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Abstract

Periodontitis is a chronic inflammatory disease initiated by dysbiotic biofilms and sustained
by an altered host response, resulting in progressive destruction of the tooth-supporting
tissues. Alongside immune-mediated damage, epithelial–mesenchymal transition has been
proposed as a contributing mechanism in gingival barrier disruption and periodontal tissue
remodeling. This narrative review examines the roles of the EMT-related transcription
factors Snail1 and Twist1 in periodontitis, with particular focus on their involvement in
epithelial junction loss, mesenchymal activation, and disease-associated tissue change. Rele-
vant literature was identified through targeted searches of PubMed/MEDLINE and Google
Scholar using terms related to periodontitis, gingival epithelium, EMT, Snail, and Twist,
while selected non-periodontal studies were used only for mechanistic context where direct
evidence was limited. Current findings suggest that periodontal disease is commonly asso-
ciated with reduced epithelial adhesion markers and increased mesenchymal-associated
markers, with Snail1 appearing more closely linked to epithelial repression and Twist1
to motility and matrix remodeling. However, the evidence remains largely preclinical or
associative. Overall, Snail1 and Twist1 may participate in EMT-like remodeling in peri-
odontitis, but periodontal-specific mechanistic and functional studies are still needed to
clarify causality and clinical relevance.

Keywords: epithelial–mesenchymal transition; gingival epithelium; Snail family
transcription factors; TWIST1 protein; E-cadherin; Porphyromonas gingivalis

1. Introduction
Periodontitis is a highly prevalent chronic inflammatory disease that causes irre-

versible destruction of the tooth-supporting apparatus, including gingiva, periodontal
ligament, and alveolar bone [1–4]. The overall etiology of periodontitis is multifactorial,
with its origin based on complex interactions between a dysbiotic subgingival microbiome
and an aberrant host immune response [5–7]. Direct effects of bacterial virulence factors
paired with the host inflammatory cascade have been widely described in terms of clinical
and microbiome shifts; however, the cellular and molecular processes that drive profound
tissue remodeling and breakdown are less well understood [8,9]. More recently, a cellular
plasticity, or EMT, that involves a series of cellular morphologic, behavioral, and functional
changes has been increasingly discussed as a potential contributor to periodontal epithelial
remodeling and barrier disruption [10–12].

EMT is a complex biology whereby polarized epithelial cells undergo a series of
morphological and molecular events to adopt a mesenchymal phenotype characterized

Appl. Biosci. 2026, 5, 53 https://doi.org/10.3390/applbiosci5030053

https://crossmark.crossref.org/dialog?doi=10.3390/applbiosci5030053&domain=pdf&date_stamp=2026-06-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applbiosci
https://www.mdpi.com
https://orcid.org/0000-0001-7620-5131
https://doi.org/10.3390/applbiosci5030053


Appl. Biosci. 2026, 5, 53 2 of 21

by increased motility, invasiveness, and anti-apoptotic behavior [11,13]. Hallmarks of
the transition include downregulation of epithelial markers such as E-cadherin, which is
necessary to maintain adherens junctions, and upregulation of the mesenchymal markers N-
cadherin, Vimentin, and fibronectin [11]. This transformation relies on transcription factors
that are considered the master regulators of the process [10]. Among these proteins, the
zinc-finger protein Snail1 (Snail) and basic helix–loop–helix protein Twist1 are considered
master regulators of EMT during development and pathological cases [12,14].

First identified in embryology, EMT has been established as an important process in
wound healing, tissue fibrosis, and cancer metastasis; research is increasingly investigating
its role in chronic inflammatory diseases, with evidence for its involvement in several
conditions, from kidney fibrosis to inflammatory bowel disease [15]. With regard to oral
health, EMT has been linked to the development of oral squamous cell carcinoma and,
more recently, inflammation surrounding dental implants and peri-implantitis [16,17]. This
progress provides a strong rationale to further explore EMT’s role in the parallel pathology
of periodontitis, a chronic inflammatory disease characterized by tissue destruction. Pre-
clinical rat models, as well as human gingival tissue samples from periodontitis patients,
have identified classical EMT hallmarks, which provide evidence of EMT not only as an
idealized process, but as an active phenomenon in infected periodontal tissues [5,11,13].

EMT is likely to be activated in the periodontal micro-environment due to the chronic
stimulation of inflammation; inflammatory cytokine and growth factor stimuli (and sig-
naling from periodontal pathogens) will activate intracellular signaling pathways leading
to the convergence on EMT-inducing transcription factors [5,12]. The induction of these
transcriptional programs will have an impact on the homeostatic balance of periodontal
tissues. Loss of E-cadherin due to Snail1 reduces the cohesion of the junctional and sulcular
epithelia, and therefore diminishes the protective barrier function of this epithelium against
deeper bacterial invasion into the subjacent connective tissue, promoting inflammation [12].
Activation of the mesenchymal phenotype through the action of factors such as Twist1 leads
to an increase in cell motility and invasiveness, contributing to the apical migration of the
epithelial attachment and to the disruption of the organization of the subjacent connective
tissue [10,12].

Several reviews have discussed EMT-like changes in periodontitis in the broader
context of inflammation-driven epithelial remodeling. However, the specific contribution
of EMT transcriptional regulators to periodontal barrier dysfunction and tissue remodeling
is often discussed briefly or extrapolated from non-periodontal disease models. In this
focused narrative review, we concentrate on two EMT transcription factors, Snail1 and
Twist1, because they represent complementary regulatory nodes: Snail1 is strongly linked
to epithelial junction repression, while Twist1 is associated with activation of mesenchymal
gene programs relevant to motility and matrix remodeling.

The novelty of this review lies in reframing periodontal EMT around two comple-
mentary regulators: Snail1, mainly linked to epithelial junction loss, and Twist1, mainly
linked to mesenchymal activation. It also integrates these factors with oxidative stress,
immune signaling, regulated cell death, and microbial challenge. This approach helps
distinguish periodontal-specific evidence from mechanisms extrapolated from cancer or
fibrosis models. Practically, Snail1 and Twist1 are presented as mechanistic biomarkers and
experimental targets, not immediate clinical therapeutic targets.

2. Methodology
This article is a focused narrative review. A targeted search was performed in

PubMed/Medline and Google Scholar to identify studies evaluating EMT or EMT-related
markers in periodontitis and periodontal-relevant models, with emphasis on Snail1 and
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Twist1. Search terms included combinations of: (“periodontitis” OR “gingivitis” OR “gingi-
val epithelium”) AND (“epithelial–mesenchymal transition” OR “EMT”) AND (“Snail” OR
“SNAI1” OR “Twist” OR “TWIST1”). Studies were selected according to their relevance
to the review focus. Studies that evaluated EMT or EMT-related markers in human peri-
odontal tissues, animal models of periodontitis, or non-malignant oral/gingival epithelial
models exposed to periodontal pathogens or inflammatory mediators were included. Stud-
ies were excluded as direct evidence if they focused exclusively on malignancies, non-oral
tissues, or unrelated inflammatory diseases. However, selected non-periodontal mecha-
nistic studies were used cautiously when clarifying pathways relevant to Snail1, Twist1,
inflammatory signaling, epithelial barrier disruption, or EMT regulation. Because this
was a narrative review, no formal risk-of-bias assessment or meta-analysis was performed;
instead, the strengths and limitations of the evidence were discussed qualitatively.

3. Epithelial–Mesenchymal Transition (EMT) in the Pathogenesis
of Periodontitis

Periodontitis is a chronic inflammatory disease caused by a dysbiotic microbial biofilm
that results in the gradual destruction of the tooth-supporting apparatus, including the gin-
giva, periodontal ligament (PDL), and alveolar bone [5,18,19]. While the host inflammatory
response to pathogenic bacteria remains important in tissue damage, an emerging body
of literature defines a cellular program, termed epithelial–mesenchymal transition (EMT),
which contributes to tissue destruction possibly in a manner not previously considered [20].
EMT is defined as a complicated biological process in which epithelial cells lose their ep-
ithelial polarity and cell–cell adhesion, resulting in remodeling of the cytoskeleton to adopt
a mesenchymal phenotype with increased migration and invasion capacity [13]. EMT was
initially described as a process that occurred during embryonic development, and tissue
repair or regeneration, but dysregulation of EMT has increasingly been exploited in patho-
logic processes including fibrosis and cancer progression [21]. In periodontitis, EMT-like
epithelial changes shift the view of the gingival epithelium from a passive barrier to an
active participant in inflammation-driven tissue remodeling [22]. This review will provide
an overview of the molecular hallmarks of EMT, the effects of the inflammatory microenvi-
ronment on EMT, evidence of the occurrence of EMT in periodontal tissues, and discuss
the implications of the changes to epithelial barrier function and disease progression.

3.1. Defining EMT: Molecular Hallmarks and Phenotypic Changes

Epithelial–mesenchymal transition is not a switch from epithelium to mesenchyme, but
a dynamic and reversible continuum of epithelial and mesenchymal states [15]. EMT and
MET are crucial for cellular plasticity [23]. During embryogenesis, EMT enables epithelial
cells to migrate and form mesoderm and neural crest, while MET allows mesenchymal cells
to re-establish epithelial structures. In tissue repair, partial EMT-like states aid epithelial
movement and wound closure, but persistent EMT can cause fibrosis. In cancer, EMT leads
to loss of adhesion, increased invasion, apoptosis resistance, and metastasis; MET helps
tumor cells regain epithelial traits and form secondary lesions. This EMT/MET concept is
relevant in periodontitis as gingival epithelial cells may partially transition under chronic
inflammation [24].

The transition is mediated by signaling pathways targeting EMT-inducing transcrip-
tion factors (EMT-TFs), including Snail, members of the Twist family, and ZEB family [25].
These master regulators coordinate transcriptional reprogramming that defines the molec-
ular hallmarks of EMT [25]. At the molecular level, the key event is downregulation of
epithelial markers, primarily E-cadherin [26]. E-cadherin is a transmembrane protein re-
quired for adherens junctions that connects epithelial cells to maintain tissue integrity [26].
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Losing E-cadherin is the first significant event initiating EMT, resulting from transcriptional
repression by EMT-TFs, causing dissolution of cell–cell junctions [27]. The downregulation
of epithelial markers occurs with upregulation of mesenchymal markers [28]. N-cadherin
replaces E-cadherin, providing transient cell–cell interactions favoring migration and in-
vasion [28]. Vimentin replaces the cytokeratin network, providing cell flexibility and
motility [29]. Mesenchymal markers like fibronectin and matrix metalloproteinases (MMPs)
facilitate cell migration and ECM degradation [30].

From these molecular changes arise drastic phenotypic changes. Epithelial cells,
which normally exist in tightly packed sheets with apical-basal polarity, transition to
elongated, spindle shaped cells resembling fibroblasts [5]. A functional change accompanies
these morphologic changes [5]. Cells from EMT gain increased migration and invasion
capacity, lose contact inhibition, and show higher apoptosis resistance [31]. The transition
from cohesive epithelial cells to migratory mesenchymal cells defines EMT’s functional
aspects [12]. This cellular change affects tissue homeostasis and disease progression in the
periodontium [10].

3.2. The Role of the Inflammatory Microenvironment in Inducing EMT

The periodontal pocket environment exhibits chronic inflammation [6,19,32]. The host
response to the dysbiotic, subgingival microbiome triggers pro-inflammatory cytokines,
chemokines and growth factors from resident and traffic immune cells [5,33]. The inflam-
matory environment drives the Epithelial–Mesenchymal Transition (EMT) process. Key
cytokines in periodontitis, including Transforming Growth Factor-beta (TGF-β), Tumor
Necrosis Factor-alpha (TNF-α), Interleukin-1 beta (IL-1β) and Interleukin-6 (IL-6), act as
EMT drivers in other diseases [34]. TGF-β is one of the strongest EMT drivers [35]. TGF-β
engages canonical Smad signaling by binding to its receptor, activating EMT transcription
factors (EMT-TFs) like Snail1 and Twist1 [36]. Additionally, TGF-β and inflammatory
mediators activate non-canonical pathways like MAPK and PI3K/Akt that enhance the
EMT program [37].

Oxidative stress is also a central signaling component of the periodontal inflammatory
microenvironment [38]. In periodontitis, excessive reactive oxygen species (ROS) arise from
activated neutrophils, macrophages, mitochondrial dysfunction, and bacterial-host inflam-
matory interactions [39]. Among ROS, hydrogen peroxide (H2O2) is especially important
as a diffusible signaling molecule because it can cross membranes and reversibly oxidize
redox-sensitive proteins. Superoxide anion (O2•−) is also important as an upstream ROS
generated by mitochondrial and NADPH oxidase activity, while hydroxyl radical (•OH) is
highly reactive and mainly contributes to irreversible macromolecular injury rather than
controlled signaling [40]. ROS can promote EMT by activating TGF-β/Smad and non-Smad
pathways, MAPK signaling including ERK, p38, and JNK, PI3K/Akt signaling through
oxidative inhibition of PTEN, NF-κB activation, and Wnt/β-catenin-related signaling [41].
These pathways increase Snail1 and Twist1 expression or stability and subsequently reduce
E-cadherin by transcriptional repression of CDH1 and disruption of adherens junctions.
Therefore, oxidative stress may act upstream of Snail1/Twist1-driven epithelial barrier
weakening in periodontitis, although the exact ROS species and pathway dominance in
gingival tissues require further direct investigation [42].

Periodontal pathogens and their components (e.g., lipopolysaccharide (LPS)) can
directly induce EMT-associated genes [10,20]. Porphyromonas gingivalis and Fusobacterium
nucleatum alter host cell signaling to generate EMT-like phenotypes in oral epithelial
cells [10,43,44]. These pathogens activate NF-κB and MAPK pathways, inducing inflamma-
tion and intersecting with EMT pathways. F. nucleatum drives EMT in oral and colorectal
cancers, demonstrating microbes’ capacity to prime such transitions [45,46]. This creates

https://doi.org/10.3390/applbiosci5030053

https://doi.org/10.3390/applbiosci5030053


Appl. Biosci. 2026, 5, 53 5 of 21

a destructive feedback loop where microbial challenge causes inflammation and EMT in
gingival epithelium [10,20,47]. The mesenchymal-like cells produce pro-inflammatory
mediators, perpetuating inflammation and tissue destruction [48]. Additionally, tobacco ex-
tracts can elicit EMT in gingival epithelial cells, augmenting the inflammatory damage [49]
(Figure 1).

Figure 1. Schematic overview of epithelial–mesenchymal transition in periodontitis. Dysbiotic
subgingival biofilms and periodontal pathogens stimulate epithelial cells and immune cells, leading to
release of inflammatory mediators such as TNF-α, IL-1β, IL-6, and TGF-β. These signals activate NF-
κB, MAPK, PI3K/Akt, and Smad-related pathways, which converge on EMT-inducing transcription
factors including Snail1 and Twist1. The resulting epithelial changes include reduced E-cadherin and
junctional integrity, increased mesenchymal markers such as vimentin and N-cadherin, increased
epithelial permeability, apical migration, and tissue remodeling.

p53 may link inflammation, epithelial integrity, and EMT-like remodeling, though
direct periodontal evidence is limited [50]. In non-periodontal EMT models, wild-type p53
suppresses EMT by regulating microRNA networks like miR-34/Snail and miR-200/ZEB,
maintaining epithelial differentiation and E-cadherin expression [50,51]. Loss or dys-
function of p53 can favor EMT-TF activity and repress epithelial adhesion programs. In
periodontitis, recent evidence suggests p53 may reduce disease progression by decreasing
M1-type macrophage differentiation and inflammatory cytokine expression. Thus, p53
might influence periodontal EMT indirectly by modulating the inflammatory microenvi-
ronment rather than being a direct EMT regulator in gingival epithelium [52]. Further
periodontal-specific studies are needed to see if p53 signaling affects Snail1/Twist1 expres-
sion, E-cadherin loss, and epithelial barrier disruption in diseased periodontal tissues.

Besides activating EMT-related transcriptional programs, the inflammatory periodon-
tal microenvironment may compromise the epithelial barrier through regulated cell death.
Recent oral mucosal injury studies indicate epithelial depletion and barrier breakdown
can be driven by ferroptosis, an iron-dependent regulated cell death form characterized
by lipid peroxidation and impaired antioxidant defense [53]. Although evidence mainly
comes from mucosal injury models, it is relevant as the periodontal pocket also experiences
oxidative stress, microbial challenge, and inflammation. Periodontal studies support this,
showing ferroptosis-associated proteins in gingival crevicular fluid during periodontitis
progression [54]. Thus, epithelial barrier disruption in periodontitis likely reflects overlap-
ping mechanisms, including EMT-like plasticity, oxidative stress, ferroptosis, apoptosis,
and other programmed cell deaths [55].
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3.3. Evidence of EMT in Preclinical and Clinical Models of Periodontitis

The conceptual link between inflammation and the process of EMT has triggered an
investigation into the presence of EMT in periodontitis. Evidence from animal models
and the literature using human samples all support the presence of EMT-like changes
in periodontal disease [5,11,12]. For example, evidence of EMT in an animal model of
ligature-induced periodontitis in rats produced traditional evidence of EMT in the gingival
epithelium, loss of E-cadherin, and upregulation of mesenchymal markers such as vimentin,
which all provide direct evidence in vivo that the disease process induces this cellular
program [5]. Animal models provide the opportunity to investigate the temporal and
spatial dynamics related to the initiation and progression of periodontitis, which is an
important component of discovery [5].

Human translational studies agreed with preclinical studies. A key study compar-
ing gingival tissues of patients with chronic periodontitis to healthy controls showed
significantly lower E-cadherin expression with higher N-cadherin and EMT-TF Snail1
expression [11]. The expression levels of these markers correlated with clinical severity,
suggesting EMT may track periodontal destruction progression [11]. Another study of
periodontitis gingival tissues showed clear EMT phenotype evidence, supporting EMT’s
role in active periodontitis [12]. Additional studies have linked EMT to peri-implant dis-
ease, suggesting it as a common pathway in inflammatory diseases of natural teeth and
dental implants [16]. The consistent presence of EMT markers in diseased periodontal
tissues supports its relevance in humans and highlights the need for periodontal-specific
mechanistic and interventional studies.

To help synthesize the available evidence, the main periodontal and periodontal-
relevant studies reporting EMT-associated changes are summarized in Table 1.

Table 1. Summary of key studies reporting EMT-related changes relevant to periodontitis, Snail1,
and Twist1.

Evidence Type Model/Context Main EMT-Related
Findings

Relevance to
Snail1/Twist1 Interpretive Note

Human periodontal
tissues

Gingival tissues from
periodontitis patients

compared with
healthy controls

Reduced epithelial
adhesion markers

and increased
mesenchymal/EMT-

related markers

Supports increased
Snail1 and/or

EMT-TF expression
in diseased tissues

Associative evidence;
does not prove

causality

Animal periodontitis
models

Ligature-induced
periodontitis or
experimentally

induced periodontal
inflammation

EMT-like marker
shifts in gingival
epithelium with
barrier-related

changes

Useful for temporal
and spatial

assessment of
EMT-like remodeling

Preclinical evidence:
translation to

humans requires
caution

Oral/gingival
epithelial cell models

Cells exposed to
periodontal

pathogens, LPS, or
inflammatory

mediators

Activation of
inflammatory

pathways with
reduced epithelial

integrity and
increased

mesenchymal
markers

Supports possible
pathogen/inflammation-
driven activation of

Snail1/Twist1
pathways

Mechanistic but
simplified compared

with periodontal
tissues
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Table 1. Cont.

Evidence Type Model/Context Main EMT-Related
Findings

Relevance to
Snail1/Twist1 Interpretive Note

Mechanistic
non-periodontal

studies

Fibrosis, wound
healing, cancer, or

inflammatory epithelial
models

Clarify upstream
pathways such as

TGF-β/Smad, NF-kB,
MAPK, PI3K/Akt,

STAT3, and
Wnt/beta-catenin

Used to explain how
Snail1/Twist1 may be

activated when
periodontal evidence is

limited

Contextual evidence
only, not direct

periodontal proof

3.4. Implications of EMT: Compromised Epithelial Barrier and Tissue Destruction

EMT processes lead to a significant detrimental influence on the integrity and function
of periodontal tissue [56]. The gingival epithelium serves as a barrier between connec-
tive tissue and the oral cavity environment of oro bacteria [57]. And downregulation
of E-cadherin impairs the AJs and epithelial barrier function [58]. Increased epithelial
permeability permits further penetration of pathogenic bacteria, virulence factors such as
LPS and increased microbial encounter [20]. The inflamed epithelium is unable to elicit an
adequate response for continued exposure to microorganisms [59]. This triggers increased
immune cell influx and release of tissue-damaging enzymes [60], amplifying collagen fiber
breakdown in connective tissue and PDL [60]. EMT-related phenotypic changes cause
tissue remodeling and destruction. Epithelial cells gain migratory capabilities, allowing
junctional epithelium to move apically, leading to periodontal pockets and attachment
loss [5,61]. Mesenchymal-like cells from EMT contribute to fibrotic changes by producing
excessive disorganized ECM [62], limiting tissue function and regeneration [62]. The associ-
ation between EMT in periodontitis and more severe disease states, such as oral squamous
cell carcinoma has also been proposed, where the cellular plasticity induced by chronic
inflammation and periodontal pathogens were suggested to establish a microenvironment
that may lead to cancerous transformation [31,63]. At the same time, the destructive peri-
odontal microenvironment cannot be explained by epithelial EMT alone. Immune-driven
connective tissue destruction and bone resorption remain central features of periodontitis,
particularly in metabolically compromised conditions such as diabetic periodontitis. Recent
experimental work using bioactive Zn–V–Si–Ca glass nanoparticle hydrogel microneedles
in diabetic periodontitis showed that modulation of the local microenvironment was associ-
ated with downregulation of JAK-STAT and NF-κB inflammatory signaling pathways and
improved alveolar bone regeneration [64]. These findings support the view that persistent
inflammatory signaling can directly drive connective tissue breakdown and osteoclastic
bone loss, while EMT-like epithelial remodeling may mainly contribute to barrier weaken-
ing, epithelial migration, and altered tissue architecture. Thus, EMT should be interpreted
as part of a wider pathological network that includes immune dysregulation, oxidative
stress, programmed cell death, and inflammatory bone destruction.

4. Snail1 Functions as a Transcriptional Regulator of Periodontal EMT
The initiation and progression of epithelial–mesenchymal transition (EMT) rely on a

core set of transcription factors that drive the extensive reprogramming of gene expression
needed for a cell to lose its epithelial identity and acquire mesenchymal characteristics. One
of the most significant core regulators is Snail1 (also referred to as Snail), a member of the
Snail family of zinc-finger transcription factors. Snail1 is a strong transcriptional repressor
because it represses genes that define the epithelial phenotype (e.g., genes involved in cell
adhesion) [65]. The transcriptional effects of Snail1 are regulated by numerous signaling
pathways, many of which are active in the inflamed periodontal environment, which will
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be further discussed in this chapter. In this chapter, we will outline the role of Snail1 in
driving periodontal EMT by discussing its structure and function, its primary mechanism
of action through E-cadherin repression, the literature tying Snail1 activation to periodontal
pathogens, and its correlation with disease severity [65].

4.1. Snail1 Structure, Function, and Upstream Signaling Pathways

Snail1 is a member of the superfamily of Snail transcription factors and contains a
highly conserved C-terminal region that possesses 4 to 6 C2H2-type zinc finger motifs. The
zinc finger domain is required for function because it binds to specific DNA sequences
named E-boxes (5′-CANNTG-3′) in target gene promoter regions [66]. The N-terminal
region of the Snail1 protein has the SNAG domain (Snail/Gfi-1) that acts as a transcription
repressor domain by recruiting a number of co-repressor complexes, including the histone
deacetylase complex (HDAC) and several components of Polycomb repressive complex 2
(PRC2), which help condense and silence target gene expression in the epigenetic context,
giving Snail1 a powerful and stable repressive ability [67].

Snail1 primarily serves as a master switch to drive EMT [67]. Snail1 expression is
normally low or absent in healthy differentiated epithelia, but can be rapidly induced by
specific developmental cues, tissue injury, or pathological stimuli [68]. Following activation,
Snail1 initiates a signaling cascade that leads to loss of epithelial polarity, acquisition of a
migratory and invasive phenotype, and resistance to apoptosis [68]. While much is known
based on developmental biology and cancer metastasis literature, the proposed function
as a pathogenic mediator in chronic inflammatory diseases such as periodontitis is still
relatively unexplored [13].

Like many transcription factors, expression and activity of Snail1 are regulated by a
complex network of upstream signaling pathways, many of which are highly relevant to
the periodontal inflammatory environment [69]. Key inducers include:

1. Transforming Growth Factor-β (TGF-β) Signaling: The TGF-β/Smad pathway is
perhaps the most potent and well-characterized inducer of Snail1 [70]. As a result
of ligand binding, TGF-β receptors phosphorylate Smad2 and Smad3, which then
heterodimerize with Smad4 [70]. This complex translocates to the nucleus and directly
activates transcription of the SNAI1 gene. With the abundance of TGF-β measured
in inflamed and fibrotic tissues of the periodontium, the TGF-β pathway is likely a
primary mechanism of Snail1 activation in periodontitis [70].

2. Wnt/β-catenin Signaling: The canonical Wnt pathway can also induce Snail1 expres-
sion as it leads to stabilization and nuclear accumulation of β-catenin [71]. In the
nucleus, β-catenin forms a complex with TCF/LEF transcription factors to activate
target genes, including SNAl1. Although largely documented crosstalk has been
shown between Wnt signaling and inflammation, there is likely another pathway for
Snail1 induction in periodontal pockets [72].

3. Receptor Tyrosine Kinase (RTK) Pathways: Growth factors such as epidermal growth
factor (EGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF) can
activate RTKs, leading to downstream activation of the Ras/MAPK and PI3K/Akt
signaling cascades. Both pathways can increase Snail1 expression and stability, typ-
ically by phosphorylating and inhibiting Glycogen Synthase Kinase 3β (GSK3β), a
kinase that specifically targets Snail1 for proteasomal degradation [73].

4. Inflammatory Signaling: Pro-inflammatory cytokines such as tumor necrosis factor-α
(TNF-α) and Interleukin-6 (IL-6) can increase Snail1 expression through signaling path-
ways such as NF-κB and STAT3. These findings provide a potential direct link between
the chronic inflammatory state of periodontitis and active core EMT machinery [74].
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The convergence of these multiple signaling cascades onto the SNA1 gene serves to
emphasize its central position as a hub for pro-EMT signals. In periodontitis, the sustained
release of bacterial products along with pro-inflammatory cytokines and growth factors
establishes a microenvironment that would tend to maintain Snail1 constantly activated
leading to an indefinite maladaptive EMT program (Table 2).

Table 2. Upstream factors and signaling pathways associated with Snail1 and Twist1 activation in
periodontal or periodontal-relevant EMT.

Upstream Factor/Pathway Main Target Proposed Effect on
Snail1/Twist1 Periodontal Relevance

TGF-β/Smad signaling Snail1, Twist1

Induces EMT-related
transcriptional programs
and promotes epithelial

plasticity

Relevant to inflamed and
fibrotic periodontal tissues;

supports EMT-like
remodeling.

TNF-α and IL-1β Snail1, Twist1
Activate inflammatory

signaling that may
converge on EMT-TFs

Common cytokines in
periodontal inflammation

and may intensify
epithelial barrier

disruption.

IL-6/STAT3 signaling Snail1, Twist1

May increase EMT-TF
expression and sustain
inflammatory epithelial

plasticity

Relevant to chronic
inflammatory periodontal

lesions.

NF-κB signaling Snail1, Twist1

Links
microbial/inflammatory

stimulation with
EMT-related

transcriptional activation

Activated by periodontal
pathogens, LPS, and

inflammatory cytokines.

MAPK pathways (ERK,
p38, JNK) Snail1, Twist1

Promote EMT-related gene
expression and may

support Snail1 stability

Relevant to epithelial
responses to microbial

products and inflammatory
mediators.

PI3K/Akt signaling Snail1

May stabilize Snail1
through inhibition of

GSK3β-mediated
degradation

May contribute to
persistence of EMT-like

changes under
inflammatory stimulation.

Wnt/β-catenin signaling Snail1, Twist1
Supports transcriptional
activation of EMT-related

genes

Relevant because microbial
challenge may alter

β-catenin signaling in oral
epithelial cells.

Periodontal pathogens and
LPS Snail1, Twist1

Activate host receptors and
downstream

NF-κB/MAPK signaling

Provides a microbial link
between dysbiosis and

epithelial EMT-like
remodeling.

4.2. Snail1-Mediated E-Cadherin Repression and Disruption of Cell Adhesion

Snail1 is particularly important in periodontal EMT because it directly represses ep-
ithelial adhesion programs. Its best-characterized target is CDH1, the gene encoding
E-cadherin, which is essential for adherens junction integrity and epithelial cohesion [20].
By binding to E-box sequences within the CDH1 promoter and recruiting co-repressor com-
plexes, Snail1 epigenetically suppresses E-cadherin transcription and weakens epithelial
architecture [75].
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The implications of downregulating E-cadherin are deep and far-reaching. The first
immediate implication is that dissolving strong intercellular adhesions frees cells from
the epithelial sheet and promotes cell motility [20]. The second implication is that loss
of E-cadherin removes sequestration of β-catenin at the cell membrane. Free of adherens
junction complex, β-catenin can translocate to the nucleus and acts as a transcriptional
co-activator for genes responsible for cell proliferation, and mesenchymal differentiation,
including Snail1, resulting in a positive feedback loop that supports the EMT state [12].

Snail1 represses E-cadherin and has broad repression mechanisms of epithelial genes.
Snail1 represses junction proteins, including claudins and occludins (tight junction com-
ponents), and desmoplakin and desmoglein (desmosomal components) [76]. This attack
on cell adhesion complexes dismantles epithelial barrier function [12]. Within the gingival
epithelium, disruption of epithelial seal by Snail1 has pathological significance. Compro-
mised barrier function allows bacterial toxins and antigens from dental plaque biofilm
to penetrate connective tissues [20]. The influx of microbial products aggravates local
inflammation, creating a cycle where inflammation increases Snail1 expression—leading to
greater barrier dysfunction and severe tissue destruction [20]. Therefore, Snail1 repression
of E-cadherin is not just a cellular event but a critical step in periodontitis pathogenesis
(Figure 2).

Figure 2. Mechanistic role of Snail1 in periodontal epithelial–mesenchymal transition. Periodontal
pathogens and inflammatory mediators activate upstream pathways, including TGF-β/Smad, NF-κB,
MAPK, PI3K/Akt, Wnt/β-catenin, and STAT3 signaling. These pathways increase Snail1 expression
and/or stability. Activated Snail1 translocates to the nucleus, binds E-box sequences within the CDH1
promoter, and recruits transcriptional co-repressor complexes, resulting in E-cadherin suppression.
Loss of E-cadherin weakens adherens junctions, increases epithelial permeability, facilitates bacterial
product penetration, and may amplify local inflammation and periodontal tissue destruction.

Stress-response chaperones may also influence E-cadherin stability and EMT-related
epithelial cohesion. HSP70 appears to have context-dependent effects, as it may preserve
epithelial features in some models but promote EMT-like changes through p38/MAPK sig-
naling in others [77]. HSP70-2/HSPA2 has also been linked to EMT regulation, with its sup-
pression associated with increased E-cadherin and reduced Snail/Twist-related mesenchy-
mal markers [78]. Although these findings are not periodontitis-specific, they suggest that
chaperone responses may modify epithelial adhesion under chronic inflammatory stress.

4.3. Links Between Periodontal Pathogens and Snail1 Activation

The chronic microbial stimulus from a dysbiotic subgingival biofilm is the major
etiologic agent of periodontitis. Increasing evidence now indicates that certain periodontal
pathogens are also directly involved in activation of the EMT program, with Snail1 often
being proposed as a central player [20]. These pathogens have developed complex strategies
to control host cell signaling networks, often involving those that drive EMT.
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Research has shown that keystone periodontal pathogens can alter the expression of
transcription factors related to the irreversible epithelial–mesenchymal transition (EMT)
program [31]. For example, Porphyromonas gingivalis, a recognized bacterial pathogen of
chronic periodontitis, demonstrated the ability to modulate host cell signaling in ways
that affected Snail1 expression [20]. In some situations, such as in models of esophageal
cancer, the research reported that P. gingivalis stimulated signaling pathways that inhibited
Snail protein; however, as is often the case with bacteria, the role of P. gingivalis in the
host periodontal inflammatory environment is likely context-dependent [79]. The usage of
in vitro models has demonstrated that stimulation of oral epithelial cells with components
of periodontal pathogens, such as lipopolysaccharide (LPS), have led to the development
of an EMT-like phenotype, where E-cadherin was decreased, while mesenchymal markers
were increased. This process is often marked by a dramatic upregulation of Snail1, suggest-
ing the presence of bacterial products were able to stimulate the transcriptional machinery
of EMT in epithelial cells, and that these products had directly engaged the infection and
resulted in the activation of the core genes involved in EMT [5].

These pathways through which periodontal pathogens can activate Snail1 are complex
in nature. They can directly stimulate host cell receptors, such as the toll-like receptor (TLR)
family, which detects pathogen-associated molecular patterns (PAMPs) such as LPS, which
ultimately trigger downstream inflammatory signaling cascades such as NF-κB and MAPK.
As we mentioned previously, these signaling pathways activate Snail1 expression [80]. Ad-
ditionally, pathogens can induce a local inflammatory microenvironment, rich in cytokines,
such as TGF-β and TNF-α, that also act as strong activators of Snail1 [80]. Thus, periodon-
tal pathogens can activate Snail1 directly, by engaging epithelial cells, and indirectly by
orchestrating a pro-EMT inflammatory microenvironment [20]. The positive link between
microbial challenge and activation of a master regulator of EMT is an important piece to
connect the root cause of periodontitis (bacterial dysbiosis) with a fundamental cellular
mechanism of destruction (EMT) [12].

4.4. Snail1 Expression and Correlation with Clinical Severity of Periodontitis

Immunohistochemical studies of gingival tissue biopsies from patients with periodon-
titis show evidence of upregulated Snail1 in diseased tissues compared to cells from healthy
controls [11]. These studies showed that Snail1 expression was localized to the basal and
suprabasal layers of the pocket epithelium, which is the anatomical point of the greatest
interaction between the microbial biofilm and host tissues [11].

A very important confirmation of the Snail1 role in periodontal disease relates to
the observation that it is elevated in tissues with deeper periodontal pockets and greater
clinical attachment loss, and greater degrees of inflammation [11]. In particular, the Snail1
protein staining intensity was significantly stronger in biopsies of diseased periodontal
tissue with higher clinical severity of periodontitis compared to those from patients with
healthy periodontium [11]. This dose-dependency indicates that Snail1 is not a passive
molecule but rather, has an active and functional effect in facilitating pathological processes
within the gingival tissues in terms of promoting disease progression. Moreover, in human
tissues, increased levels of Snail1 occurred concomitantly with decreased amounts of
E-cadherin and therefore served as an in vivo evidence for repressive role other than
impairing the epithelial barrier during periodontitis patients [11]. The upregulation of
Snail1 by inflammation and disease in periodontal lesions has several implications. First, it
validates in vitro and pre-clinical model system data showing that Snail1-induced EMT is
active in human periodontitis. Second, it indicates a potential role of Snail1 as a biomarker
for disease activity and severity. It seems possible that the monitoring of Snail1 in gingival
biopsies (or perhaps even in GCF), given its ability to predict, could indicate a patient at
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risk for continuous tissue loss. From a clinical point of view, the increased Snail1 expression
levels could be indicative of a more inflamed and remodeled epithelium and may be worth
investigating as potential severity marker [11,20]. However, functional validation is needed
to determine whether Snail1 has a direct role in mediating periodontal destruction or acts
as an inflammation-driven phenomenon [12,81].

5. The Role of Twist1 in Controlling the Mesenchymal Shift
Twist-related protein 1 (Twist1) is a crucial transcription factor. In contrast to repressor

Snail1, Twist1 acts as a master regulator by directly stimulating the expression of genes
inclined to define mesenchymal phenotypes related to motility, invasion, and matrix re-
modeling rather than bestowing repression or suppression [82]. Twist1, however, had been
demonstrated to be also dysregulated in pathological conditions such as chronic inflam-
matory diseases, including periodontitis [11]. Thus, activation of Twist1in the periodontal
microenvironment is another important event that can lead to transition from compromised
epithelial barrier function to a more aggressive tissue-damaging phenotype and a causative
factor in the pathogenesis of periodontitis [11].

5.1. Twist1 as a Master Regulator of Mesenchymal Gene Expression

Unlike Snail1, which is mainly associated with repression of epithelial junctional genes,
Twist1 is more closely linked to the activation of mesenchymal programs [83]. Through its
basic helix–loop–helix structure and E-box binding activity, Twist1 promotes genes involved
in motility, cytoskeletal remodeling, extracellular matrix interaction, and invasion [84].
These include N-cadherin, vimentin, fibronectin, and matrix metalloproteinases.

In this way, Twist1 contributes to cellular reprogramming by reducing epithelial
stability and promoting a more migratory phenotype. In oral diseases and other related
pathologies, increased Twist1 expression has been suggested as a marker of EMT activation
and tissue remodeling [83].

5.2. The Consequences of Twist1 Activation on Cell Motility, Invasion, and Fibrosis of Tissues in
the Periodontium

Activation of Twist1 within periodontal epithelium plays a role in tissue homeostasis,
and in periodontitis development by facilitating cellular motility, invasion and fibrotic
activities. These phenotypes result in degradation of the gingival barrier and abnormal
remodelling of connective tissue that leads to loss of the tooth-supporting apparatus [13].
Twist1 promotes cell motility and invasion through the upregulation of genes associated
with cytoskeletal remodeling and ECM proteolysis. It upregulates front-rear polarity
and cytoskeletal plasticity (required for motility) by inducing N-cadherin and vimentin
genes [85]. Twist1 also induces MMP expression to degrade the basement membrane,
which is essential for cell invasion through the lamina propria. In periodontitis, such
invasion ruptures the integrity of junctional epithelium leading to pathogen entry and pro-
inflammatory loops [85]. Furthermore, invasive mesenchymal cells derived from epithelia
migrate together with activated fibroblast-myofibroblasts that drive tissue remodeling [12].

Twist1-regulated-mesenchymal cells deposit collagen ECM proteins that lead to dense
non-oriented scar-like tissue [86]. This fibrotic remodeling creates dense periodontal
ligament tissue that loses organized structure, resulting in dysfunction. Combined with
sustained inflammation, this creates a stiffened microenvironment unable to support tooth
regeneration [87].
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6. Integrated Roles of Snail1 and Twist1 in Periodontal EMT
6.1. Synergistic and Independent Roles of Twist1 and Snail1

Although Snail1 and Twist1 are discussed separately, periodontal EMT-like remod-
eling is unlikely to be controlled by a single transcription factor [88]. A more realistic
interpretation is that Snail1 and Twist1 act as complementary regulators within the same
inflammatory epithelial plasticity program [88]. Snail1 appears more closely related to
the early loss of epithelial cohesion through repression of E-cadherin and other junctional
proteins, whereas Twist1 appears more closely related to mesenchymal activation, motility,
extracellular matrix interaction, and invasive behavior [76] (Table 3).

Table 3. Downstream molecules and phenotypic effects associated with Snail1 and Twist1 activation.

Regulator Downstream
Molecule/Process Direction of Change Likely Biological Implication in

Periodontitis

Snail1 E-cadherin/CDH1 Decreased Loss of adherens junctions and
reduced epithelial cohesion.

Snail1 Claudins and occludins Decreased
Weakening of tight junction

integrity and increased epithelial
permeability.

Snail1 Desmosomal components Decreased Further destabilization of the
epithelial architecture.

Snail1 β-catenin signaling
Altered/nuclear shift may

occur after junctional
disruption

Potential reinforcement of
EMT-related transcriptional

activity.

Twist1 N-cadherin Increased Cadherin switching and increased
migratory behavior.

Twist1 Vimentin Increased
Cytoskeletal remodeling and

acquisition of mesenchymal-like
features.

Twist1 Fibronectin and
ECM-related molecules Increased Altered extracellular matrix

interaction and remodeling.

Twist1 Matrix metalloproteinases Increased

Basement membrane and
extracellular matrix degradation,
supporting invasion and tissue

remodeling.

Snail1 and Twist1 Epithelial plasticity and
cell motility Increased

May support apical migration,
barrier opening, and chronic tissue

remodeling.

Snail1 and Twist1 collaborate to induce epithelial–mesenchymal transition, which also
leads to disassembly of adherens junctions. Snail1 directly inhibits the transcription of
E-cadherin promoter by binding to its E-boxes [89]. Twist1 promotes a “cadherin switch,”
regulating E-cadherin and activating mesenchymal genes like N-cadherin [12], weakening
epithelial adhesion and altering signaling cascades for cell motility [84]. Whereas Snail1
dissolves cell-cell adhesions, Twist1 promotes mesenchymal adhesion and the engagement
of migration machinery [90]. They act both separately and interdependently, differentiating
roles from their evolutionary predecessor [90]. Snail1, a zinc-finger transcription factor,
represses transcription during de-epithelialization [76]. Twist1, a bHLH transcription factor
regulates the mesenchymal genes leading to enhancing the invasiveness, resistance to
apoptosis and modulation of matrix [91]. EMT involves loss of epithelial features and
mesenchymal phenotype acquisition [92]. In that disease, Snail1 dismantles barriers to
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bacterial entry, while Twist1 initiates lymphocyte-independent chronic inflammation and
fibrotic remodeling [13] (Figure 3).

Figure 3. Distinct but synergistic functions of Snail 1 and Twist 1: Snail1 primarily represses epithelial-
junction programs, including CDH1/E-cadherin, claudins/occludins, and desmosomal integrity,
thereby promoting loss of epithelial cohesion and barrier opening. Twist1 promotes mesenchymal
activation, including N-cadherin, vimentin, fibronectin, MMPs, cytoskeletal remodeling, and invasion;
together, both factors cooperate to drive EMT-like remodeling in periodontitis.

6.2. Unified Model of Snail1/Twist1-Mediated Epithelial Remodeling in Periodontitis

A unified model can be proposed in which dysbiotic subgingival biofilms initiate a
persistent inflammatory and oxidative microenvironment. Bacterial products, cytokines,
growth factors, and ROS activate redox-sensitive and inflammation-related pathways,
including NF-κB, MAPK, PI3K/Akt, STAT3, Wnt/β-catenin, and TGF-β/Smad signal-
ing [13,93]. These pathways converge on EMT-associated transcription factors, particularly
Snail1 and Twist1. Snail1 mainly represses epithelial adhesion genes such as CDH1/E-
cadherin and contributes to junctional weakening, while Twist1 supports mesenchymal
activation, cytoskeletal remodeling, matrix interaction, and cell motility [5]. In parallel,
immune activation, ferroptosis or other regulated cell death pathways, matrix metallopro-
teinase activity, osteoclast activation, and connective tissue breakdown contribute to the
destructive periodontal phenotype [53,55]. Thus, EMT-like remodeling should be viewed
as one component of a broader disease network, linking epithelial barrier disruption to
inflammatory tissue destruction rather than replacing the established immune-microbial
model of periodontitis.

7. Translational Considerations: Challenges and Future Directions
7.1. Challenges in Translating Snail1/Twist1 Biology into Periodontal Therapy

Although Snail1 and Twist1 are attractive mechanistic targets, their translation into
periodontal therapy remains premature. The first challenge is causality. Most periodontal
evidence is still based on marker expression in diseased tissues or experimental models,
and increased Snail1 or Twist1 expression does not prove that these factors directly drive
clinical attachment loss or bone destruction. The second challenge is biological specificity.
EMT-related transcription factors are not exclusively pathological; they also participate
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in epithelial repair, wound healing, and tissue turnover. Broad inhibition may therefore
interfere with healing after periodontal therapy. A third challenge is therapeutic delivery.
Transcription factors are difficult to inhibit directly, and systemic modulation of upstream
pathways such as TGF-β, NF-κB, STAT3, MAPK, or PI3K/Akt may carry unacceptable
off-target effects. For periodontal application, local delivery into periodontal pockets would
be more realistic, but this approach still requires careful control of drug retention, dose,
safety, and timing.

Another important limitation is that EMT is only one part of the periodontal destruc-
tive network. Immune activation, oxidative stress, ferroptosis, bacterial dysbiosis, matrix
metalloproteinase activity, osteoclast activation, and impaired repair all interact with ep-
ithelial plasticity. For this reason, Snail1 and Twist1 should not yet be presented as direct
therapeutic targets in clinical periodontology. At present, they are better considered as
mechanistic biomarkers or experimental targets that may help clarify how epithelial barrier
dysfunction contributes to periodontal progression.

7.2. Future Directions

Future work should first establish whether Snail1 and Twist1 are causally involved
in periodontal tissue destruction or mainly reflect the inflammatory state of diseased
tissues. This will require periodontal-specific mechanistic studies using human gingival
epithelial cells, organotypic models, animal periodontitis models, and spatial tissue analysis.
Studies should combine EMT markers with epithelial barrier markers, regulated cell death
markers, inflammatory mediators, and bone resorption markers rather than relying on
single-marker interpretation.

A second priority is to improve the spatial and cellular resolution of EMT assessment
in periodontal tissues. Immunohistochemistry remains useful, but future studies would
benefit from multiplex staining, spatial transcriptomics, and single-cell approaches to deter-
mine whether EMT-like changes occur mainly in junctional epithelium, pocket epithelium,
basal epithelial layers, or other epithelial compartments. This is particularly important
because inflammatory stromal and immune cells can express markers that overlap with
EMT-associated signatures.

A third direction is translational testing. Before any clinical use is considered, inter-
ventions that modulate Snail1/Twist1-related pathways should be tested in preclinical
periodontal models using both molecular and clinical endpoints. These should include
E-cadherin and tight junction preservation, epithelial permeability, inflammatory cytokine
reduction, probing-depth-related outcomes, attachment preservation, and alveolar bone
protection. Local delivery systems may be especially relevant because they could target
the periodontal pocket while reducing systemic exposure. However, these approaches
need to be evaluated cautiously because excessive suppression of epithelial plasticity could
impair repair.

Several plant-derived, animal-derived, and synthetic agents have been reported to
modulate EMT-related pathways in cancer, fibrosis, or oral disease models; however, their
periodontal use remains experimental and should not be interpreted as current clinical
recommendation (Table 4).

https://doi.org/10.3390/applbiosci5030053

https://doi.org/10.3390/applbiosci5030053


Appl. Biosci. 2026, 5, 53 16 of 21

Table 4. Examples of pharmacological agents reported to modulate EMT-related pathways.

Origin Example Agents Reported EMT-Related
Effect Main Pathway/Target

Plant-derived [94,95]
Curcumin, resveratrol,
berberine, quercetin,

luteolin, celastrol

Often associated with
increased E-cadherin and

reduced Snail/Slug/Twist,
vimentin, N-cadherin, or

MMPs

TGF-β/Smad, NF-κB,
PI3K/Akt, MAPK,

Wnt/β-catenin

Animal-derived [96,97]

Bovine lactoferrin,
melittin/bee

venom-derived
compounds

Bovine lactoferrin has been
reported to shift oral

squamous carcinoma cells
toward MET-like changes
with increased E-cadherin;
melittin has been studied

mainly in anticancer
models with anti-invasive

effects

E-cadherin restoration,
NF-κB-related pathways,

apoptosis/invasion
pathways

Synthetic/targeted [98]

TGF-β receptor inhibitors
such as SB431542; pathway

inhibitors targeting
PI3K/Akt, MAPK, NF-κB,

STAT3; nucleic acid
approaches such as
siRNA/antisense

Can suppress EMT
induction or reverse EMT
markers in experimental

systems

TGF-β/Smad, non-Smad
kinase pathways, EMT-TF

expression/stability

8. Conclusions
EMT-like remodeling seems to be part of periodontal inflammation. Across studies,

diseased tissues and experimental models tend to show lower epithelial junction markers
and higher mesenchymal markers. Snail1 and Twist1 are often highlighted because they
occupy different points in this pathway, with Snail1 linked to loss of epithelial adhesion
and Twist1 linked to the mesenchymal activation and matrix changes. Still, most of the
evidence is preclinical or only associative in human samples, so questions about which
cells are driving it, whether EMT is truly causal, and whether it can be safely targeted
remain open. Future studies will likely need improved marker panels and more cell- and
spatial-level methods, plus periodontal-specific functional work, to determine whether
modulating these programs can actually improve barrier function and clinical outcomes.
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