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Abstract. The periodontium is a highly dynamic micro-
environment constantly adapting to changing external
conditions. In the processes of periodontal tissue formation
and remodeling, certain molecules may serve an essential
role in maintaining periodontal homeostasis. Wnt family
member 5a (Wnt5a), as a member of the Wnt family, has been
identified to have extensive biological roles in development
and disease, predominantly through the non-canonical Wnt
signaling pathway or through interplay with the canonical Wnt
signaling pathway. An increasing number of studies has also
demonstrated that it serves crucial roles in periodontal tissues.
Whnt5a participates in the development of periodontal tissues,
maintains a non-mineralized state of periodontal ligament, and
regulates bone homeostasis. In addition, Wnt5a is involved in
the pathogenesis of periodontitis. Recently, it has been shown
to serve a positive role in the regeneration of integrated peri-
odontal complex. The present review article focuses on recent
research studies of Wnt5a and its functions in development,
maintenance, and pathological disorders of periodontal tissues,
as well as its potential effect on periodontal regeneration.
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1. Introduction

Periodontal tissues, mainly derived from the dental follicle
(DF), comprise the gingiva, cementum, alveolar bone, and
periodontal ligament (PDL) (1). The periodontium functions as
a unit to support and invest the tooth, disperse occlusal force,
and maintain the long-term stability of dentognathic system.
The periodontium is a highly dynamic microenvironment that
constantly undergoes turnover; under normal conditions, the
rates of tissue formation are in balance with the rates of tissue
degradation (2). External stimuli, such as microorganisms,
mechanical stress, or any factors that may cause develop-
mental defects or immune disorders, can affect this dynamic
balance (3-5). Subsequently, the host can raise responses to
these challenges through various factors and molecules, in
order to achieve a new dynamic balance (6,7).

The Wnt signaling pathway has long been considered to
serve an essential role in the development and disease of peri-
odontal tissues. Canonical Wnt signaling (through -catenin)
was recently confirmed to be associated with the development of
cementum and constitutive activation of [3-catenin might cause
cementum hyperplasia (8). Wnt family member 5a (Wnt5a), a
prototypical p-catenin-independent Wnt family member, has
also been found to be highly involved in periodontal tissue
development and periodontitis.

Wnt5a may participate in the development of periodontal
tissues, maintaining a non-mineralized state of periodontal
ligament, and regulating bone homeostasis. In periodontitis,
excessive production of Wnt5a might function as a proinflam-
matory factor amplifying local inflammation. However, other
studies have reported a positive role for Wnt5a in the regen-
eration of integrated periodontal complex. The present review
article focused on the current understanding of Wnt5a and its
functions in periodontal tissue development, maintenance,
and periodontitis, as well as its potential effect on periodontal
regeneration.
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2. Wnt5a signaling and functions

The Wnt5a cDNA was first isolated from fetal mice (9) and
was later sequenced in humans (10). The Wnt5a gene, which
is located on chromosome 3pl4-p21, has been identified to
encode two different protein isoforms, Wnt5a-long (Wnt5a-L)
and Wnt5a-short (Wnt5a-S), due to alternative transcriptional
start sites. The protein Wnt5a-L is 380 amino acids in size,
and Wnt5a-S comprises 365 amino acids (11). Biochemical
analysis has demonstrated that these two purified proteins
are similar in stability, hydrophobicity, and Wnt/f3-catenin
signaling activity. However, they are differentially expressed
in tissues and might serve distinct roles in cancer. It has been
reported that Wnt5a-L inhibits, while Wnt5a-S promotes, the
growth of tumor cell lines (11).

The receptors of Wnt5a mainly include receptor tyrosine
kinase-like orphan receptors (RoRs), the frizzled family
of receptors (Fzd receptors), and co-receptors low-density
lipoprotein receptor-related protein (Lrp) 5 and 6. When
binding to these receptors, Wnt5a exerts its intracellular
effects predominantly by activating two non-canonical Wnt
signaling pathways (Fig. 1) (12). One branch is the planar
cell polarity pathway, which involves the activation of small
GTPases Rho and Rac, and the subsequent regulation of c-Jun
N-terminal kinase (Jnk) to control cell orientation (13). The
other branch is the calcium pathway, which when activated,
increases the intracellular Ca** levels, subsequently activating
calcium/calmodulin dependent protein kinase II (CaMKII)
and protein kinase C. This signaling pathway has been
demonstrated to mediate cell proliferation, migration, and
adhesion (14). Notably, in addition to activating the non-canon-
ical Wnt pathway, Wnt5a can have regulatory effects on the
canonical Wnt/f3-catenin signaling pathway to control cell
proliferation and differentiation (Fig. 1), depending on the
receptor and cell type context (15). Secreted frizzled-related
protein 5 (Sfrp5), a soluble protein, is one of the most common
Whnt5a antagonists. Sfrp5 has been demonstrated to inhibit
Wnt5a signaling in both physiological and pathological
processes (16).

Wnt5a has been shown to be highly conserved among
species and associated with many processes of development
and disease. Homozygous Wnt5a-knockout mouse embryos
are perinatally lethal (17). In addition, Wnt5a affects the
morphogenesis of internal organs, such as the heart (18) and
the lungs (19). It is associated with proinflammatory factor
production and immune cell recruitment in inflammation (20),
and related to the occurrence and prognosis of breast and
colorectal cancers (21). Of note, previous studies have reported
that Wnt5 is involved in tooth growth, patterning, odontoblast
differentiation (22) and determining tooth size (23).

3. Wnt5a in periodontal tissue development

Wnt5a is expressed at all stages of periodontal tissue
development. An early study demonstrated that Wnt5a mRNA
was mainly expressed in the dental follicle in developing
murine tooth germ (24), while later studies reported that
Whnt5a was strongly expressed in both the dental epithelium
and mesenchyme (23,25). In postnatal periodontium, Wnt5a
expression is robust in the alveolar bone, as well as in the

ameloblast and odontoblast layers (26). Wnt5a can also be
expressed in mature periodontal tissues and is closely related
to the maintenance of periodontal soft and hard tissues under
physiological conditions (27,28). Hasegawa et al (27) found
that Wnt5a was predominantly detected in mature PDL in
rats. Similarly, Wnt5a and its receptors (Ror2, Fzd2, Fzd4 and
Fzd5) were expressed in human periodontal ligament cells
(HPDLCs) (27).

The expression of Wnt5a in the periodontium appears to
be mediated by physiological mechanical stress of occlusion
and mastication. Mechanical stress caused by stretch loading
augmented the expression levels of Wnt5a and its receptors in
HPDLCs, while the removal of occlusal pressure decreased
Whnt5a expression levels in rat PDL tissue (27). Wnt5a was
highly expressed at the tension sites of PDL and might further
contribute to osteogenesis through activation of canonical
Wat signaling through its receptors Fzd4 and Lrp5 in an orth-
odontic tooth movement model (28).

Whnt5a is hypothesized to participate in root formation
and tooth eruption, and further affect the development and
formation of cementum and alveolar bone (1). It was observed
that the expression levels of Wnt5a increased gradually from
the center of the dental follicle (beneath the apical foramen)
to the lateral coronal corner, where the DF differentiates
into the periodontium during tooth root development in
swine (29). This spatial gradient expression suggested the
possible regulatory effect of Wnt5a on the differentiation of
DF. It is consistent with an earlier study reporting that Wnt5a
was expressed on precementoblasts/cementoblasts during late
tooth root development (30). Furthermore, Wnt5a is closely
related to the growth and modeling of alveolar bone in the
process of tooth eruption. The expression of Wnt5a in rat alve-
olar bone was increased during tooth eruption (31), especially
during the osteoclastogenesis burst (3-11 days postnatal) (26).
Therefore, the spatial distribution regulation of Wnt5a in
alveolar bone may be crucial because tooth eruption depends
on the coordination of osteogenesis and osteoclastogenesis in
time and space.

4. WntS5a in periodontal tissue maintenance

Despite containing stem cells that retain the potential to
differentiate into osteoblasts, cementoblasts and fibroblasts (1),
the mature periodontal ligament never ossifies under physi-
ological conditions, a phenomenon known as the periodontal
mineral homeostasis. The Wnt pathway has been identified to
be involved in the process, and especially the Wnt antagonist
Sfrpl. It has been demonstrated that selective inhibition of
Sfrpl increased PDLC mineralization and expression levels
of mineralization-related genes, including B-catenin, alkaline
phosphatase, osteocalcin, collagen I, and runt-related tran-
scription factor 2 (32). Hasegawa et al (27) found that Wnt5a
suppressed mineralization but enhanced collagen production
in HPDLCs. In specific, Wnt5a upregulated the expression of
periostin through transforming growth factor-g1 (TGFp1) (27),
and periostin is essential for the integrity and function of the
periodontal ligament (33,34). These findings suggest that
Wnt5a may be a positive regulator in fibrillogenesis to remodel
PDL tissue and accelerate maturation of PDL fibers, and to
prevent non-physiological mineralization (Fig. 2).
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Figure 1. Wnt5a exerts its intracellular effects by activating two non-canonical Wnt signaling pathways, or the interplay with the canonical Wnt signaling
pathway. Wnt5a regulates cell polarity, proliferation, migration, and adhesion, predominantly through its downstream planar cell polarity and calcium pathway.
Wnt5a can antagonize canonical Wnt signaling mostly by inhibiting the downstream part of 3-catenin/Tcf-mediated transcription or other mechanisms. In the
presence of FZD4 and LRPS, Wnt5a stabilizes f-catenin to activate the canonical Wnt signaling pathway. APC, adenomatous polyposis coli; CaMKII, calcium/
calmodulin dependent protein kinase II; DVL, disheveled; FInA, filamin A; FZD, frizzled; GSK3, glycogen synthase kinase 3; LRP, low-density lipoprotein
receptor-related protein; PKC, protein kinase C; PLC, phospholipase C; Tcf, T-cell factor; Wnt5a, Wnt family member 5a.

In addition to the stability of soft tissues, the maintenance
of hard tissues in periodontium is equally important. An early
study showed that Wnt5a overexpression mediated dental
follicle cells (DFCs) to undergo moderate osteogenesis by
augmenting receptor activator of nuclear factor-xB (RANK)
ligand expression but not osteoprotegerin (26). This suggested
that Wnt5a might participate in bone homeostasis of periodontal
tissues. Several later studies confirmed the role of Wnt5a in
regulating bone homeostasis. Wnt5a has been reported to
promote osteoclast fusion in bone marrow-derived macro-
phages by antagonizing another non-canonical Wnt signaling
molecule, Wntl6 (35). Osteoblast-derived Wnt5a, when
binding to Ror2, increased RANK expression in osteoclast
precursor cells through the Jnk pathway, thereby promoting
osteoclast differentiation and bone resorption (36). Conversely,
conditional deletion of Wnt5a in mature osteoclasts resulted
in reduced bone mass by decreasing bone formation with
unchanged osteoclast numbers (37). It is generally hypothe-
sized that the nature of the response to Wnt5a is determined to
a large extent by the responding cells, and it might contribute
to the bone homeostasis rather than promoting osteogenesis or
osteoclastogenesis unilaterally.

5. Wnt5a in periodontitis

Wnt5a is associated with periodontitis. A previous
genome-wide association study has demonstrated that the
WntS5a gene is correlated with severe periodontitis (38).
Wnt5a mRNA expression levels in gingival tissues were
upregulated in patients with chronic periodontitis compared
with healthy subjects (39-41). In addition, the expression levels

of Wnt5a mRNA increased in gingival tissues from patients
with aggressive periodontitis compared those with chronic
periodontitis (41). Furthermore, a positive association was iden-
tified between the mRNA expression levels of Wnt5a and the
clinical parameters of periodontitis, including clinical attach-
ment loss (CAL) and periodontal pocket depth (PPD) (41).
A cross-sectional study revealed that severely diseased sites
from patients with generalized forms of moderate and severe
chronic periodontitis (=30% of the sites with PPD =4 mm,
CAL =3 mm and presence of bleeding on probing) exhibited
statistically significantly higher levels of Wnt5a in gingival
crevicular fluid (GCF) compared with healthy sites within the
same patient (42).

Wnt5a regulates the innate immune response to periodontal
pathogen invasion. It is generally accepted that the inter-
play between subgingival plaque biofilm and host immune
response has an important role in the occurrence and devel-
opment of periodontitis. Previous studies have indicated that
Whnt5a is highly involved in the innate immune response of
periodontitis, in which gingival epithelial cells and mono-
cyte/macrophage-lineage cells act as barriers to prevent
pathogen invasion. Maekawa et al (40) found that Wnt5a was
predominantly localized in the epithelial layer, rather than in the
subjacent connective tissue, and that Wnt5a expression in human
gingival epithelial cells (HGECs) was significantly upregulated
following a 12-h stimulation with Porphyromonas gingi-
valis-derived (Pg-) lipopolysaccharide (LPS) (0.1 and
1.0 ug/ml) (40). Another study demonstrated that monocytes,
but not human gingival fibroblasts (HGFs), had an important
role in upregulating Wnt5a expression at inflamed gingiva
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Figure 2. Wnt5a participates in the pathogenesis of periodontitis and regulates periodontal non-mineralized homeostasis and bone homeostasis. Under physiolog-
ical conditions, Wnt5a contributes to maintaining a non-mineralized state of periodontal ligament and regulating bone homeostasis by promoting fibrillogenesis
of periodontal ligament cells and osteoclastogenesis of osteoclast precursors. During the occurrence and development of periodontitis, Wnt5a expression levels
increase in response to pathogen stimulation. Excessive production of Wnt5a amplifies the inflammatory response and accelerates the destruction of periodontal
tissues. Sfrp5 antagonizes the proinflammatory effects of Wnt5a. CaMKII, calcium/calmodulin dependent protein kinase II; Col-1, collagen 1; FZD, frizzled;
MCP-1, monocyte chemotactic protein 1; PDLC, periodontal ligament cell; RANK, receptor activator of NF-kB; RANKL, receptor activator of NF-«xB ligand;
Ror2, receptor tyrosine kinase-like orphan receptor 2; Sfrp3, secreted frizzled-related protein 5; TLR, toll-like receptor; Wnt5a, Wnt family member Sa.

sites (39). The expression levels of Wnt5a mRNA were constant
following treatment with 1 pg/ml Pg-LPS in HGFs, while they
were significantly increased at 2 h and reached peak value at
4 h following Pg-LPS stimulation in primary monocytes (39).
Additionally, silencing of toll-like receptor (Tlr)2 and Tlr4 by
RNA interference downregulated the Pg-LPS-induced Wnt5a
expression (39). Luciferase reporter assay and electrophoretic
mobility analysis confirmed that this process was dependent
on the NF-«B signaling pathway, and the addition of NF-kB
inhibitors (wedelolactone or the inhibitor of kB kinase inhibitor
VII) could reduce the expression of Wnt5a in a dose-dependent
manner (39). Further studies indicated that p65, one of the
classical NF-«B transcription factors, may upregulate WntSa
via inflammatory stimulation (43,44). Finally, Pg-LPS and
interferon-y synergistical stimulation activated Wnt5a in mono-
cytes, partly through the glycoprotein130/Janus kinase/STAT1

signaling pathway (39).

WntSa triggers proinflammatory signaling cascades and
increases secretion of proinflammatory cytokines. Wnt5a
has been demonstrated to regulate inflammatory cytokines
and to aggravate the destruction of periodontium. Inhibition
of Wnt5a by small interfering (si)RNA or a neutralizing
antibody significantly reduced the expression of interleukin
(IL)-1p, monocyte chemotactic protein 1, and matrix metal-
loproteinase 2 in P. gingivalis-infected macrophages (45).
Local administration of exogenous Wnt5a in the gingiva of
mice with ligature-induced periodontitis exacerbated alveolar
bone loss (40). It has been reported that the calcium pathway
mediated by the Wnt5a receptor Fzd5 might be involved in
the process, since Wnt5a stimulation increased intracellular

calcium levels and activated CaMKII (46).

The effects of Wnt5a on periodontitis have also been found
to be linked to the interaction with its antagonist Sfrp5 (47).
It was demonstrated that SfrpS may have a protective role in
periodontitis to prevent LPS-induced inflammation, whereas
Wnt5a was proinflammatory. The expression of Sfrp5 in
gingival tissues from patients with periodontitis was signifi-
cantly decreased, which was consistent with in vitro results
from HGEC:s following Pg-LPS stimulation. Additionally, Sfrp5
inhibited the increase of IL-8 mRNA expression mediated by
Pg-LPS and/or Wnt5a stimulation. Local treatment of Sfrp5 in
mice with ligature-induced periodontitis significantly reduced
the expression of Wnt5a as well as that of proinflammatory
factors (IL-1pB, IL-6, and IL-17), and inhibited alveolar bone
loss (40). In addition, the Sfrp5/Wnt5a axis might have a role in
the association between periodontitis and systemic inflamma-
tory disorders (including obesity, type 2 diabetes, and coronary
artery disease). A nested case-control study found that in over-
weight individuals (body mass index, 24-38 kg/m?), Sfrp5 serum
levels in patients with periodontitis involving tooth loss were
significantly lower than in patients with periodontitis without
tooth loss and the matched control group, while Wnt5a had no
significant difference (48). Obese human subjects had signifi-
cantly lower serum Sfrp5 levels than lean controls, while they
had significantly higher serum Wnt5a levels (49). Similarly, this
inverse pattern of expression for SfrpS and Wnt5a was detected
in the serum of patients with coronary artery disease (50) and
the plasma of patients with type 2 diabetes mellitus (51). An
in vitro study confirmed that Sfrp5 alleviated the endothelial
dysfunction damage mediated by Wnt5a (52).

Taken together, Wnt5a may serve an important role
in periodontitis. It not only regulates the innate immune
response to periodontal pathogen invasion, but also triggers



d 2| SPANDIDOS
5 PUBLICATIONS

proinflammatory signaling cascades and increases secretion
of proinflammatory cytokines, ultimately resulting to the
destruction of periodontium (Fig. 2). However, Wnt5a has
been reported to have an anti-inflammatory role under certain
conditions. It might be crucial to the functions of macrophages
in maintaining CD14 expression, an important immune
response mediator, and supporting macrophage survival (44).
Whnt5a induced the expression of anti-inflammatory mediator
IL-10 in primary human monocytes (53), and promoted
macrophage M2 polarization in kidney fibrosis (54). In addi-
tion, Wnt5a was found to have an important role in killing
Mycobacterium tuberculosis by enhancing autophagy of
human monocyte-derived macrophages (55). Thus, the specific
role of Wnt5a in inflammation remains inconclusive, and it
may depend on the tissue-specific immune microenvironment
or the stage of immune response. Further studies are required
to fully comprehend the exact role of Wnt5a in periodontitis.

6. Wnt5a in periodontal regeneration

Untreated periodontitis leads to periodontal tissue destruction
and tooth loss. In recent years, periodontal tissue engineering
has been greatly developed, and stem cell therapy remains a
research hotspot (56). Previous studies have revealed that the
canonical Wnt signaling pathway is essential in periodontal
tissue regeneration, especially in stem cell self-renewal and
multi-directional differentiation (57,58). The non-canonical
Wht signaling pathways have also been observed to regulate
the biological behavior of periodontal stem cells.

Whnt5a may regulate the biological behavior of periodontal
stem cells. Wnt5a inhibited the induction of DFCs cellular
senescence, supported cell proliferation and prevented cell
death (59). Wnt5a significantly enhanced the proliferation of
HPDLCs by phosphorylating two major mitogen-activated
protein kinases, extracellular signal-regulated kinase and
Jnk (27), which are important signaling molecules influencing
cell proliferation (60). In addition, Wnt5a promoted the migra-
tion of HPDLCs by phosphorylating Akt, which serves pivotal
roles in cell migration (61). Similar to its function in bone
homeostasis, Wnt5a has dual effects on osteogenic differentia-
tion of periodontal stem cells. Wnt5a suppressed osteoblastic
differentiation via Ror2/Jnk signaling in HPDLCs (62).
Additionally, Sakisaka er al (30) found that Wnt5a might
function as a negative regulator in the Wnt3a-mediated osteo-
genic differentiation of DFCs by inhibiting the downstream
part of B-catenin/T-cell factor-mediated transcription. As a
canonical Wnt family member, Wnt3a has been reported to
have a potential role in stimulating cementoblast/osteoblast
differentiation of dental follicle cells via the Wnt/p-catenin
signaling pathway (63). Several studies have suggested that
Whnt5a was a positive regulator in osteogenic differentiation
of stem/progenitor cells. Xiang et al (26) found that in the
presence of 100 ng/ml bone morphogenetic protein (BMP)2,
Whnt5a strongly prompted mineralization of DFCs. Another
study indicated that Wnt5a signaling might be a substantial
constituent in BMP2-mediated osteoblastogenesis (64). In
addition, Wnt5a-induced non-canonical Wnt signaling has
been shown to suppress adipogenesis, which, in turn, promoted
the differentiation of mesenchymal stem cells into osteoblast
lineage cells (65).
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With the development of stem cell therapy, several
scholars have hypothesized that stem cells may obtain
improved regeneration ability in the inflammatory microen-
vironment (66). When they interact with the inflammatory
microenvironment, stem cells can repair themselves and
secret more regulatory factors to affect surrounding cells
to promote regeneration. In turn, surrounding cells, such
as tissue-resident immune cells, can influence the fate and
behavior of stem cells by releasing immune modulators,
and further contribute to tissue regeneration. Recently, it
was observed that Wnt5a was abundantly expressed in the
regenerating gastric tissue following Helicobacter pylori
infection (67). Conditional deletion of Wnt5a or depletion of
innate lymphoid cells, the cells that act as the main source of
Whnt5a, reduced Mistl* stem cell proliferation and impaired
healing and regeneration in experimental gastric ulcer (67).
This in vivo study suggested that Wnt5a may contribute to
the interaction between stem cells and immune cells under
inflammatory microenvironment. The effect of Wnt5a on
periodontal regeneration under the inflammatory microenvi-
ronment is at the initial stages of being explored. An in vitro
study demonstrated that the Wnt5a-mediated Ca** signaling
pathway had an inhibitory role in cementogenic/osteo-
genic differentiation of HPDLCs following stimulation by
pro-inflammatory cytokines IL-6 and TNF-a (68). However,
another study suggested that the inflammatory microenvi-
ronment may suppress the Wnt/Ca®* signaling pathway and
lead to reduced osteogenic differentiation of HPDLCs (69).
This discrepancy may be due partly to the pleiotropic effects
of Wnt5a in periodontal regeneration in inflammatory micro-
environments. Wnt5a not only influences the regeneration
potential of stem cells, but also has an impact on immune
cells. Further studies in vivo will be required to fully under-
stand the effect of Wnt5a on periodontal regeneration in a
synthetic in vivo environment.

In addition, periodontal regeneration emphasizes the
reconstruction of integrated periodontal tissues, not just the
regeneration of hard tissues. Regeneration of periodontal liga-
ment guarantees functional recovery and long-term stability of
periodontal tissues. At present, and although further research
is warranted, Wnt5a is hypothesized to be a candidate mole-
cule for periodontal regeneration due to its ability to promote
fibrillogenesis and to moderate osteogenesis in periodontal
stem/progenitor cells.

7. Conclusion

As a prototypical non-canonical Wnt, Wnt5a is involved in
many processes of periodontal tissue development, main-
tenance, and periodontitis. Based on its broad biological
functions, Wnt5a may also serve a role in periodontal regen-
eration. However, current studies have primarily conducted
in vitro experiments, so there is a lack of in vivo studies to
verify the results. Moreover, the specific mechanism underlying
Wnt5a regulation of periodontal homeostasis is not completely
understood. Therefore, identifying how to regulate Wnt5a to
maintain the balance between osteogenesis and osteoclastosis
in periodontal tissues is important. Moreover, Wnt5a might
display a diagnostic value in periodontitis as Wnt5a can be
detected in GCF, and its expression level is correlated with
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the diseased site. Future studies should investigate whether the
protein expression levels of Wnt5a in the GCF of patients with
chronic periodontitis are related to the active and stable phases
of the diseased site, as well as assessing the predictive value
of Wnt5a.
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