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Abstract: The tight junction (TJ), a type of cell-cell junction, regulates the permeability of solutes across epithelial and endothelial
cellular sheets and is believed to maintain cell polarity. However, recent studies have provided conflicting views on the roles of TJs in
epithelial polarity. Membrane proteins, including occludin, claudin, and the junction adhesion molecule, have been identified as TJ
components. TJs are predominantly found at the stratum granulosum and stratum corneum. Although it remains unclear whether the
disruption of TJs is the cause or consequence of certain dental diseases, evidence suggests that TJ dysfunction may be a crucial factor
in gingival epithelial barrier impairment and the progression of oral diseases. Bacterial infection is among the most specific factors we
found that may contribute to the breakdown of the epithelial barrier formed by TJs in dental diseases. Bacteria and their products may
weaken the epithelial barrier by directly destroying intercellular junctions or altering the expression of junctional proteins.
Additionally, they may induce the production of inflammatory cytokines, which could lead to the downregulation of TJ proteins
and, consequently, impair the epithelial barrier. This review introduces a novel perspective by exploring, for the first time, the role of
TJs dysfunction in the breakdown of the oral epithelial barrier and its potential link to the progression of dental diseases such as
gingivitis, periodontitis, Sjogren syndrome, and oral squamous cell carcinoma.
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Introduction

The epithelium functions as a frontline protective barrier, separating underlying tissues from the external environment
and guarding against physical, chemical, and microbial threats. This protection is ensured by various types of cell-cell
junctions, including tight junctions (TJs).! TJs seal the paracellular space within the apical regions of epithelial and
endothelial cells® and are found mostly in the granular and cornified layer (and in lower concentration in other layers) of
the oral epithelium.’ TJs have been indicated to play a crucial role in various dental conditions, including gingivitis,*’

12-14 3bnormal tooth formation,15 and

periodontitis,® '° Sjégren syndrome (SS),"" oral squamous cell carcinoma (OSCC),
Immunoglobulin G4-related sialadenitis (IgG4-RS).'*!”

Disruption of the TJs in the gingival barrier is closely related to inflammatory agents that facilitate the spread of
bacteria and inflammation. When TJs are disrupted, bacterial products and their toxins penetrate tissues more easily.® The
integrity of the epithelial barrier can be compromised when bacteria invade the gingival tissues through the intercellular
spaces in the junctional epithelium (JE) or sulci, which are maintained by TJs.'® Alternatively, changes in the expression
of junctional proteins can weaken this barrier.'” Gingivitis and periodontitis are two prevalent forms of periodontal
disease resulting from the disruption of this delicate balance. SS is a long-term autoimmune disorder marked by
inflammation and the dysfunction of moisture-producing glands. Modifications in the production of TJ proteins alter

the expression of these glands."' OSCC is a common form of oral cancer characterized by the malignant transformation
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of squamous cells in the oral cavity.”” Some TJ proteins are strongly expressed in tumor cells with keratinization®' and
are reported to be involved in the pathophysiology of OSCC.*

The role of TJs is well-recognized in the medical community, with their function and importance extensively
documented in organs such as the brain, >4 kidney,zs’26 skin,?”?® and gut.29 For example, the absence of zonula
occludens-1 (ZO-1) proteins and occludin in the brain can contribute to the breakdown of the blood-brain barrier,
potentially leading to neurological disorders such as multiple sclerosis.*® Additionally, this research indicates that the
ischemia associated with stroke is linked to the relocation of specific TJ proteins, such as claudin (CLDN)-1, ZO-1, and
Z0-2, from the cell’s outer membrane to the cytoplasm.*® Within the kidney, the significance of CLDN in kidney-related
ailments is emphasized. Malfunctions in CLDN function can cause various kidney conditions, including hypomagnese-
mia, hypercalciuria, the formation of kidney stones, and hypertension.”® However, research on TJs in gingival pathology
is limited.

A comprehensive understanding of TJs and their relevance in dental diseases is crucial for the early detection,
prevention, and treatment of these conditions.>' > This review aims to clarify the molecular structure and function of TJs
under normal physiological conditions and analyze their relevance in periodontitis, OSCC,***> and SS.%¢

Tight Junctions: Structural and Functional Overview
Epithelial or endothelial cells form four types of intercellular junction complexes, including TJs, adherens junctions
(AJs), hemidesmosomes, and gap junctions (GJs)*’ (Figure 1A). AJs and desmosomes create robust mechanical bonds

Figure | Cell-cell junctions and structure of tight junctions in epithelium. (A) Some types of cell-cell junctions. (B) Structure and proteins of tight junctions between
epithelial cells. Claudin forms the tight junction strand that interacts with ZO. No sequence similarity exists between claudin and occludin. ZO proteins are tight junction
scaffold proteins that link actin filaments to tight junctions. This figure is the authors’ graphical work drawn using Inkscape 1.3.2.

Abbreviations: PM, Plasma membrane; A, Adherens junction; GJ, Gap junction; HDS, Hemidesmosome; BL, Basal lamina; ZO, Zonula occludens; JAM, Junctional adhesion molecule.
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between neighboring cells, ensuring their cohesion, while GJs facilitate distinctive cellular communication pathways.**~°

TJs function as protein-sealing structures that encircle neighboring cells, creating a belt-like arrangement on the apical
side of the lateral membrane. By occluding the intercellular space, they effectively separate the lumen from the interstitial

space, functioning as a barrier and a fence.***!

Junction Molecular Composition

TJs are located at the most apical region of the lateral membrane.” The TJ strand, a fibril-like polymer comprising
CLDN molecules within the plasma membrane, constitutes the functional unit of TJs.** A TJ is a reticular structure
formed by more than 40 proteins that are either transmembrane (CLDNs, occludin, the junctional adhesion
molecule [JAM], etc.) or cytosolic scaffolding proteins (ZO, cingulin, etc.) and actin cytoskeleton® (Figure 1).
Each TJ strand binds transversely to another, establishing connections between adjacent cells and forming
a structure that resembles a “zippering up” mechanism from the lateral to apical direction.** Moreover, cytoplasmic
proteins function as scaffold proteins, linking TJ strands with cytoskeletal proteins to sustain TJ functionality.’
Overall, unraveling the specific protein interactions within TJs of living cells, and even in cell-free systems, has
proven challenging.**

Transmembrane Proteins

CLDN: The CLDN family was identified in 1998*° and has emerged as pivotal in forming the backbone structure
of the TJ strand when polymerized on the cell membrane. The family has at least 27 members, each exhibiting
a specific distribution across organs and tissues.*' CLDNs possess four transmembrane domains, two extracellular
loops (the first extracellular segment [ECS1] and the second extracellular segment [ECS2]), and two cytoplasmic
termini (C-terminus and N-terminus). ECS1 and ECS2 have distinct amino acid sequences. ECS1 mainly con-
tributes to the paracellular barrier or selective channel attributes, whereas ECS2 helps maintain the opposing
lateral cell membranes in close contact.*® CLDNs interact with the ZO family of scaffolding proteins via their
cytoplasmic region,>® which in turn are essential for TJ assembly.*” ** CLDN protein polymerization to create
strands in epithelial cells relies on the expression of ZO family proteins.’® The C-terminal postsynaptic density
protein (PDZ)-binding motifs facilitate direct interactions with intracellular proteins, which include ZO-1, ZO-2,
and Z0-3.43-!

Occludin: Myelin/lymphocyte and related proteins for vesicle trafficking and membrane link (MARVEL) D1, also
called occludin, together with MARVEL D2 (tricellulin) and MARVEL D3 protein, belongs to the TJ-associated
MARVEL protein family.’*>* Occludin, the first transmembrane protein of the TJ to be found in 1993,%% characterized
as a tetra-transmembrane protein,”> comprises four transmembrane domains, two extracellular loops, and two cytoplas-
mic termini. However, no structural or sequence similarity exists between occludin and CLDNs.>® Occludin is believed to
interact, whether directly or indirectly, with the co-expression of CLDN-1 and CLDN-2.%’ The role of occludin in barrier
formation has remained controversial. A study has shown that the inclusion of this protein in the TJ strands led to an
increase in transepithelial electrical resistance and paracellular permeability, suggesting its role in forming selective
pores.”®

Junctional adhesion molecules: JAMs, belonging to the immunoglobulin superfamily, are identified as transmembrane
proteins that undergo glycosylation.** JAM proteins comprise three primary subtypes: JAM-A, JAM-B, and JAM-C (also
referred to as JAM-1, —2, and —3), which exhibit comparable sequences and structures.>® The common structure of JAMs
includes a single transmembrane domain with its C-terminus in the cytoplasm and N-terminus outside the cell.* These

transmembrane domain proteins are crucial for maintaining the integrity of epithelial barriers,’**°

playing an essential
role in the early stages of TJ formation and regulation. Specifically, JAMs contribute to the regulation of TJ assembly in
epithelial cells.*' When cell-cell junctions are disrupted, inhibiting JAMs impairs the recovery of barrier function,
leading to the loss of occludin and JAMs, while ZO-1 remains unaffected.’ JAMs are not only present in cells forming
TJs but are also involved in various cellular functions, such as the movement of leukocytes and endothelial and epithelial

cells, as well as modulating paracellular permeability.®?

Clinical, Cosmetic and Investigational Dentistry 2024:16 https: 515



Do et al

Cytosolic Scaffolding Proteins
ZO proteins: The ZO family, including ZO-1, ZO-2, and ZO-3, are TJ scaffold proteins.’®® ZO functions as
a scaffolding protein that connects transmembrane and cytoplasmic proteins and potentially links AJs to TJs.** ZO-1

and ZO-2 regulate TJ assembly***’

and can also determine where the polymerization of CLDNs occurs, indicating their
essential role in TJ formation.*’ These proteins have multiple important functions, such as interacting with nuclear and
dual residency proteins and participating in regulating cell growth." Each ZO protein has three PDZ domains: one Src
homology 3 domain, one guanylate kinase domain, and one proline-rich region. ZO proteins can associate with several
proteins through PDZ domains, such as JAM-A, CLDNs, occludin, and F-actin.*! Studies have demonstrated that ZO-1°°
and ZO-2°° bind to occludin directly.

Cingulin: Cingulin is situated within the cytoplasm, forming a parallel dimer comprising two subunits, each weighing
140-160 kDa. These subunits comprise a globular head, a coiled-coil rod, and a globular tail. Myosin and ZO-3 can bind
to the NH2-terminus and COOH-terminus of cingulin, whereas ZO-1 and ZO-2 specifically bind to the NH2-terminus.®’
Essentially, cingulin functions as a scaffold protein, facilitating the connection and stabilization of the TJ structure by
interacting with ZO family proteins and cytoskeletal elements. Additionally, cingulin is involved in signal transduction

pathways, including the regulation of Ras homolog family member A signaling to govern epithelial cell proliferation.®®

Actin Cytoskeleton

The cytoskeleton comprises microtubules, microfilaments, and intermediate filaments. It was proposed that the actin
cytoskeleton is linked to TJs by ZO proteins®* (Figure 1B). ZO-17° and ZO-2"" with proline-rich C-terminals were shown
to bind F-actin, while ZO-2 does not bind actin.”* The cytoskeleton maintains cell morphology and bears external forces;
it also helps maintain the cell’s internal structure, which restricts the mobility and distribution of polarized membrane
molecules. This role is fulfilled by not only the actomyosin cytoskeleton but also the spectrin/fodrin cytoskeleton.®*
Microfilaments are cytoskeletal components that enable the opening and closing of TJs and mainly comprise actin.”® It
has been hypothesized that any occurrence leading to a decrease or elimination of the interaction between the TJ plaque
and the actomyosin cytoskeleton would enhance the epithelium’s barrier function. The binding to F-actin occurs through
the actin-binding region. ZO-1 binds to actin via a 28-residue actin-binding site (ABS) at the TJ. The ABS of ZO-1 is
shown to have a weaker affinity toward actin than the o-catenin of the AJ.”* This study also indicates that increased
affinity to the ABS of ZO-1 leads to a decreased epithelial barrier function, and a weaker link between ZO-1 and actin
causes junction elongation.

Roles of Tight Junctions

Several studies have acknowledged that TJs have two main functions: firstly, they separate the apical from the basolateral
cell surface domains to maintain cell polarity (the fence function); secondly, they regulate ions, water, and various
macromolecules through the paracellular space (the barrier function).”” However, recent studies have provided conflicting
views on the roles of TJs in epithelial polarity.

Barrier Functions

A major function of TJs is to determine the selective permeability in leaky epithelia and form a permeability barrier in
tight and leaky epithelia.>**’® The paracellular barrier regulates selective permeability between cells, enabling passive
transport of molecules across the tissue and between distinct compartments of the body.” The function of tight epithelia is
the creation of a diffusion barrier by tight control of the transcellular and paracellular pathways.”” The junctional gate is
a semipermeable diffusion barrier that discriminates solutes based on size and charge. Solutes cross the junctional
paracellular pathway along two routes.” It is hypothesized that the flux in the leak pathway results from the breaking and
annealing of CLDN strands, potentially influenced by intermolecular associations among CLDNSs, occludin, ZO-1, and
the actin cytoskeleton.>?° The charge-selective permeation pathway is believed to comprise pores across serially
arranged barriers, enabling the diffusion of ions and small uncharged molecules. The estimated diameter of these
pores is ~4-8 A and depends on the tissue and molecule analyzed. The size-selective pathway enables the diffusion of
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larger solutes and macromolecules up to a size limit of ~30-60 A.% In leaky epithelia, this barrier functions as a low-
capacity leak pathway, facilitating the permeation of larger macromolecules but lacking ion selectivity.

The Fence Function and Epithelial Polarity: Traditional Views and New Evidence

The interactions among TJ proteins not only establish paracellular barriers; due to the TJ’s apical circumferential
structure, it has also long been accepted that they segregate membrane proteins and lipids between apical and basolateral
regions and are essential in epithelial polarity through maintaining the asymmetric distribution of membrane proteins and
lipid functions.”®”® However, recent studies have challenged this function of TJs. Numerous models have been proposed
to explain how TJs form a membrane fence, including lipid micelle, size-dependent exclusion, molecular crowding, and
lipid microdomain models.*> However, these models are still subject to refutation, and a lack of concrete and unified
evidence remains. It was reported that in an epithelial cell line lacking ZO proteins, lipids from the apical and basolateral
membranes remained segregated. This finding led to the conclusion that TJs are not essential for maintaining lipid
polarity in epithelial cells.** Conversely, in ZO-1 and ZO-2 double knockout cells, epithelial polarity was found to be
disorganized.*” Recent studies have presented conflicting perspectives on the roles of TJs in epithelial polarity; the
absence of TJs did not affect apicobasal polarization,*’ so this function is unclear.

Tight Junctions in Oral Mucosa
The oral mucosa comprises three layers: a surface squamous stratified epithelium, known as the oral epithelium, under
which is connective tissue termed the lamina propria and submucosa. The oral mucosa is categorized into three types, the
lining, masticatory, and specialized mucosae, and has regional differences in keratinization, tissue thickness, and cell
turnover time. The keratinized or parakeratinized stratified squamous epithelium covers the surface of the gingiva and
hard palate mucosa, known as masticatory mucosa.?'®? Like the epidermis, the main cell type in the oral mucosa is the
keratinocyte, and these cells are arranged as four classified sublayers, starting from the deepest: the stratum basale,
followed by the stratum spinosum, stratum granulosum, and stratum corneum.*® The oral mucosa acts as a barrier to
protect the deeper tissues from mechanical damage and prevent the entry of pathogens and exogenous harmful
substances, maintaining tissue integrity and homeostasis. It comprises physical (cell-cell and cell-extracellular matrix
junctions, especially TJs), microbiological, and immune barriers.®

Although limited research has been conducted on stratified squamous epithelial tissues, particularly the oral mucosa,
it is believed that the unique integrity of this first line of defense is maintained by the interconnection of highly
specialized junctional complexes, including TJs.*?

Epithelial Barrier of the Gingiva
The establishment of the oral mucosal attachment around teeth is specific to the oral cavity. The gingival tissues comprise
free, attached gingiva and interdental papillae (Figure 2A). Free gingiva forms a short cuff around the teeth without
attachment, while attached gingiva is connected to the tooth or bone through junctional epithelial attachment and
collagen fibers. Interdental papillac are located between teeth, comprising keratinized epithelium over connective
tissue®® (Figure 2A). The free gingiva comprises three elements: (1) the oral gingival epithelium (OGE), oriented toward
the oral cavity; (2) sulcular epithelium (SE), facing the tooth but without direct contact; and (3) JE, in contact with the
tooth enamel.*>®” The OGE is a keratinizing type, serving as an effective barrier against microbial invasion into the
gingival connective tissue. Conversely, the SE and JE are primarily non-keratinized,*® making them semipermeable and
enabling the passage of large substances from the gingival sulcus into the connective tissue beneath. The JE cells
maintain the junction between the enamel and epithelium by attaching to the basal lamina on the enamel through
hemidesmosomes, a process vital for tooth emergence into the oral cavity.'®

Gingival tissues are specialized to function as a defense mechanism for the body’s peripheral regions.®® The gingival
connective tissue comprises a dense network of collagen fibers that provide firmness and anchor the gingiva to the
cementum and alveolar bone (Figure 2A). It also contains abundant lymphatic and blood vessels, nerves, and cells related
to immune-inflammatory and vascular functions.®® The gingival epithelial barrier is critical in protecting against
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Figure 2 Structure of periodontium and demonstration of tight junction location in oral epithelium. (A) Anatomy and histology of the gingival unit. (B) Localization of tight
junctions in gingival stratified squamous epithelium. This figure is the authors’ graphical work drawn using Inkscape 1.3.2.

Abbreviations: OGE, Oral gingival epithelium; SE, Sulcular epithelium; JE, Junctional epithelium; GS, Gingival sulcus; CT, Connective tissue; PL, Periodontal ligament; TJs,
Tight junctions, cell-cell junctions (T), AJ, GJ, Desmosome).

pathogens, foreign substances, and mechanical stress.”” Dysbiosis involves an imbalance in bacterial species, which can

disrupt host-microbe interactions, leading to inflammation and bone loss.”'***

The primary mechanisms supporting resistance to mechanical injury include (1) the presence of plentiful intercellular
junctions, primarily desmosomes, which tightly bind the cells; (2) undulations in the epithelium and connective tissue
(known as rete ridges); and (3) the stratum corneum. Additionally, the stratum corneum, coupled with relatively narrow
intercellular spaces, contributes to lower permeability compared to the non-keratinized lining mucosa of the JE and SE.”°

The initial layer of the gingival barrier is formed by gingival crevicular fluid (GCF), a highly specific oral cavity fluid

representing periodontal health. It can be a useful predictor or diagnosis marker of periodontal diseases such as gingivitis

93-97

and periodontitis (chronic and aggressive): (I) proteolytic and hydrolytic enzyme biomarkers: alkaline

phosphatase,’® aspartate aminotransferase,”® cathepsin-B;'%° (IT) bone-related biomarker: osteocalcin,'®" osteopontin,'®!

osteonectin;'*? 102,104

(IIT) cell death and tissue breakdown products: chondroitin-4-sulfate,'® and fibrinogen.

The amount of GCF in healthy sulcus is typically low.”® The ongoing supply of GCF forms a layer-like protective
barrier, defending TJs against lipopolysaccharides (LPSs) and various pathogen-associated molecular patterns by
cleansing the epithelial surface.®'% GCF is essential for initiating an immune response and preventing microbes from
invading tissues. In periodontal disease, the inflammatory response leads to changes in the constituents of GCF and
selective upregulation of certain cytokines.”®> A wide range of cytokines disrupts the barrier function of epithelial and

106

endothelial cells by affecting the structure and functionality of TJs."™> Qiurong Li et al indicated that tumor necrosis

factor-a (TNF-a) and interferon-y (IFN-y) can disrupt TJs at the epithelial barrier by changing the lipid composition and

fatty acyl substitutions of phospholipids in membrane microdomains of TJs.'"’
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The neutrophil extracellular traps (NETs) constitute the second stratum of the gingival barrier.'® "' NETs, structures
evolved within the innate immune system, are web-like meshworks comprising chromatin. Activated neutrophils
generate these structures primarily in response to pathogen challenges. NETs eliminate, damage, and entrap bacteria,
preventing their spread.'® The final two properties of NETs imitate the primary characteristics of the mucus layer. The
third and final layer of the gingival barrier is the epithelial lining. The primary role of the JE is to establish a barrier to the
external environment, encompassing physical, biochemical, and pathogenic aspects.®

Tight Junctions and Oral Health

Similar to their positioning in the epidermis, where functional TJs are located in the second layer of the stratum
granulosum,"'*'"® TJs in gingival tissue are located exclusively in the granular and cornified layers (Figure 2B).
Unlike cultured gingival keratinocytes in vitro, which exhibit an extensive network of TJ strands, TJs in gingival tissue
do not form complex strand structures.” Indirect immunofluorescence analysis of healthy gingiva revealed that CLDN-1
and ZO-1 were present in the stratum granulosum but absent from the stratum corneum and stratum basale, while
occludin was mainly expressed in the stratum granulosum.” Extremely low JAM-A levels were detected in the granular/
keratinized layers of the SE."'* In multilayered gingival epithelial cultures, gene expression analysis revealed that
CLDN-1, 4, —12, =17, =25, JAM-A, and occludin are the most highly expressed.115

The epithelium functions as a frontline protective barrier, separating underlying tissues from the external environment
and guarding against physical, chemical, and microbial threats. Maintaining the integrity of this barrier is essential for
oral as well as overall health. With their semipermeable structure, TJs are crucial in regulating the paracellular transport
of ions, water, and solutes.''® Occludin has been identified in the surface layer of the gingival epithelium, while CLDN-1
is present in the uppermost layer.''”""'"® CLDNs exhibit barrier properties that directly control the gate function of
paracellular TJ channels. It is evident that the optimal expression of TJ proteins is crucial for upholding normal
physiological function, and any imbalance could result in pathological consequences.”

Several TJ proteins have been reported to be expressed in salivary glands, such as CLDNs-1, —2, =3, —4, and —5;
occludin; JAM-A; and ZO-1.*""" These proteins have been detected particularly in acinar and ductal cells and in
endothelial cells surrounding the salivary epithelium.''®'?° The structure and function of TJs must vary between serous,
mucous, and mixed acini, as well as between intercalated, striated, and excretory ducts. While the functional importance
of TJs in salivary gland epithelium remains inadequately understood, it is suggested that the presence of TJs within the
salivary epithelium is both necessary and an indicator of dysfunction.'*

The generation of saliva is crucial for fundamental oral cavity functions, including swallowing and digestion, while
also demonstrating antimicrobial properties. Essential elements of saliva, such as ions, electrolytes (sodium and
chloride), proteins, and lipids, are produced in the acinar cells of major salivary glands and undergo alterations within
the salivary ducts.'?' The movement of K" and CI™ along their gradients creates a potential difference across the
epithelium, causing Na® and water to diffuse through the TJs.'*> The molecular composition of TJs influences the
permeability of paracellular pathways during water secretion.'?**'** Xin Cong et al indicated that ZO-1, CLDN-3, and
—11 are important in the secretion of the submandibular gland under physiological and pathophysiological conditions.'**
A recent study found that the concentration of electrolytes affects barrier function and protein localization in bovine
mammary epithelium.'*> This suggests that TJ protein interactions may change in response to ion secretion in salivary
glands. Additionally, proinflammatory cytokines, TNF-oa and IFN-y, reduce CLDN-1 expression, indicating that CLDN-1
may contribute to TJ integrity in salivary epithelium.'?*'?® Changes in the expression and organization of TJs have been
observed in salivary glands affected by SS, highlighting their crucial role in understanding salivary gland dysfunction.''

The Breakage of Epithelial Barrier Tight Junctions in Gingiva
It is imperative to uphold the integrity of the epithelial barrier for oral and overall health.'® Bacteria can compromise this
barrier by invading gingival tissues, which are bound by TJs, through the intercellular spaces in the junctional and
sulcular/pocket epithelium.

One mechanism of paracellular bacterial invasion involves the direct destruction of intercellular junctions. Human
gingival epithelial cells express JAM-A,''> a TJ protein essential for regulating selective permeability based on the
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molecular weight of target molecules. Porphyromonas gingivalis proteases, called gingipains, mechanically degrade the
mature form of JAM-A on the plasma membrane, increasing the penetration of 40 kDa dextran, LPS, peptidoglycan
(PGN), and gingipains into subepithelial tissues, which regulates the gingival epithelial barrier function.'?” Additionally,
gingipains are implicated in increasing the permeability of the human cerebral endothelial cell monolayer through the
degradation of TJ proteins, including ZO-1 and occludin.®*

Another means to weaken the epithelial barrier is by altering the expression of junctional proteins. Research has
shown that cell infection with P. gingivalis promoted the expression of the TJ genes encoding occludin, CLDN-1, and
CLDN-4, which enhances barrier function and decreases cell-cell permeability.'*® In a rat model of periodontal disease,
chronic LPS exposure reduced CLDN-1 expression in the JE and impaired the epithelial barrier function. These findings
suggest that decreased CLDN-1 may contribute to the onset of periodontal disease.'*® Grainyhead-like 2 (GRHL2), an
epithelial-specific transcription factor, regulates the expression of junction proteins. In a study using a GRHL2 condi-
tional knockout (KO) mouse model, W. Chen et al suggested that P. gingivalis bacteria may enhance paracellular
penetration through the oral mucosa, partially by targeting the expression of GRHL?2 in the oral epithelial cells.'?* This
impairs the epithelial barrier by inhibiting junction protein expression. Immunohistochemical assessment of the period-
ontal lesions confirmed decreased protein levels of ZO-1, B-cat, and CLDN-3 in the JE of GRHL2KO mice.
Consequently, alveolar tissue destruction and systemic bacteremia increased. These results suggested that TJ destruction
may be a crucial step in gingival barrier function failure and oral diseases.

T-helper 17 (Th17) cells, enriched in the epithelial barrier, contribute to maintaining the integrity of the oral epithelial
barrier by regulating TJ proteins such as CLDN and occludin.'' These interleukin (IL)-17-producing CD4" T cells have
been implicated in the pathogenesis of multiple autoimmune and inflammatory disorders.”® Th17 cells produce IL-17, IL-
17F, and IL-22, inducing a massive tissue reaction due to the broad distribution of the IL-17 and IL-22 receptors.'®® The
application of IFNs and Thl7 cytokines has shown significant disruption of the epithelial barrier, evidenced by
discontinuous ZO-1 immunolocalization.”® L. Abusleme and N. M. Moutsopoulo provided evidence for IL-17A-
dependent regulation of occludin during epithelial injury that limits excessive permeability and maintains barrier
integrity. This study also indicated that the absence of IL-17A results in increased epithelial injury and compromised
barrier function after dextran sulfate sodium (DSS) treatment, with IL-17A signaling through Act-1 supporting barrier
function by maintaining occludin localization at TJs during DSS injury.'® Furthermore, physical-mechanical mastication
can damage and promote Th17 cell development in gingival tissue.*> Aggor FEY et al showed that oral candidiasis
involved the cooperative activities of IL-22 and IL-17.°® The interaction between Th17, IL-17, and TJs is expressed in
not only gingival tissue but also the salivary gland. Zhang et al demonstrated that IL-17 derived from infiltrating
lymphocytes impairs the integrity of the TJ barrier through the Nuclear factor kappa B signaling pathway, potentially
contributing to salivary gland dysfunction in SS.%*

The Critical Role of Tight Junctions in Some Dental Diseases

The Interplay Between Gingivitis, Periodontitis, and Tight Junctions

Pathophysiology of Gingivitis and Periodontitis

Gingivitis is an inflammatory condition limited to the surface periodontal tissue, including the outer epithelial and
adjacent connective tissue layers."**!'*! Gingivitis begins with bacterial components such as LPS, PGNs, lipoteichoic
acids, proteases, and toxins present in the biofilm on tooth surfaces, triggering inflammatory reactions. These inflam-
matory factors, part of the host’s response, involve the activation and recruitment of inflammatory cells through toll-like
receptors (TLRs) on host cells that recognize bacterial antigens and products such as LPS and PGNs found in the biofilm

132,133

on tooth surfaces (Figure 3). This initiates an inflammatory response, attracting lymphocytes and macrophages to

the tissue (Figure 3B), leading to the breakdown of 60-70% of the collagen in the gingival connective tissue.'**'3*
However, the bone remains unaffected, enabling the repair and remodeling of gingival tissues without permanent
damage. When bacterial antigens are encountered by antigen-presenting cells such as dendritic cells, macrophages,
and B cells, naive CD4" T helper cells (Th0) differentiate into various subsets, including Th1, Th2, Th17, and regulatory

T cells, based on the cytokines they produce. Cytokines and chemokines such as IL-1, IL-6, IL-12, IL-17, IL-18, IL-21,
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Figure 3 An overview of gingivitis and periodontitis. The process begins with the accumulation of dental plaque (A), a complex biofilm formed by the colonization of
bacteria enclosed by a protective matrix. (B) If this biofilm is not disrupted and continues to accumulate, plaque bacteria produce toxins that penetrate the gingival tissues.
The host responds to this bacterial infection with the classical innate immune response, where pathogens trigger leukocytes to release proinflammatory mediators, such as
cytokines and chemokines. This cascade of reactions activates adaptive immunity, involving specific T and B lymphocytes. Neutrophils and macrophages, activated by these
lymphocytes, release proinflammatory cytokines that increase vascular permeability. These immune cells migrate to the gingival tissue through the bloodstream, causing the
gingival tissues to become red, swollen, tender, and more prone to bleeding. (C and D) If untreated, gingivitis can lead to early periodontitis, where the gingiva pulls away
from teeth, forming pockets and causing attachment and bone loss. This figure is the authors’ graphical work drawn using Inkscape 1.3.2.

Abbreviations: PT, Periodontal tissue; TJs, Tight junctions; RBC, Red blood cell.
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TNF-q, and IFN-y in the GCF are significant in periodontal inflammation development.'** Many inflammatory factors,
such as a surplus of LPS, oncostatin M, neutrophil proteases, bacterial proteases, and toxins, deteriorate gingival TJs. The
observation that transient bacteremia commonly occurs in inflamed gingiva during activities such as chewing, tooth
brushing, and dental procedures implies that inflammation-weakened TJs rupture when exposed to physiological
mechanical strains. This phenomenon, known as an epithelial barrier breach, enables viable bacteria to enter the
blood.® The inflammatory response is a natural defense mechanism designed to avoid bacterial infections reaching
deeper tissues such as bones. However, if this inflammation becomes uncontrolled and chronic, it can cause permanent
damage to the periodontal tissues (Figure 3C-D). This can result in periodontitis and its associated symptoms, including
periodontal pockets, loss of attachment, receding gingiva, loose teeth, tooth movement, and ultimately tooth loss.'*>!3°
Figures 4 and 5 illustrate the progression of gingivitis and its severe consequences on dental health. Figure 4 shows
gingivitis with visible signs of inflammation, including red, swollen, and irritated gingival tissues, particularly along the
gingival margin. Across Panels A, B, and C, the gingiva appears tender and prone to bleeding, which are hallmark
features of gingivitis, typically resulting from plaque accumulation and bacterial infection. In a related condition,
Figure 5 shows a different patient with periodontitis, where Panel A illustrates advanced enamel erosion and inflamed
gingiva in the upper arch, Panel B displays similar conditions in the lower arch with carious lesions, and Panels C, D, and

Figure 4 Clinical case: Gingivitis. (A) Frontal view. (B) Right buccal view. (C) Left buccal view. This figure is from Faculty of Odonto-Stomatology, Can Tho University of
Medicine and Pharmacy in Vietnam. The patient provided consent to publish the images.
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Figure 5 Clinical case: Periodontitis. (A) Occlusal view of the upper arch. (B) Occlusal view of the lower arch. (C) Right buccal view. (D) Frontal view. (E) Left buccal view.
This figure is from Faculty of Odonto-Stomatology, Can Tho University of Medicine and Pharmacy in Vietnam. The patient provided consent to publish the images.

E provide multiple angles of the deteriorated dental structures with pronounced gingival inflammation, gingival reces-
sion, and plaque accumulation, indicative of extensive periodontal disease.

Impact of Inflammation on Tight Junctions
TJs create a physical barrier to inhibit the entry of bacteria and their products. Disruption of the TJs in the gingival barrier
is closely related to inflammatory agents that facilitate the spread of bacteria and inflammation. When TJs are disrupted,
bacterial products and their toxins penetrate tissues more easily.8 As inflammation increases, edema and structural
changes appear in the epithelium, manifesting as widened intercellular spaces. If this widening continues, only a few
isolated TJs remain, with no intermediate junctions.'*’ During the inflammatory response, cell junctions are affected by
and affect the inflammatory cytokines.'** Downregulation of TJs by proinflammatory cytokines (TNF, LIGHT, IL-1) can
occur within hours without altering TJ protein expression.'** Occludin and ZO-1 are downregulated, whereas CLDN-1
and CLDN-4 are overexpressed'® (Table 1). TNF-a is a key mediator of inflammation® and is markedly increased in
individuals with inflammatory conditions.”® IL-1B has been shown to enhance the integrity of the gingival keratinocyte
barrier, demonstrated by an increase in transepithelial electrical resistance, upregulation of TJ proteins, and an increase in
the formation of TJ strands. This suggests that reinforcing the physical barrier is crucial in the initial defense mechanisms
of gingival epithelial cells.” Furthermore, the inflammatory cytokine IL-6 enhances endothelial permeability by causing
changes in the redistribution of the tight junctional protein ZO-1.> Giiney et al found a positive correlation between ZO-1
and TNF-q, concluding that the presence of free ZO-1 in the environment increases with periodontal inflammation.'
TNF-a is known to be a key mediator of inflammation® and is markedly increased in individuals with inflammatory
conditions.”® In periodontitis, an intriguing nexus within this intricate landscape of bone resorption is illuminated by the
role of the CLDN-18 protein.9

Studies have shown an association between smoking and gingivitis, mediated through TJs.'*® Smoking promotes the
penetration of LPS and PGN into the gingival epithelium by reducing the surface expression of JAM-A. Conversely,
overexpression of JAM-A, such as that induced by vitamin C, has been shown to inhibit the penetration of LPS and PGN
caused by cigarette smoke extract.'®'*! Additionally, smoking can lead to abnormal tyrosine phosphorylation of TJ

proteins, altering their distribution in the cell membrane and disrupting junction formation.'’
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Table | Correlation Between Dental Conditions and Tight Junction Proteins

Dental Conditions Primarily Affected T) Proteins | Mechanism References
Gingivitis Occludin, ZO-1, CLDN-1, Chronic release of inflammatory cytokines disrupts the [4,10]
CLDN-4, JAM-A integrity of TJs by reducing the CLDN production,

redistribution of T] protein ZO-1, and the surface JAM-A.

Sjogren syndrome Occludin, ZO-1, CLDN-1, =2, —4 | Salivary glands in SS exhibit significant alterations in the [11,123]

organization and expression of T) proteins.

Abnormal tooth formation CLDN-3, -6 TJs ensure the creation of suitable microenvironments for [15]
enamel deposition and early maturation by controlling the
passage of molecules between cells. They regulate ion
transport during amelogenesis, with CLDN-3 and —16

proteins playing a crucial role in this process.

Oral squamous cell carcinoma | CLDN-I, —4, ZO-1 In OSCC, occludin, ZO-I, CLDN-I, and CLDN-4 are [21]

strongly expressed in tumor cells with keratinization.

1gG4-RS CLDN-1, =3, —4, occludin, ZO-1 TJs in salivary glands regulate the passage of water, ions, and | [16,17]
solutes. CLDN-I to —12, occludin, and ZO-1 are crucial for
this function in submandibular glands. Dysfunction in T)

expression leads to impaired saliva secretion.

Abbreviations: T), Tight junction; ZO, Zonula occludens; CLDN, Claudin; JAM-A, Junctional adhesion molecule A; SS, Sjogren syndrome; OSCC, Oral squamous cell
carcinoma; IgG4-RS, Immunoglobulin G4-related sialadenitis.

The Interplay Between Oral Cancer and Tight Junctions

Oral cancer includes malignancies arising in the oral cavity and oropharynx. The etiology of oral cancer is complex,
involving a mixture of genetic factors, environmental influences, and changes at the molecular level in the tissues. Recent
years have seen growing recognition of the importance of the tumor microenvironment, including the role of the
epithelial barrier function in the context of oral carcinogenesis. Emerging evidence suggests that TJs play a nuanced
role in the pathophysiology of various cancers and tumorigenesis, including OSCC.'? TJs, positioned as the most apical
structure connecting epithelial and endothelial cells, are widely recognized for regulating cell and tissue homeostasis.
Any disruption in this cohesion can result in cancer cell invasion and subsequent metastasis.”?> During the metastatic
process, TJs are the first structure impeding the path to successful metastasis of the cancer cell. For the tumor cell to
proceed effectively, TJ structures must be disturbed and dismantled to enable cancer cell penetration.

CLDN-1 has been reported to play a role in various parts of the oral cavity (including the tongue, gingiva, mouth, and
palate) in OSCC'** and is frequently altered in several cancers'’ (Table 1), with overexpression associated with stage
progression in OSCC.'? CLDN-1 shows a high probability (96.2%) of being overexpressed at messenger ribonucleic acid
and protein levels in OSCCs with perineural and angiolymphatic invasion. Thus, it is suggested that CLDN-1 over-
expression is associated with early steps of invasion into the underlying tissue, metastasis, and aggressive tumor behavior
in OSCC.'*"® However, a study examining healthy oral control tissue from the same individuals reported that,
conversely, CLDN-1 expression in OSCC did not differ from that of the intraindividual control tissue and showed no
significant association with clinicopathological features.'** While CLDN-1 is expressed throughout the epithelium,
occludin, ZO-1, and CLDN-4 predominate at the cell-cell boundary in the granular layer. In OSCC, occludin, ZO-1,
CLDN-1, and CLDN-4 are strongly expressed in tumor cells with keratinization, such as cancer pearls'* (Table 1).

The loss of CLDN-7 expression is a frequent event in OSCC,'** with reduced CLDN-7 expression potentially
associated with OSCC development and an unfavorable prognosis. A lack of CLDN-7 expression in the tumor center
may be used to identify patients at increased risk for regional recurrence.'*> Conversely, elevated levels of CLDN-7
correlate with longer survival times, suggesting a positive prognosis.'**'*” CLDN-7 has been suggested to function as
a tumor suppressor in oral cancer, highlighting its potential as a therapeutic target in oral cancer treatment.”’ Findings
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also suggest that CLDN-4 could be deemed a key immunohistochemical marker for excluding the diagnosis of
mesothelioma.?

Matrix metallopeptidase (MMP)-2 and —9 have been demonstrated to regulate the invasion ability of OSCC cells.'*®
It is shown that MMP-9 cleaves cell-cell junctions, and apical MMP-9 treatment significantly increases transepithelial
conductance and alters the immunolocalization of TJ proteins, CLDN-1, and occludin.'*® Collectively, these findings
suggest that MMP-2 and —9 may influence the integrity of TJs, leading to OSCC cell invasion. Kim et al found that
hypoxia enhanced the invasion ability of OSCC cells by increasing MMP-2 and MMP-9 activities, disrupted TJs, and
promoted the metastasis of OSCC via the loss of partitioning-defective protein 3.'>°

Disruption of these junctional proteins of TJs in OSCC increases the permeability of the epithelial barrier. This may
facilitate the invasion of cancer cells and surrounding tissue and promote metastasis.'>"'3> OSCC is characterized by the
occurrence of an epithelial-mesenchymal transition (EMT), during which cancer cells become more invasive and
migratory. During an EMT, TJs may be disrupted. Different signaling pathways involved in OSCC development (such
as Wingless-related integration site, Notch, and Mitogen-activated protein kinase pathways) have all been reported to
impact TJs.">* Activation of these pathways can influence the expression and localization of TJs.

The Interplay Between Sjogren Syndrome and Tight Junctions

The salivary glands include several secretory units that connect to the oral cavity via a duct system.'>* Each unit
comprises a cluster of cells arranged in secretory acini. Three pairs of major salivary glands (parotid, submandibular, and
sublingual) and many minor salivary glands are scattered throughout the oral cavity within the lamina propria of the oral
mucosa.'”’

SS is a chronic autoimmune disorder characterized by the inflammation and dysfunction of moisture-producing
glands, such as the salivary and lacrimal glands. This condition primarily affects the exocrine glands, resulting in
a progressive decline in the secretion of saliva and tears and hence dryness in the mouth and eyes.'”® Salivary
hyposecretion leads to difficulties in chewing and swallowing dry food, along with an elevated susceptibility to dental
caries and oral candidiasis.">’ Dry eye syndrome triggers ocular symptoms such as irritation, blurry vision, and vision
fluctuations, which can progress to severe corneal ulceration, posing a serious risk to vision. Furthermore, patients
experience fatigue, depression, and inflammation in non-glandular tissues such as the brain, lungs, and gastrointestinal
tract.'>’

Focal lymphocytic sialadenitis is a diagnostic hallmark of SS and appears as an accumulation of mononuclear cells,
including lymphocytes, macrophages, follicular dendritic cells, and dendritic cells.'”®'*” Initially, T cells primarily
populate the infiltrate around ducts in the early stages, whereas in the later stages, B cells become predominant, and
the infiltrate expands to also involve acini.'® The pathogenesis of SS underscores the central role played by activated
B cells. This activation prompts the generation of autoantibodies and an increase in IgG levels, a condition known as
hypergammaglobulinemia, which is evident in certain SS patients.'®' In patients with SS, B cells activated by TLRs
exhibit altered responsiveness and heightened cytokine production compared to healthy control subjects.'®!

The destruction of acinar cells, extensive infiltration by lymphocytes, and localized release of inflammatory cytokines,
including IL-6, IL-1P, IL-10, IFN-y, and TNF-a, are characteristic features of SS.1%% Studies indicate that IFN-y and
TNF-a compromise the barrier function of TJs, reducing CLDN-1 production. In SS, salivary glands exhibit significant
alterations in the organization and expression of TJ proteins. Notably, occludin and ZO-1 undergo downregulation, while
CLDN-1 and CLDN-4 are overexpressed (Table 1). Moreover, these CLDNs transition from the apical to the basolateral
side of acinar cells in the minor salivary glands.'' The integrity of TJs in SS is intricately linked to the secretion of

inflammatory mediators.'?°

Conclusion

TJs, a type of intercellular junction, are vital for ensuring the structural and functional integrity of the gingival barrier,
regulating selective permeability, homeostasis, and the immune response. Besides their expression in the epithelium, TJs
are observed in ductal structures such as the salivary glands. In SS, inflammation in the salivary glands disrupts TJs by
affecting protein production. Additionally, TJs are involved in the disease progression of OSCC. Changes in the
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expression of CLDN-1, —4, and —7 could reflect the disruption of the epithelial barrier function and may provide insights
into the mechanisms underlying OSCC pathogenesis, offering potential targets for diagnosis and therapeutic intervention.
In gingivitis and periodontitis, inflammation can compromise TJ integrity due to the action of inflammatory cytokines.
This disruption leads to increased permeability of the epithelial barriers, enabling pathogens and immune cells to
infiltrate tissues more easily, exacerbating inflammation. Future research could focus on developing non-invasive
diagnostic tests to detect biomarkers of TJ dysfunction in saliva or GCF, which would significantly enhance the early
detection and management of dental diseases.
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