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a b s t r a c t   

Epithelial mesenchymal transition (EMT) is a process comprising cellular and molecular events which result in 
cells shifting from an epithelial to a mesenchymal phenotype. Periodontitis is a destructive chronic disease of 
the periodontium initiated in response to a dysbiotic microbiome, and dominated by Gram-negative bacteria 
in the subgingival niches accompanied by an aberrant immune response in susceptible subjects. Both EMT and 
periodontitis share common risk factors and drivers, including Gram-negative bacteria, excess inflammatory 
cytokine production, smoking, oxidative stress and diabetes mellitus. In addition, periodontitis is characterized 
by down-regulation of key epithelial markers such as E-cadherin together with up-regulation of transcriptional 
factors and mesenchymal proteins, including Snail1, vimentin and N-cadherin, which also occur in the EMT 
program. Clinically, these phenotypic changes may be reflected by increases in microulceration of the pocket 
epithelial lining, granulation tissue formation, and fibrosis. Both in vitro and in vivo data now support the 
potential involvement of EMT as a pathogenic mechanism in periodontal diseases which may facilitate bac
terial invasion into the underlying gingival tissues and propagation of inflammation. This review surveys the 
available literature and provides evidence linking EMT to periodontitis pathogenesis. 
© 2022 The Authors. Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This is 

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).   
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1. Introduction 

Periodontitis is a chronic inflammatory disease affecting the 
tooth’s supporting structures. The disease is initiated and propa
gated by a dysbiotic dental biofilm, predominated by Gram-negative 
anaerobes, and in the presence of an aberrant immune response in a 
genetically susceptible host [1]. If periodontitis-associated tissue 
destruction is not diagnosed and appropriately managed it can lead 
to hard and soft tissue breakdown, and ultimately tooth loss [2]. 
According to the World Health Organization, between 35% and 50% 
of the global population are affected by periodontitis with different 
levels of severities [3]. In 2015, the Global Burden of Disease re
ported that the prevalence of severe periodontitis worldwide was 
7.4%, while the prevalence of milder forms of periodontitis may be as 
high as 50% [4]. Worldwide, data demonstrate that periodontitis 
seriously affects an individuals’ quality of life and has profound 
economic and health burdens [5–8]. Furthermore, periodontal dis
ease-associated inflammatory events are not isolated from other 
organs and bodily systems. The local dysbiotic subgingival micro
biota can upregulate systemic levels of cytokines either directly by 
entry of periodontal pathogens into the blood stream or indirectly 
due to the inflammatory microenvironment of periodontal pockets 
acting as a focus for proinflammatory cytokine production. These 
findings are supported by a relatively large number of studies that 
highlight the association between periodontitis and several systemic 
diseases and conditions, including diabetes mellitus, cardiovascular 
disease, adverse pregnancy outcomes (APO), gastrointestinal dis
ease, osteoporosis and cancers [9–13]. 

Epithelial-mesenchymal transition (EMT) is a process by which 
epithelial cells acquire a mesenchymal phenotype following com
plete or partial loss of their original phenotype [14–16]. The EMT 
process requires a series of orchestrated cellular and molecular 
events including an increased resistance to apoptosis and anoikis, 
loss of apico-basal polarity, dissociation of adhesion proteins, and 
cytoskeleton architectural reorganization. These events are asso
ciated with the simultaneous up-regulation of mesenchymal phe
notypic markers and down-regulation of epithelial phenotypic 
markers [14–17]. Transitioned cells consequently exhibit increased 
mobility together with increased enzymatic activity which results in 
remodeling and degradation of the underlying basement membrane 
(BM) [18,19]. The outcome of these events can be a compromise in 
the integrity of epithelial-barrier function. Notably, these tissue 
changes are a hallmark of periodontal pocketing and enable the 
invasion of periodontal pathogens to the underlying mucosal tissues  
[20]. Over recent decades the interest in the role of EMT in devel
opmental and disease biology has grown exponentially with the 
majority of the research on EMT being published in the past 5 years 
(Fig. 1). Notably, over half of these studies relate to cancer metas
tasis. 

Interestingly, there are several risk factors and promoters 
common to both periodontitis progression and EMT. EMT-inducers 
include Gram-negative bacteria and their virulence factors, exposure 
to chronically elevated levels of inflammatory cytokines, tobacco 
smoke exposure and hypoxia [21–24]. Furthermore, systemic dis
eases, such as diabetes mellitus, have been shown to be associated 
with EMT-induction [25,26]. The association of these pathogenic and 
environmental risk factors with periodontitis is well-established and 
this highlights the potential involvement of EMT as a pathogenic 
mechanism in periodontitis. Consequently, this review surveys the 
current literature to identify evidence for the potential involvement 
of EMT in periodontitis pathogenesis. 

2. Types of EMT 

Developmental biologists have defined EMT “as a phenotypic 
transformation linked with metastasis and a morphological 

conversion taking place at particular sites within embryonic epi
thelia to produce individual migratory cells” [27]. Comparable ob

servations are also reported by cancer researchers [28–30]. 
Consequently, based on the biological context, EMT has now been 
classified into three types (Fig. 2) [31,32]. 

Type 1 EMT was first highlighted in the 1960 s by the pioneering 
work of Elizabeth Hay using chick embryos [33]. During embryonic 
life, EMT and its reverse process, mesenchymal-epithelial transition, 
are physiological processes necessary for implantation of the em
bryo and its subsequent transition into a three-layered structure 
during gastrulation [34]. EMT is an integral mechanism in organ and 
tissue formation, including neural crest tissue development [35,36], 
heart valve development [36], and Müller duct regression [37]. Data 
derived from mouse developmental models have identified that EMT 
is regulated by several key signaling pathways. Studies of aberrant 
Wnt expression during gastrulation have shown abnormal em
bryonic morphology due to unsuccessful EMT induction [38]. 

Fig. 1. Growth of the EMT-related literature. The first experimental analysis of epi
thelial–mesenchymal transition (EMT) in development was published in 1968. The 
relationship of EMT to growth factors was identified in 1989 and the transcriptional 
regulation of EMT was identified in 1994. More recent studies link EMT to metastasis, 
organ fibrosis and stem cells. 
(retrieved from PubMed at https://pubmed.ncbi.nlm.nih.gov/ using the search terms: 
epithelial-mesenchymal transition, epithelial-mesenchymal transformation in 
April 2022) 

Fig. 2. Types of epithelial-mesenchymal transition (EMT). Type 1 EMT is evident 
during embryonic life and considered as an integral mechanism for the gastrulation 
and development of the organs. During adult life, type 2 and 3 EMT are classified as 
pathological processes responsible for the fibrosis of organs and cancer metastasis, 
respectively. 

S.S. Saliem, S.Y. Bede, P.R. Cooper et al. Japanese Dental Science Review 58 (2022) 268–278 

269 



Further studies using chick embryos have demonstrated that 
blocking Wnt8 signaling results in failure of primitive streak for
mation [39], and similar outcomes have also been obtained in stu
dies of Wnt3 signaling in developing mice [40]. Further analysis has 
demonstrated that Wnt signaling is mediated by members of the 
transforming growth factor (TGF)-β superfamily, including Nodal 
and vegetal-1, and their deficiency can also lead to EMT failure with 
morphological consequences, such as embryonic asymmetry [41,42]. 

During adult life, EMT is regarded as a pathological process either 
involved in organ fibrosis (Type 2) or cancer metastasis (Type 3). 
Chronic inflammation is reported to be a potent inducer of Type 2 EMT 
and is responsible for compromising epithelial barrier integrity and 
organ dysfunction [28]. Consequently, chronic and persistent in
flammation leading to increased production of inflammatory cytokines 
and chemokines, such as TGF-β1 and interleukins (IL), is considered a 
major factor in the development of EMT type 2 [43]. Although in
flammation is regarded as a normal tissue defense mechanism, an 
aberrant and prolonged inflammatory response has been reported to 
be involved in EMT induction [44–46]. EMT has therefore been shown 
to arise and contribute to various types of inflammation-associated 
fibrosis including ones involved in lung, liver, and kidney tissues [47]. 
Notably, Type 2 EMT is also reported as being essential for scar tissue 
formation and tissue repair [48,49]. Indeed, data indicate that over
expression of key transcriptional regulators of EMT in human kerati
nocytes in vitro are responsible for increasing wound healing 
processes involving cell proliferation and desmosome function [50]. 

In Type 3 EMT, reports from studies utilizing mouse and in vitro 
cell models have shown that epithelial cancer cells are characterized 
by increased expression of mesenchymal markers, including vi
mentin, fibroblast specific protein (FSP)− 1, and α-smooth muscle 
actin (SMA), and down-regulated expression of epithelial markers, 
including E-cadherin and β-catenin [51]. Current data indicates that 
neoplastic cells in the early stages of carcinoma exist in an epithe
lial-like state, but as the tumor progresses they gradually acquire 
mesenchymal characteristics and the resulting quasi-mesenchymal 
cells then become resistant to various treatment regimens [52]. In 
addition to elevated therapeutic resistance, activation of an EMT 
program in mammary carcinoma cells has led to a tumor-initiating 
state, also termed the cancer stem cell state [53,54]. This EMT-in
duced acquisition of stemness can also occur in several other types 
of carcinomas. Data from many research groups have suggested that 
the EMT program is an integral metastatic mechanism found in all 
types of carcinomas [55–58]. 

3. Biomarkers of EMT 

During EMT, expression of certain biomarkers is markedly 
changed (Table 1) and these are considered as the hallmarks of the 
EMT process [59,60]. Nevertheless, definition of EMT is not limited 
to molecular changes and includes several other cellular and beha
vioral criteria. Recently the case definition of EMT was extensively 
reviewed by Yang and coauthors [16] and they outlined a set of 
criteria to enable diagnosis of cells undergoing EMT. Several of these 
changes are also described in more detail below. 

E-cadherin is a calcium ion-dependent transmembrane protein, it 
is the basic structural unit forming adherens junctions which unite the 
epithelial cells into a coherent tissue structure [61]. During morpho
genesis, cadherins regulate cell arrangement, their localisation, and 
movement in response to extracellular signaling [62]. Snail1 is a zinc 
finger protein that, in humans is encoded by the SNAI1 gene [63], and 
belongs to a family of transcription factors (TFs) that promote the 
repression of E-cadherin [64]. Snail1 activity is consider a major EMT- 
inducer as it is highly expressed during the EMT process at a relatively 
early stage. In addition, Snail1 is responsible for inducing and mod
ulating other EMT-TFs, including ZEB1/2 and Slug [64], which collec
tively activate the EMT programs during development, fibrosis, and 

cancer progression [65]. Snail1 activity suppresses E-cadherin levels by 
combining the E-box sequence in the proximal promoter region of the 
E-cadherin gene [66,67], this thereby increases the likelihood of cells 
acquiring the EMT-phenotype. 

β-catenin is a bi-functional protein involved in the regulation and 
coordination of cell adhesion and gene transcription. β-catenin is re
sponsible for the cytoplasmic anchoring of cadherins [68] and acts as 
an intracellular signal transducer for the Wnt signaling pathway  
[69,70]. The cadherin-catenin complex is integral for the formation 
and maintenance of coherent epithelial layers. In addition, as part of 
the complex, β-catenin regulates cell growth, and the transmission of 
contact inhibition signals which are essential to halt mitosis once the 
epithelial sheet is formed [71]. 

Vimentin is a type III intermediate filament cytoskeletal protein 
expressed in mesenchymal cells [72] and is the main cytosolic 
component of these cells. Consequently, vimentin is often used as a 
biomarker of mesenchymal cells or to detect cells undergoing EMT  
[73]. Vimentin plays several roles, including cell regulation, inter
actions with signaling proteins and adhesion molecules [74,75]. The 
dynamic nature of vimentin is important for cell flexibility [76] and 
plasticity to support essential cellular functions and cell re
organization during mitosis [77]. 

4. Features of EMT 

4.1. EMT-associated cellular junctions and cytoskeletal changes 

Fig. 3 illustrates the progression of EMT-associated molecular and 
cellular events. Initially there is disruption of polarity and dissocia
tion of the cellular attachment proteins which occurs in target cells 
in response to extracellular sensing. The TGF-β pathway plays a 
central role in EMT-induction in different tissues [104,105] and the 
TGF-β superfamily members bind to specific cell surface receptors. 

Table 1 
Molecular markers, and their expression level changes, which occur during EMT.      

Category/Function Biomarker EMT 
associated 
changes 

Publications  

Cell-cell attachment 
molecules 

E-cadherin ↓ [28,78] 
ZO-1, Occludins, 
Claudins 

↓ [79,80] 

Desmoplakin, 
plakoglobin 

↓ [81] 

N-cadherin ↑ [82] 
Cytoskeletal 

molecules 
β-catenin ↓ [83,84] 
Cytokeratin ↓ [85,86] 
α-SMA ↑ [87] 
Vimentin ↑ [88] 
FSP-1 ↑ [89] 

Transcriptional 
factors 

Snail¸ Slug 
(Snail-2) 

↑ [14,83] 

Twist ↑ [90] 
LEF-1 ↑ [91] 
ZEB-1 ↑ [92] 
NF-κB ↑ [2,93] 
SOX 10 ↑ [94,95] 
FOXC2 ↑ [96,97] 

ECM proteins Collagen I, III ↑ [98] 
Collagen IV ↓ [99] 
Fibronectin ↑ [45] 
Laminin ↓ [100] 

Cell-BM attachment 
proteins 

Integrin α6β4 ↓ [14] 
Integrin 
α5β1, αVβ6 

↑ [101,102] 

Proteolytic enzymes MMP-9, − 2, − 3 ↑ [45,103] 

Abbreviations: ZO-1: Zonula occludens-1, α-SMA: α-smooth muscle actin, FSP-1: 
Fibroblast-specific protein 1, LEF-1: Lymphoid enhancer-binding factor 1, ZEB-1: zinc 
finger and homeodomain transcription factor 1, NF-κB: Nuclear factor kappa-light- 
chain-enhancer of activated B cells, MMP: Matrix metallopeptidase.  
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This binding subsequently results in the intracellular phosphoryla
tion of SMAD2 and SMAD3 which then complex with SMAD4. This 
complex then translocates to the nucleus where it binds to specific 
DNA-motifs resulting in regulation of the expression of a relatively 
large subset of genes which drive the acquisition of the mesench
ymal phenotype [106]. This transcriptional activity involves the 
DNA-binding TFs described above including Snail, Twist, and other 
basic helix-loop-helix TFs [107,108]. These EMT-TFs further upregu
late the expression of TGF-β ligands, instigating the establishment of 
autocrine signaling that drives the EMT process [109,110]. This ca
nonical signaling collaborates with several other signaling pathways, 
including the phosphatidylinositol 3-kinase (PI3K), mitogen-acti
vated protein kinase (MAPK) and Rho- GTPase pathways, which also 
contribute to the activation of the EMT program [106]. The combined 
effect of these TFs is the suppression of expression of epithelial 
markers responsible for cell attachment and polarity [111,112]. 

Epithelial cells display apical–basal polarity which is organized 
by the complexes that are physically and functionally integrated 
within the cell junction architecture. In vertebrate cells, the locali
zation of these polarity complexes defines the cellular compart
ments. For instance, partitioning-defective proteins and their 
complexes, and the Crumbs complexes are located apically in asso
ciation with tight junctions (TJs) and define the apical compartment, 
while the location of Scribble (SCRIB) defines the basolateral com
partment [113]. Consequently, the removal of the epithelial junctions 
during EMT confers a loss of apical–basal polarity. The association 
between junctional and polarity proteins is observed when the ex
pression of E-cadherin is down-regulated and this is a key feature of 
cells undergoing EMT. Subsequently, SCRIB is prevented from inter
acting with the lateral plasma membrane [114], and the decreasing 
SCRIB and/or E-cadherin levels reduce adhesion and increase cell 
motility [115]. 

During EMT, alongside the down-regulation of the expression of 
E-cadherin there is structural reorganization of other epithelial 
markers, in particular cytoskeletal cytokeratin proteins. Conversely, 
the expression of markers associated with the mesenchymal- 

phenotype are activated. Subsequently, the well characterized 
marker of EMT induction, N-cadherin, is involved in the process 
termed ‘cadherin switching’, whereby epithelial E-cadherin is re
placed by its mesenchymal counterpart, N-cadherin [116,117]. Other 
epithelial junctions are then removed and the junctional proteins 
become translocated and/or degraded. For instance, the dissolution 
of TJs is accompanied by decrease in claudin and occludins expres
sion and diffusion of zonula occludens (ZO)− 1, which is responsible 
for the apical seal between the cells [118]. During the destabilization 
of adherens junctions, E-cadherin is cleaved at the plasma mem
brane and subsequently degraded [119]. Consequently, β-catenin is 
released and translocates to the nucleus where it collaborates with 
T-cell factor and lymphoid enhancer factor to activate Wnt gene 
expression [120]. Notably, and as has been highlighted above, the 
blocking of Wnt/β-catenin signaling results in inhibition of EMT and 
is reported to prevent renal fibrosis [121]. The p120-catenin (ca
tenin-δ1) also accumulates in the nucleus and is involved in tran
scription regulation after decreasing E-cadherin levels [122]. As EMT 
progresses, expression of junctional proteins is transcriptionally re
pressed and this is also implicated in the loss of epithelial junctions 
and adhesions [112,123,124]. 

4.2. Loss of cell-extracellular matrix adhesion and motility 

Cells undergoing EMT rearrange their cortical actin to allow for 
dynamic cell elongation and directional movement [34,119,125]. The 
transitioned cells are characterized by increased contractility and 
the formation of actin stress fibers [126], however, the molecular 
mechanisms that control actin dynamics during EMT remain to be 
entirely elucidated. Notably, some Rho-GTPases have been shown to 
regulate the dynamics and rearrangement of actin during EMT, e.g., 
RhoA promotes actin stress fiber formation, while Ras-related C3 
botulinum toxin substrate 1 and cell division control protein 42 
homolog mainly promote the formation of motility-associated cel
lular structures, such as lamellipodia and filopodia [127,128]. Ad
ditionally, the migratory phenotype is associated with the up- 

Fig. 3. Progression of molecular and cellular events in EMT. A) Under homeostatic conditions, epithelial cells form coherent epithelial sheets and express molecules uniquely 
associated with the epithelial-phenotype, such as E-cadherin, β-catenin, occludins, and α6β4 integrins. B) Exposure of epithelial cells to EMT-inducer(s), e.g., cytokines or Gram- 
negative bacterial components, triggers the EMT process. Early events include loss of apico-basal polarity followed by downregulation of attachment proteins concomitant with 
up-regulation of mesenchymal proteins, such as vimentin. At this stage, both epithelial and mesenchymal biomarkers are co-expressed in the same cell and this is defined as 
partial EMT. C) Prolonged exposure to EMT-inducers results in a complete loss of the epithelial phenotype and acquisition of a mesenchymal phenotype. Transitioned cells exhibit 
increased motility together with increased expression of matrix metalloproteinases that degrade the basement membrane, thereby, facilitating migration of these mesenchymal 
cells to the underlying connective tissue. 
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regulation of vimentin which is essential for the process of cellular 
protrusion formation and the maturation of actin networks [129]. 

The EMT-phenotype is further characterised by the release of 
matrix metalloproteinases (MMP) which facilitate cell invasion and 
migration by their degradation of the underlying basement mem
brane (BM). The association between EMT and MMP has been par
ticularly well demonstrated in mouse xenograft models of human 
gastric cancer which have shown that increased MMP-9 expression, 
together with the EMT-phenotype, increased the frequency of lung 
metastases [130]. Changes in the levels of MMP-mediated EMT are 
also associated with the substitution of epithelial integrins with 
mesenchymal-associated molecules. During EMT, epithelial integrin 
α6β4 is down-regulated while the mesenchymal integrin α5β1 is 
concomitantly up-regulated, and this increases the tendency of cells 
to adhere to fibronectin in the extracellular matrix (ECM). Ad
ditionally, alteration of integrin expression itself triggers EMT via 
activating signaling, including the TGF-β/Smad pathway, and in
tegrin-linked kinases [131]. 

5. Role of bacteria in promoting EMT 

The role of bacteria, especially Gram-negative anaerobes, in the 
activation of EMT has now been investigated in many studies. 
Helicobacter pylori, is a microaerophilic Gram-negative bacteria 
found primarily in the stomach and is associated with loss of epi
thelial integrity in the mucosa leading to gastric ulceration. The in
jection of H. pylori proteins into gastric epithelial cells has been 
shown to result in the disruption of epithelial barrier function [132]. 
The effects of this bacterium reportedly occur due to its ability to 
down-regulate ZO1-mediated TJs causing dissociation of cell-cell 
attachment and loss of the apical seal, thereby facilitating cellular 
invasion into underlying tissues. Persistent exposure of gastric epi
thelium to H. pylori has been shown to result in morphological 
changes indicative of mesenchymal-like cells [132]. In addition, 
specific toxins and virulence factors from this bacterium, e.g., CagA, 
are can induce morphological changes and increase cellular mi
gratory ability [133–135]. These data support the role of H. pylori as a 
major risk factor for gastric and duodenal ulceration and gastric 
carcinoma which potentially act via EMT-induction [136,137]. 

In vitro and in vivo studies have demonstrated that EMT-induc
tion can occur in response to bacterial lipopolysaccharide (LPS)-toll- 
like receptor (TLR)− 4 mediated nuclear factor kappa B (NF-κB) sig
naling [138]. Intranasal inoculation of mice with LPS results in in
creased Snail activity and subsequent down-regulation of claudins, 
the subunits of TJ, breaking the apical epithelial seal via activation of 
TLR-4 signaling in vivo [139]. Additionally, colonization of the nasal 
epithelium with Streptococcus pneumoniae and Haemophillus influ
enza has been shown to cause down-regulation of claudins, also 
mediated by TLR-dependent mechanisms. The subsequent loss of 
epithelial coherence enabled invasion of these bacteria to the un
derlying tissues. Furthermore, findings obtained using an in vitro 
model of lung disease which used primary human bronchial epi
thelial cells, demonstrated a similar pattern of claudin down-reg
ulation in response to bacterial exposure following increased 
expression of Snail, which required activation of the p38 MAPK/TGF- 
β signaling [139,140]. 

6. Pathogenesis of periodontitis 

Initiation and progression of periodontitis is attributed to key 
bacteria in the dental biofilm which stimulate the inflammatory 
immune response, leading to tissue damage in susceptible in
dividuals (Fig. 4). Indeed, periodontal disease is known to be the 
result of complex interactions between the pathogenic subgingival 
biofilm and the host’s immune-inflammatory responses. The sub
gingival microbiota has been reported to contain more than 700 
bacteria species [141]. However, only a relatively small number of 
bacteria are reportedly to be closely associated with periodontitis 
progression, and includes the key periopathogens Fusobacterium 
nucleatum, Porphyromonas gingivalis, Tannerella forsythia, Treponema 
denticola, and Aggregatibacter actinomycetemcomitans [142]. 

The first physical barrier between the bacteria of the dental 
biofilm and the underlying mucosal connective tissue (CT) is the 
sulcular and junctional epithelium (JE). Periodontitis development 
not only relies on the change to a dysbiotic biofilm, but also the 
presence of host risk factors. For instance, an aberrant immune re
sponse, such as defective chemotaxis or hyperresponsive reactive 
oxygen species production by polymorphonuclear leukocytes (PMN), 

Fig. 4. Pathogenesis of periodontitis. Dysbiosis of subgingival microbiome results in an increased populations of red and orange bacteria such as Porphyromonas gingivalis and 
Fusobacterium nucleatum. The virulence factors described in the main text body trigger an inflammatory response mainly via Toll-like receptor signaling which activates in
tracellular NF-κB which in turn increases interleukin (IL) production. IL-8, in particular, acts as a chemotactic agent for inflammatory cells such as neutrophils and macrophages, 
recruiting them from nearby blood vessels. Cellular (T-cells) and humoral (B-cells) immune cells also increase in numbers due to the chemotactic gradients generated in 
association with chronic inflammation. These inflammatory events lead to further escalation of inflammatory mediator production which can compromise the integrity of the 
epithelial pocket lining and drive the EMT process. Additionally, tissue destruction and bone resorption increase due to overexpression of matrix metalloproteinases and RANKL, 
respectively. Subsequent exposure of the underlying connective tissue and increased vascular permeability facilitate the entry of periodontal pathogens and/or inflammatory 
cytokines to the circulation thereby contributing to the impact of periodontitis on systemic diseases. 
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in the presence of the dysbiotic biofilm, leads to a chain of tissue 
destructive events in the periodontium [143]. Furthermore, as the 
biofilm advances apically, the body responds by the apical migration 
of the JE resulting in periodontal pocket formation. With the in
creasing periodontal pocket depth, the complexity and diversity of 
the subgingival microbiome is increased and is dominated by Gram- 
negative anaerobes. Key periodontal pathogens also produce several 
potent virulence factors, e.g. fimbriae and lectin-type adhesins, a 
polysaccharide capsule, LPS, hemagglutinins, potent proteinases, 
toxic products of metabolism, outer membrane vesicles, and nu
merous enzymes, which trigger and maintain an intense immune 
response which involves subsequent inflammatory mediator release 
from the pocket epithelium [144]. Increased expression of MMPs and 
prostaglandin E2 by the host in addition to receptor activator of 
nuclear factor-kappa B ligand (RANKL) stimulation participate in 
increasing the pocket depth and drive alveolar bone resorption  
[145,146]. Under normal physiologic conditions, bone remodeling is 
orchestrated by RANKL and its antagonist osteoprotegerin (OPG)  
[147]. The RANKL/OPG system is disrupted during periodontitis as 
the levels of RANKL are markedly upregulated; thereby, over
whelming the decoy action of OPG and tipping the balance towards 
increased osteolytic activity [148]. Interestingly, RANKL can induce 
EMT via activating NF-κB signaling pathway [149,150] and increasing 
nuclear translocation of EMT-associated transcription factors, such 
as Snail and Twist [149]. In the healthy periodontium, neutrophils 
are resident in relatively small numbers, however, once the bacterial 
infection induces the host pro-inflammatory response; neutrophils 
are recruited in relatively large numbers and release enzymes and 
oxygen radicals which aim to reduce the bacterial load. There is 
reportedly an exaggerated neutrophilic response during periodontal 
disease and the molecules which aim to kill bacteria also result in 
local tissue damage, further exacerbating the immune response re
sulting in a non-resolving chronic inflammatory lesion [151]. 

Within the periodontal pocket, the early and initial response of 
the host to the dysbiotic subgingival biofilm is characterised by the 
recruitment of inflammatory cells [152]. At later stages of disease, 
the growing populations of immune cells also contribute to the in
flammatory cytokine milieu which is increasingly rich in cytokines, 
such as TNF-α, IL-1, IL-4, IL-10, interferon-γ, and TGF-β [153]. In 
addition, CD4 + T-cells produce RANKL promoting bone breakdown 
and absorption [154]. 

The loss of epithelial integrity consequently provides a portal for 
entry of the periodontal bacteria into the underlying CT where key 
fibroblast populations participate in the defense mechanism also by 
secreting increased levels of inflammatory cytokines. In addition, 
they secrete a fibrous ECM that is aimed at walling off the in
flammatory site to limit the invasion of the periodontal bacteria into 
deeper tissues [155,156]. Gingival fibroblasts under disease condi
tions can also increase their secretion of proteolytic enzymes and 
pro-inflammatory proteins, e.g., MMP-2 and prostaglandin E2 [157]; 
which contribute to soft tissue destruction and bone resorption. This 
inflammatory environment therefore contains conditions which are 
potent for the local driving of EMT. 

7. In vitro, animal model and clinical evidence supporting a role 
for EMT in periodontal disease 

It is well known that the inflammation aims to provide protec
tion which limits the bacterial invasion. However, when the in
flammatory response does not resolve and becomes chronic, there is 
a disruption of the epithelial barrier exposing the CT to periodontal 
pathogens which further contribute to the local inflammatory re
sponse [158]. Notably, the increased amount of the granulation 
tissue in the periodontal pockets indicates fibrosis which, together 
with loss of epithelial integrity, are hallmarks of Type 2 EMT [18]. 
Implication of EMT as a pathogenic mechanism of gingival fibrosis 

associated with disruptions of the basement membrane was pre
viously indicated by several studies [45,100,159]. Gingival biopsies 
from periodontitis patients suggested that remnant embryonic cells 
contribute to the development of the reactive lining epithelium of 
periodontal pockets [160]. Immunohistochemical and real-time PCR 
analyses showed that a Hertwig’s epithelial root sheath (HERS) cell 
line co-expresses mesenchymal markers (vimentin and N-cadherin) 
and epithelial proteins (cytokeratin14, E-cadherin, and p63) when 
stimulated with inflammatory cytokines [161]. Consistent results 
were reported by Itaya et al. (2017) who demonstrated that frag
mented HERS in periodontal ligament (PDL) underwent EMT when 
stimulated with TGF-β1, where the expression of E-cadherin was 
downregulated with associated upregulation of N-cadherin and ex
tracellular matrix proteins [162]. Additionally, multi-lineage poten
tial was observed in stem cells present in the epithelial cell rests of 
Malassez of the PDL via EMT leading to co-expression of both epi
thelial and mesenchymal markers in these cells [163]. Granulation 
tissues isolated from periodontal pockets, infected with red complex 
bacteria, exhibited strong expression of Collagen type I and me
senchymal/fibroblastic cells of embryonic origin [164]. This could 
indicate that EMT is a major contributor to increasing resident fi
broblast populations resulting in fibrosis of periodontal pockets and 
non-resolving chronic inflammatory lesion. 

Indeed, evidence indicate that periodontal pathogens invade re
latively deeply into tissues penetrating through the inflamed and 
damaged periodontal pocket epithelium [156,165,166]. Bleeding on 
probing (BOP) is evident in active periodontal pockets and this 
clearly indicates the presence of microulceration of the pocket epi
thelium [144,167]. The cellular and tissue changes present in disease 
combined with the presence of key cytokines and other molecular 
mediators implicate the potential involvement of EMT as a me
chanism in periodontal disease progression. Indeed, several recent 
studies have now shown EMT-associated changes in periodontally 
diseased tissues. For example, gingival samples from patients with 
periodontal disease demonstrate increased expression of fibronectin 
and integrin αvβ6 in the CT, and epithelial cell cultures derived from 
the same patient showed an increased expression of fibronectin, 
Slug, MMP-9, MMP-13, and MMP-2 [168,169]. Consistently, the ex
pression of the epithelial αvβ6 Integrin was downregulated in gin
gival epithelial cell cultures exposed to multiple virulence factors 
derived from periodontal bacteria [170]. Additionally, expression of 
proteins involved in Wnt/β-catenin signaling, one of the main EMT- 
inducing pathways, markedly increased in periodontitis as compared 
with periodontal health [171,172]. 

As highlighted above, several bacterial species are regarded as 
being key to the pathogenesis of periodontitis. One of the most 
important bacteria is P. gingivalis, which is a Gram-negative anae
robe, member of the red complex and is considered a keystone 
periodontal pathogens that mediates the transition from a symbiotic 
to dysbiotic dental biofilm [173]. Studies have shown that P. gingi
valis-infected gingival epithelial cells (GEC) demonstrate activation 
of anti-apoptotic pathways, e.g., JAK/STAT and PI3K/Akt,signaling
which are also involved in the inflammatory and EMT processes  
[174]. The JAK/STAT pathway activates NF-κB signaling leading to 
increased cytokine production [175] and the PI3K/Akt pathway, is 
involved in upregulating TLR-4 mRNA expression in response to 
bacterial LPS [176]. Phosphorylation of Akt, and its consequent ac
tivation, also induces NF-κB signaling which increases the tran
scription of several anti-apoptotic genes in GECs [177]. Several other 
periodontal bacteria can also induce host cell NF-κB-mediated re
sponses, promote cell survival, increase cell migration and invasion, 
and increase the expression of EMT promoting cytokines [178,179]. 
In addition, P. gingivalis exposure increases phosphorylation of the 
GSK3β enzyme and overexpression of the transcription factors, Slug 
and Snail, in GECs which increases ZEB1 levels that in turn can in
hibit expression of E-cadherin and upregulate vimentin, β-catenin 
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and MMP-2, − 7 and − 9. These data are derived from animal and in 
vitro models of GECs [180]. These molecular changes affect the P. 
gingivalis-infected GECs, resulting in them demonstrating a me
senchymal phenotype [181]. Furthermore, gingival samples obtained 
from patients with periodontitis have indicated that P. gingivalis 
infection compromises epithelial connections by exploiting internal 
cellular mechanisms to down-regulate E-cadherin and increase ex
pression of IL-1β. These findings were also supported by results from 
an experimental animal model following injection P. gingivalis-LPS 
into the rat gingival sulcus [182] and exposing human gingival epi
thelial cells to P. gingivalis-LPS [183]. The same outcomes were ob
served in both of these studies with E-cadherin being down- 
regulated [182,183] and IL-1β being up-regulated [182]. Interestingly, 
treatment with antioxidants, such as vitamin E and ascorbic acid, 
which are also known anti-EMT agents, was able to restore the im
paired epithelial integrity [183]. The potential of P. gingivalis to in
duce EMT is not only limited to the periodontal pocket niche; results 
from an experimental animal model showed that P. gingivalis-LPS 
injection exacerbated atherosclerosis via TNF-α-induced EMT of 
endothelial cells [184]. 

F. nucleatum is an opportunistic Gram-negative anaerobe belonging 
to the orange complex group and is abundantly detected in period
ontal disease [11]. It is responsible for altering the microenvironment 
of the subgingival microbiome and enables colonization with red 
complex bacteria, thereby providing the bridging between the primary 
colonizers and the more pathogenic bacteria. The role of F. nucleatum 
in disease is however not only limited to periodontitis but extends to 
other systemic conditions including APO, gastrointestinal disease, 
atherosclerosis, and carcinomas [9,11,13,185]. Interestingly, F. nucle
atum has recently been reported to be involved in driving EMT [186]. 
Data demonstrate that F. nucleatum exposure reduces levels of epi
thelial markers, including E-cadherin, and increases levels of EMT- 
associated transcription factors, including Snail and Slug, in the epi
thelium of progressive colorectal cancer [187] as well as periodontitis  
[20]. Moreover, ZEB1 levels have been shown to be up-regulated in 
oral cancer cells when stimulated by F. nucleatum [188]. Indeed, both P. 
gingivalis and F. nucleatum have been linked to the increased inva
siveness of oral squamous cell carcinoma (OSCC) [189–191]. Results 
from a recent study have shown that F. nucleatum can induce EMT via 
downstream activation of lncRNA MIR4435–2HG/miR‐296–5p/Akt2/ 
SNAI1 signaling in OSCC and noncancerous human immortalized oral 
epithelial cells [192]. Consequently, F. nucleatum, potentially promotes 
increased metastatic ability in OSCC [188]. Similarly, results from a 
systematic review have suggested that P. gingivalis is involved in dif
ferent stage of OSCC including EMT of malignant cells [193]. Notably, 
periodontal pathogens a reportedly represent a potential a risk factor 
for development of oral cancer [194]; therefore, monitoring patients 
with severe periodontitis and maintaining their oral hygiene could 
significantly reduce the risk of developing OSCC [194]. 

Other studies using an in vitro model of periodontitis, have 
shown that the exposure of primary oral keratinocytes to F. nucle
atum and P. gingivalis, results in hallmark EMT changes, including up- 
regulation of vimentin, N-cadherin, MMP-2, and Snail1, along with 
down-regulation of E-cadherin and an increased migratory ability  
[20]. These events were also associated with loss of epithelial co
herence as indicated by lowering resistance of the epithelial 
monolayer to the passage of an electric current [20]. Other studies 
have shown that exposure of oral keratinocytes to F. nucleatum, P. 
gingivalis or their components leads to changes in cytokeratin ex
pression and increased transcription of EMT-promoting cytokines, 
such as TNF-α and IL-6 as well as promoting the migratory ability of 
epithelial cells [195]. A key EMT risk factor is the chronic exposure to 
cytokines, of which TGF-β1 is known to be one of the main drivers  
[105,196]. Notably, periodontitis progression is associated with up- 
regulation of TGF-β1, as studies of periodontal tissue samples de
rived from patients with advanced periodontitis showed 

significantly higher TGF-β1 levels compared with healthy con
trols [197]. 

The potential of periodontal pathogens to induce EMT has been 
more directly demonstrated in a previous analysis of gingival tissue 
samples obtained from individuals with advanced periodontitis. 
Data demonstrated down-regulation of cell adhesion proteins such 
as E-cadherin and connexins-26 and − 43 in the lining epithelium of 
periodontal pockets [198]. Notably, a direct correlation between the 
severity of periodontitis and the expression of the EMT biomarkers 
was demonstrated [199]. Analysis of tissue samples from patients 
with periodontitis has also demonstrated down-regulation of E- 
cadherin which is a major indicator of EMT [200]. Additionally, tissue 
samples from periodontal pockets and subgingival plaque samples 
demonstrates activation of RANKL transcription, which is also pro
posed to be an EMT-inducing factor, and this was associated with a 
significant increase in the levels and presence of P. gingivalis at 
disease sites [201]. 

8. Summary 

EMT was initially described as an integral physiologic mechanism 
responsible for plasticity of cells during embryogenesis. More recently, 
it has been recognized as a pathologic process, in particular during 
cancer metastasis, inflammatory diseases and organ fibrosis. 
Cumulative evidence now indicates the potential involvement of EMT 
in the pathogenesis of periodontitis. This linkage is based on several 
factors which include both processes sharing common risk factors and 
drivers, including Gram-negative anaerobes, persistent exposure to 
cytokines, cigarette smoking, diabetes mellitus, hypoxia, and increased 
local oxidative stress. It is also notable that exposure of epithelial cells 
to titanium can also drive EMT and this therefore may have implica
tions for the related gum disease of peri-implantitis [202]. 

While inflammation is aimed at providing a protective mechanism; 
in susceptible individuals, the exaggerated and chronic immune re
action, in response to the dysbiotic subgingival microbiome, is re
sponsible for the initiation and progression of periodontitis. Current 
evidence now suggests that periodontal pocket epithelial cells may 
manifest aspects of EMT due to this prolonged exposure to cytokines 
which are locally released in response to exposure to Gram-negative 
bacteria, their components and virulence factors, together with other 
environmental risk factors. Consequently, the loss of epithelial co
herence allows the spread of periodontal pathogens and their viru
lence factors deeper into the oral tissues, propagating the 
inflammation, frustrating the healing process and increasing the se
verity of periodontal tissue destruction. Furthermore, the penetration 
of the bacteria and cytokines may contribute to the systemic impact 
and health burden of periodontitis. 

Currently, the available level of evidence about EMT-induction 
during periodontitis in human is scarce which necessities con
ducting further pre-clinical and clinical studies to better characterise 
the role of EMT in the development and progression of periodontitis. 
Available studies indirectly and separately investigate EMT-asso
ciated molecular, cellular, and functional features in periodontitis. 
Studying these events as one mechanism will better clarify their role 
in the pathogenesis of periodontitis. Targeted studies could identify 
novel therapeutic opportunities, including the potential application 
of repurposed drugs currently used in other indications, now aimed 
at halting EMT in periodontitis. Such an approach could enable re
storation of a homeostatic and cohesive tissue architecture, whilst 
enabling a controlled and resolving dynamic inflammatory response 
which would be beneficial for the host. 
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