A.A.I.; writing—review and editing, A.V.K., O.P.P., and A.A.I.; visualization, A.V.K., O.P.P., and
A.A.I.; supervision, A.A.I.; project administration, O.O.Y.; funding acquisition, A.A.I., O.O.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was conducted under the IDB RAS Government Basic Research Program (No.
0088-2024-0014). The funder had no role in the design of the study; in the collection, analysis, or
interpretation of the data; in the writing of the manuscript; or in the decision to publish the results.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethical Committee of the Russian University of Medicine (protocol
code 03/20 from 18 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to legal issues.

Conflicts of Interest: The authors declare no conflicts of interest.



J. Funct. Biomater. 2025, 16, 94 12 of 13

Abbreviations
The following abbreviations are used in this manuscript:

TGF-β Transforming growth factor beta
BMP Bone morphogenetic protein
PDL Periodontal ligament
PDLSCs Periodontal ligament stem cells
dPDL Decellularized periodontal ligament
dTM Decellularized tooth matrix
ECM Extracellular matrix
dECM Decellularized ECM
Fn Fibronectin
Lam Laminin
HA Hyaluronic acid
Col I Collagen I hydrogel
inhWnt Wnt/β-catenin inhibitor
inhTGFβ TGF-β inhibitor
DMSO Dimethylsulfoxide
ALP Alkaline phosphatase
OPN Osteopontin
OC Osteocalcin
DSPP Dentin sialophosphoprotein
DMP-1 Dentin matrix acidic phosphoprotein 1

References
1. Hathaway-Schrader, J.D.; Novince, C.M. Maintaining Homeostatic Control of Periodontal Bone Tissue. Periodontology 2000 2021,

86, 157–187. [CrossRef] [PubMed]
2. Miguez, P.A.; Bash, E.; Musskopf, M.L.; Tuin, S.A.; Rivera-Concepcion, A.; Chapple, I.L.C.; Liu, J. Control of Tissue Homeostasis

by the Extracellular Matrix: Synthetic Heparan Sulfate As a Promising Therapeutic for Periodontal Health and Bone Regeneration.
Periodontology 2000 2024, 94, 510–531. [CrossRef] [PubMed]

3. Lim, J.-C.; Bae, S.-H.; Lee, G.; Ryu, C.J.; Jang, Y.-J. Activation of β-Catenin by TGF-B1 Promotes Ligament-Fibroblastic Differentia-
tion and Inhibits Cementoblastic Differentiation of Human Periodontal Ligament Cells. Stem Cells 2020, 38, 1612–1623. [CrossRef]
[PubMed]

4. de Jong, T.; Bakker, A.D.; Everts, V.; Smit, T.H. The Intricate Anatomy of the Periodontal Ligament and Its Development: Lessons
for Periodontal Regeneration. J. Periodontal Res. 2017, 52, 965–974. [CrossRef]

5. Ru, L.; Pan, B.; Zheng, J. Signalling Pathways in the Osteogenic Differentiation of Periodontal Ligament Stem Cells. Open Life Sci.
2023, 18, 20220706. [CrossRef]

6. Su, Q.; Huang, F.; Fang, X.; Lin, Q. The Effect of the Wnt Pathway on the Osteogenic Differentiation of Periodontal Ligament
Stem Cells in Different Environments. PeerJ 2025, 13, e18770. [CrossRef]

7. Willert, K.; Nusse, R. Wnt Proteins. Cold Spring Harb. Perspect. Biol. 2012, 4, a007864. [CrossRef]
8. Wu, Y.; Yuan, X.; Perez, K.C.; Hyman, S.; Wang, L.; Pellegrini, G.; Salmon, B.; Bellido, T.; Helms, J.A. Aberrantly Elevated Wnt

Signaling Is Responsible for Cementum Overgrowth and Dental Ankylosis. Bone 2019, 122, 176–183. [CrossRef]
9. González-Quintanilla, D.; Abásolo, N.; Astudillo, P. Wnt Signaling in Periodontal Disease. Front. Dent. Med. 2021, 2, 763308.

[CrossRef]
10. Bao, J.; Yang, Y.; Xia, M.; Sun, W.; Chen, L. Wnt Signaling: An Attractive Target for Periodontitis Treatment. Biomed. Pharmacother.

2021, 133, 110935. [CrossRef]
11. Massagué, J.; Sheppard, D. TGF-β Signaling in Health and Disease. Cell 2023, 186, 4007–4037. [CrossRef] [PubMed]
12. Li, T.; Wang, H.; Jiang, Y.; Guan, Y.; Chen, S.; Wu, Z.; Zou, S.; Bonewald, L.F.; Duan, P. Canonical Wnt/b-catenin Signaling

Has Positive Effects on Osteogenesis, but Can Have Negative Effects on Cementogenesis. J. Periodontol. 2022, 93, 1725–1737.
[CrossRef] [PubMed]

13. Wang, F.; Cai, X.; Shen, Y.; Meng, L. Cell–Scaffold Interactions in Tissue Engineering for Oral and Craniofacial Reconstruction.
Bioact. Mater. 2023, 23, 16–44. [CrossRef]

14. Agarwal, G.; Agiwal, S.; Srivastava, A. Hyaluronic Acid Containing Scaffolds Ameliorate Stem Cell Function for Tissue Repair
and Regeneration. Int. J. Biol. Macromol. 2020, 165, 388–401. [CrossRef]

https://doi.org/10.1111/prd.12368
https://www.ncbi.nlm.nih.gov/pubmed/33690918
https://doi.org/10.1111/prd.12515
https://www.ncbi.nlm.nih.gov/pubmed/37614159
https://doi.org/10.1002/stem.3275
https://www.ncbi.nlm.nih.gov/pubmed/32930424
https://doi.org/10.1111/jre.12477
https://doi.org/10.1515/biol-2022-0706
https://doi.org/10.7717/peerj.18770
https://doi.org/10.1101/cshperspect.a007864
https://doi.org/10.1016/j.bone.2018.10.023
https://doi.org/10.3389/fdmed.2021.763308
https://doi.org/10.1016/j.biopha.2020.110935
https://doi.org/10.1016/j.cell.2023.07.036
https://www.ncbi.nlm.nih.gov/pubmed/37714133
https://doi.org/10.1002/JPER.21-0599
https://www.ncbi.nlm.nih.gov/pubmed/35642884
https://doi.org/10.1016/j.bioactmat.2022.10.029
https://doi.org/10.1016/j.ijbiomac.2020.09.107


J. Funct. Biomater. 2025, 16, 94 13 of 13

15. Wang, S.; Niu, Y.; Jia, P.; Liao, Z.; Guo, W.; Chaves, R.C.; Tran-Ba, K.-H.; He, L.; Bai, H.; Sia, S.; et al. Alkaline Activation of
Endogenous Latent TGFβ1 by an Injectable Hydrogel Directs Cell Homing for In Situ Complex Tissue Regeneration. Bioact. Mater.
2022, 15, 316–329. [CrossRef]

16. Ivanov, A.A.; Kuznetsova, A.V.; Popova, O.P.; Danilova, T.I.; Latyshev, A.V.; Yanushevich, O.O. Influence of Extracellular Matrix
Components on the Differentiation of Periodontal Ligament Stem Cells in Collagen I Hydrogel. Cells 2023, 12, 2335. [CrossRef]

17. Ivanov, A.A.; Danilova, T.I.; Kuznetsova, A.V.; Popova, O.P.; Yanushevich, O.O. Decellularized Matrix Induced Spontaneous
Odontogenic and Osteogenic Differentiation in Periodontal Cells. Biomolecules 2023, 13, 122. [CrossRef]

18. de Souza, J.A.C.; Junior, C.R.; Garlet, G.P.; Nogueira, A.V.B.; Cirelli, J.A. Modulation of Host Cell Signaling Pathways As a
Therapeutic Approach in Periodontal Disease. J. Appl. Oral. Sci. 2012, 20, 128–138. [CrossRef]

19. Lamont, R.J.; Koo, H.; Hajishengallis, G. The Oral Microbiota: Dynamic Communities and Host Interactions. Nat. Rev. Microbiol.
2018, 16, 745–759. [CrossRef]

20. Zeng, A.; Li, H.; Liu, J.; Wu, M. The Progress of Decellularized Scaffold in Stomatology. Tissue Eng. Regen. Med. 2022, 19, 451–461.
[CrossRef]

21. Lumelsky, N. Creating a Pro-Regenerative Tissue Microenvironment: Local Control Is the Key. Front. Bioeng. Biotechnol. 2021, 9,
712685. [CrossRef] [PubMed]

22. Wu, M.; Wu, S.; Chen, W.; Li, Y.-P. The Roles and Regulatory Mechanisms of TGF-β and BMP Signaling in Bone and Cartilage
Development, Homeostasis and Disease. Cell Res. 2024, 34, 101–123. [CrossRef]

23. Purwaningrum, M.; Giachelli, C.M.; Osathanon, T.; Rattanapuchpong, S.; Sawangmake, C. Dissecting Specific Wnt Components
Governing Osteogenic Differentiation Potential by Human Periodontal Ligament Stem Cells Through Interleukin-6. Sci. Rep.
2023, 13, 9055. [CrossRef]

24. Savithri, N.; Sangeetha, S.; Mary, J.; Gayathri, P. R-Spondins and Wnt Signalling Pathway: A Periodontal Perspective. J. Clin.
Diagn. Res. 2023, 17, ZE19–ZE22. [CrossRef]

25. Parmaksiz, M.; Dogan, A.; Odabas, S.; Elçin, A.E.; Elçin, Y.M. Clinical Applications of Decellularized Extracellular Matrices for
Tissue Engineering and Regenerative Medicine. Biomed. Mater. 2016, 11, 022003. [CrossRef]

26. Cui, S.-J.; Fu, Y.; Yu, M.; Zhang, L.; Zhao, W.-Y.; Zhang, T.; Qiu, L.-X.; Gu, Y.; Zhou, Y.-H.; Liu, Y. Functional Periodontal
Regeneration Using Biomineralized Extracellular Matrix/Stem Cell Microspheroids. Chem. Eng. J. 2022, 431, 133220. [CrossRef]

27. de Gorter, D.J.; van Dinther, M.; Korchynskyi, O.; ten Dijke, P. Biphasic Effects of Transforming Growth Factor β on Bone
Morphogenetic Protein–Induced Osteoblast Differentiation. J. Bone Miner. Res. 2011, 26, 1178–1187. [CrossRef]

28. Miyazaki, T.; Kanatani, N.; Rokutanda, S.; Yoshida, C.; Toyosawa, S.; Nakamura, R.; Takada, S.; Komori, T. Inhibition of the
Terminal Differentiation of Odontoblasts and Their Transdifferentiation Into Osteoblasts in Runx2 Transgenic Mice. Arch. Histol.
Cytol. 2008, 71, 131–146. [CrossRef]

29. Givant-Horwitz, V.; Davidson, B.; Reich, R. Laminin-Induced Signaling in Tumor Cells. Cancer Lett. 2005, 223, 1–10. [CrossRef]
30. Ou, J.; Deng, J.; Wei, X.; Xie, G.; Zhou, R.; Yu, L.; Liang, H. Fibronectin Extra Domain A (EDA) Sustains CD133+/CD44+

Subpopulation of Colorectal Cancer Cells. Stem Cell Res. 2013, 11, 820–833. [CrossRef]
31. Huang, H.; Hu, X.; Wu, J.; Song, C.; Tian, Z.; Jiang, B. Hyaluronan Degradation by HYAL2 Is Essential for Odontoblastic

Differentiation and Migration of Mouse Dental Papilla Cells. Matrix Biol. 2024, 129, 1–14. [CrossRef] [PubMed]
32. Kaneko, K.; Higuchi, C.; Kunugiza, Y.; Yoshida, K.; Sakai, T.; Yoshikawa, H.; Nakata, K. Hyaluronan Inhibits BMP-induced

Osteoblast Differentiation. FEBS Lett. 2015, 589, 447–454. [CrossRef] [PubMed]
33. Tian, Y.-B.; Wang, N.-X.; Xu, Y.; Yu, C.-Y.; Liu, R.-M.; Luo, Y.; Xiao, J.-H. Hyaluronic Acid Ameliorates the Proliferative Ability of

Human Amniotic Epithelial Cells Through Activation of TGF-β/BMP Signaling. PeerJ 2020, 8, e10104. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.bioactmat.2021.12.015
https://doi.org/10.3390/cells12192335
https://doi.org/10.3390/biom13010122
https://doi.org/10.1590/S1678-77572012000200002
https://doi.org/10.1038/s41579-018-0089-x
https://doi.org/10.1007/s13770-022-00432-w
https://doi.org/10.3389/fbioe.2021.712685
https://www.ncbi.nlm.nih.gov/pubmed/34368106
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41598-023-35569-8
https://doi.org/10.7860/JCDR/2023/61653.18108
https://doi.org/10.1088/1748-6041/11/2/022003
https://doi.org/10.1016/j.cej.2021.133220
https://doi.org/10.1002/jbmr.313
https://doi.org/10.1679/aohc.71.131
https://doi.org/10.1016/j.canlet.2004.08.030
https://doi.org/10.1016/j.scr.2013.05.009
https://doi.org/10.1016/j.matbio.2024.03.002
https://www.ncbi.nlm.nih.gov/pubmed/38490466
https://doi.org/10.1016/j.febslet.2014.12.031
https://www.ncbi.nlm.nih.gov/pubmed/25592835
https://doi.org/10.7717/peerj.10104
https://www.ncbi.nlm.nih.gov/pubmed/33062456

	Introduction 
	Materials and Methods 
	Preparation of Decellularized Matrices 
	ECM Components 
	Signaling Pathway Inhibition 
	Preparation of Bioengineered Constructs in Collagen I Hydrogel 
	Histological and Immunohistochemical Examination 
	Semi-Quantitative and Quantitative Scoring of the Immunohistochemistry Study 
	ELISA Assay 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

