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Abstract
Long-term chronic infection with Helicobacter pylori  (H. 
pylori ) is a risk factor for gastric cancer development. 
In the multi-step process that leads to gastric cancer, 
tight junction dysfunction is thought to occur and serve 
as a risk factor by permitting the permeation of luminal 
contents across an otherwise tight mucosa. Mechanisms 
that regulate tight junction function and structure in 
the normal stomach, or dysfunction in the infected 
stomach, however, are largely unknown. Although 
conventional tight junction components are expressed 
in gastric epithelial cells, claudins regulate paracellular 
permeability and are likely the target of inflammation 
or H. pylori  itself. There are 27 different claudin 
molecules, each with unique properties that render the 
mucosa an intact barrier that is permselective in a way 
that is consistent with cell physiology. Understanding 
the architecture of tight junctions in the normal 
stomach and then changes that occur during infection 
is important but challenging, because most of the 
reports that catalog claudin expression in gastric cancer 
pathogenesis are contradictory. Furthermore, the role of 
H. pylori  virulence factors, such as cytotoxin-associated 
gene A and vacoulating cytotoxin, in regulating tight 
junction dysfunction during infection is inconsistent in 
different gastric cell lines and in vivo , likely because 
non-gastric epithelial cell cultures were initially used 
to unravel the details of their effects on the stomach. 
Hampering further study, as well, is the relative lack of 
cultured cell models that have tight junction claudins 
that are consistent with native tissues. This summary 
will review the current state of knowledge about gastric 
tight junctions, normally and in H. pylori  infection, and 
make predictions about the consequences of claudin 
reorganization during H. pylori  infection. 
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Core tip: Tight junction dysfunction is a risk factor for 
cancer development during Helicobacter pylori  (H. 
pylori ) infection. The recent identification of numerous 
barrier-forming claudins has greatly improved our 
understanding of properties that regulate selective 
permeation across the tight junction in general, but 
little is known about the role of claudins in the stomach, 
or in H. pylori  infection. In this article, we review the 
current state of knowledge on stomach tight junction 
composition and organization, discuss the details of 
claudin expression in various species and in cultured 
gastric cells, and discuss the implications of tight 
junction dysregulation in gastric cancer pathogenesis.
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INTRODUCTION
Tight junctions have recently attracted a great deal of 
interest because of their regulated permeability to ions, 
solutes, and water conferred by a large and diverse 
group of transmembrane proteins consisting mainly of 
occludin, junctional adhesion molecules (JAM’s), and 
members of the claudin family of proteins. Additionally, 
the discovery that increased intestinal permeability 
occurs during inflammation by tight junction dysfunction 
has driven new ways of thinking about the pathogenesis 
of inflammatory bowel diseases[1-3]. To date, the 
study of tight junction structure and function in the 
gastrointestinal tract has focused mainly on intestine 
and colon, which are considered “leaky” transporting 
epithelia that take advantage of tight junctions that 
are selectively permeable to ions and small molecules 
for passive paracellular absorption and secretion[4,5]. 
We propose that the stomach is a tighter epithelium 
that generates favorable ion gradients during active 
acid and pepsinogen section to drive passive, transce-
llular transport with little chance of cation (Na+, H+) 
movement across tight junctions. The stomach must 
act as a barrier to localize toxins, food substances, 
and the microbiota to the gastric lumen thus inhibiting 
access to the systemic circulation. The stomach has 
an additional challenge of limiting secretion-mediated 
hydrogen ion and pepsinogen back-diffusion across 
the epithelial barrier. Helicobacter pylori (H. pylori) 
infection and its resulting inflammation disrupt the 
mucosal barrier and thus pose a risk for gastric 
cancer development[6]. Despite the importance 
of an intact barrier in the stomach, little is known 

about the physiology or function of tight junctions in 
gastric epithelial cells. Our focus in this article is to 
review current and past work on tight junctions in 
the stomach and to postulate on their role in disease 
pathogenesis and cancer development during H. pylori 
infection. 

ORGANIZATION OF HUMAN AND 
MOUSE STOMACH AND GASTRIC 
GLANDS
The human stomach is organized into four functional 
regions: (1) the cardia is localized as a ring of cells at 
the junction of the esophagus and stomach; (2) the 
fundus and (3) body (corpus) make-up the bulk of 
the stomach; and (4) the pylorus, consisting of the 
pyloric antrum and pyloric canal, is the most distal 
region located proximal to the duodenum (Figure 1). 
The mouse stomach has body and pylorus regions but 
additionally has an extensive forestomach consisting 
of squamous epithelial cells (Figure 1). Gastric glands 
in both the human and mouse stomach are present 
in all regions but differ in both cellular composition 
and in function; cardia and pylorus regions consist 
mostly of surface and gland mucous cells (not shown), 
whereas those in the fundus and body consist of 
surface epithelial cells facing the lumen, gastric pits, 
which contain mucous-secreting pit cells, and long 
glands that are further divided into the isthmus, 
neck, and base containing neck cells, parietal cells, 
and zymogenic (chief) cells respectively (Figure 2A). 
Numerous stem cells, committed progenitor cells, 
and endocrine cells also populate gastric glands in the 
fundus and body (Figure 2A). Although rarely denoted 
in schematic diagrams, the specialized epithelial cells 
in each region possess apical junctional complexes 
(Figure 2B-D) that consist of occluding and adherens 
junctions and desmosomes. While adherens junctions 
and desmosomes primarily function to regulate cell-
to-cell adhesion and cell signaling, tight junctions 
regulate epithelial barrier function and paracellular 
permeability.

TIGHT JUNCTIONS AND THE MUCOSAL 
BARRIER IN STOMACH
Tight junctions: General overview
Tight junctions are multi-protein complexes composed of 
numerous transmembrane and cytoplasmic components 
that form a continuous structure around the lateral 
portion of epithelial cells near the luminal surface 
(Figure 3). By freeze-fracture microscopy analysis of 
the lateral cell membrane, the tight junction appears 
as linear rows of straight or anastomosing strands on 
the P-face (inner surface of the inner lipid monolayer), 
which likely represent integral membrane proteins of 
the tight junction, with corresponding grooves on the 
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E-face (inner surface of the outer lipid monolayer)[7]. 
The cell-specific strand number and network 
complexity may be important factors in regulating 
barrier properties[7]. The outer leaflet of the plasma 
membrane from adjacent cells additionally have 
kissing points, which are areas of the membrane 
that have virtually no intercellular space but rather 
contain regulated aqueous pores that are thought to 
function as passive ion channels[5,7,8]. Transmembrane 
proteins at the tight junction, including occludin and 
claudins, are associated with tight junction strands. 
Other transmembrane proteins found at tight junctions 
include tricellulin, marvelD3 and JAM proteins[9]. 
Transmembrane proteins are stabilized at tight 
junctions by peripheral scaffolding proteins such as 
zonula occludens (ZO)-1, -2, and -3, cingulin, afadin, 
membrane-associated guanylate kinase with inverted 
orientation-1 (MAG proteins) and multi-PDZ domain 
protein 1 (MUPP-1), which are linked to the actin 
cytoskeleton and to microtubules through numerous 
linker proteins like non-muscle myosins and cingulin; 
and a spectrum of associated signaling effectors are 
found in this macromolecular complex, like Rho, Rac, 
and cdc42[9]. For a comprehensive description of TJ 
components, see recent reviews by Van Itallie et al[9] 
and Günzel et al[10].

Tight junctions: Regulation of paracellular permeability 
Two distinct pathways are involved in the regulation 
of paracellular permeability at tight junctions. The 
first pathway is the “pore” pathway, which allows the 
movement of small molecules, ions, and nutrients 
through the tight junction along with water. The pore 
pathway (1) allows charged or uncharged molecules 
less than approximately 4 angstroms (Ǻ) to cross 
the tight junction with charge discrimination that is 

regulated by the expression of claudin molecules; 
(2) carries most of the electrical current for a 
given epithelium (reflected in the measurement 
of transepithelial (electrical) resistance, TER); 
and (3) regulates the magnitude of permeability 
and charge selectivity as determinants of tissue-
specific physiological transport properties[11]. The 
second pathway, or “leak” pathway, allows the 
flux of molecules larger than 4 Ǻ across the tight 
junction with no charge selectivity that may be due 
to small temporary breaks in otherwise continuous 
tight junction strands[11]. This pathway is controlled 
by cytoskeletal dynamics or factors that affect 
cell homeostasis[11]. Reports that describe barrier 
dysfunction in H. pylori infection suggest that both 
pathways are affected; H. pylori infection (1) decreases 
TER and increases permeability, thus affecting the 
pore pathway including the expression of claudin 
molecules, claudin composition at tight junctions, and 
the magnitude of paracellular flux; (2) causes small 
breaks in tight junction strands and thus increases 
the flux of sucrose (5.2 Ǻ) and other molecules during 
infection; and (3) injures gastric epithelial cells, which 
not only disrupts tight junctions but lateral membrane 
adherence, in general. The details of each will be 
discussed below. 

Tight junctions: Molecular architecture in gastric 
epithelial cells
Tight junction structure specific to various parts of the 
stomach or specific to individual epithelial cell types in 
the stomach have not been well-characterized. Claude 
and Goodenough[12] originally classified the mouse 
stomach as “very tight” because tight junctions had 
the same number of strands (range, 5-14 strands) 
described in the urinary bladder, which had a high 
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Figure 1  Gross anatomical characteristics of the human and mouse stomach. 
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Ǻ) electron-dense molecule was unable to cross tight 
junctions and was thus excluded from the basolateral 
intercellular space between adjoining surface epithelial 
cells[13]. In contrast, La3+ was frequently found within 
the basolateral membrane space in gastric glands, 
particularly surrounding parietal cells[13]. Another novel 
finding specific to stomach were structures resembling 
tight junctions along the basolateral membrane of 
epithelial cells by freeze fracture microscopy[12]; the 
structures described were discontinuous and were 
proposed to be unrelated to the regulation of epithelial 
permeability[12]. Overall, these interesting findings 
suggests that epithelial cells in gastric glands, compared 
to surface epithelial cells, are particularly permeable to 

TER of 1000-2000 Ohm∙cm2. Structural differences 
were then described in tight junction strands in 
various parts of the gastric unit[13], suggesting that the 
tightness and transport properties of tight junctions 
are different at the surface and in gastric glands. As an 
example, tight junctions in surface epithelial cells are 
composed of 5 to 6 strands that are woven together 
into a deep, honeycomb-type structure whereas the 
same number of strands in cells from gastric glands 
(both parietal and chief cells) are organized in a 
shallow, regular, linear configuration[13]. Of particular 
note, however, was the difference in permeability in 
the two regions. When lanthanum (La3+) was instilled 
into the gastric lumen during fixation, this small (4.2 
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Figure 2  Histological structure of a gastric unit. A: Diagrammatic representation of the organization of a gastric unit (also called a gastric gland), which contains 
a pit, isthmus, neck, and base. The location-specific cell types are identified in each region. Reproduced with permission from Karam SM[109]; B: Pit region cells (PtC) 
have apical junctional complexes (AJC) that are near the gastric lumen (L). Inset from the box in B: contains a tight junction (arrows) and an adherens junction (AJ). 
The desmosome is out of plane in this image. Bar in B is 5 mm and in the inset is 500 nm; C: Neck region cells, consisting mainly of parietal cells (PC) and neck cells (NC) 
also have AJC near the lumen of the gastric gland (L). Secretory canaliculi (SC) and mitochondria (M) are prominent in parietal cells. Inset from the box in C: contains 
a tight junction (arrows) and other parts of the apical junctional complex that are out of plane. Bar in C is 5 mm and in the inset is 500 nm; D: Base region cells consist 
mostly of zymogenic cells (ZCs) and a few PCs that also have AJC. Note that similar to the diagram in A, the apical cell cytoplasm of the zymogenic cells extends as 
a triangular wedge into the gland lumen (L) and apical junctional complexes are found at the lateral membranes where cells meet. Inset from the box in D: contains an 
apical junctional complex consisting of the tight junction (arrows), AJ, and desmome (D). Bar in D is 5 mm and in the inset is 500 nm.
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small ions due to the composition and organization of 
tight junction strands, and that novel, tight junction-
like structures may also be a feature of the basolateral 
membrane of gastric epithelial cells. 

Gastric epithelial cells contain transmembrane 
proteins, like occludin, JAM-A, and claudins[14-19], and 
peripheral scaffolding proteins, like ZO-1[17] (Figure 3). 
In the human stomach, immunostaining for occludin 
appeared to localize at the tight junction and along 
the basolateral membrane[16], but because there was 
no accompanying control to evaluate non-specific 
staining it is not clear if this result truly reflects the 
localization of occludin in vivo. Tricellulin has been 
localized to tricellular contacts within tight junctions in 
epithelial cells of human stomach[16,20]. There was also 
considerable lateral membrane staining for tricellulin; 
however, without controls for non-specific background 
it is not clear whether the lateral membrane staining 
is specific. 

Little is known about the differential expression 
of claudin proteins in tight junctions of normal 
gastric epithelial cells. Because claudins localize 
to tight junction strands and because the strand 
configuration is different in surface cells compared 
to the cells in gastric glands, it may be important 
to determine the claudin footprint of each cell-
type or area to better understand the details of 
permselectivity in the stomach. 

Claudins and selective permeability or “permselectivity” 
Although the “tightness” or “leakiness” of tight 
junctions was originally proposed to be determined by 
the number and depth of tight junction strands[7,12], 
knowledge about the presence of tight junction 

claudins currently dominates our thinking about 
the regulation of tight junction permeability and 
permselectivity. Although occludin is expressed in 
stomach epithelial cells and is membrane-spanning 
at tight junctions, this protein is not involved in 
the regulation of paracellular permeability in the 
stomach[15]. In contrast, claudin proteins are expressed 
in the stomach and are likely to determine epithelial 
permeability and permselectivity.

In mammals, the claudin family of proteins 
currently consists of 27 different tetraspanning 
proteins that are normally expressed in a tissue 
dependent fashion[10,21]. Claudins associate with a 
host of other cytoplasmic and extracellular proteins, 
and play roles in the regulation of tight junction 
permeability, cell signaling, cell cycle regulation, the 
maintenance of cell polarity, and vesicle trafficking[10]. 
The crystal structure of mammalian claudin 15 
was recently determined, revealing four underlying 
transmembrane helices which anchor a unique 
extracellular beta-sheet fold made from the first and 
second extracellular loops[8,22]. These extracellular 
loops contain 5 beta strands which, when aligned 
properly into 2 continuous antiparallel rows, have 
been proposed to form “half-pore” structures, each 
containing two variable regions which, when aligned 
with adjacent cells, form complete TJ pores[8]. The 
model, which was described by Suzuki et al[8], 
suggests that the charges possessed by two intra-
pore variable regions in each claudin dimer determine 
the selective permeability characteristics. Just as the 
specific claudin populations expressed in different 
epithelial cell types are thought to determine tissue 
specific solute permeability, altered claudin expression 
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Figure 3  Schematic representation of the tight junction in gastric epithelial cells. In the neck region of gastric glands, neck and parietal cells are oddly 
shaped but make tight junctions at the apical border between cells. Expanded diagram: Tight junctions in the stomach have classical components consisting of 
transmembrane proteins including occludin, claudins, and JAM proteins; peripheral scaffolding proteins like zonula occludens (ZO)-1, 2, and 3; linker proteins to the 
actin cytoskeleton like non-muscle myosin and cingulin; and signaling molecules like Rho, Rac, and cdc42. Actin filaments are also prominent.
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has been linked to a number of pathologic conditions 
including gastric cancer (discussed below).

Claudin expression in the stomach-an overview
Human stomach: By genetic analysis using the serial 
analysis of gene expression (SAGE) database followed 
by RT-PCR techniques, the expression of claudins 1-5, 
7-12, 16 and 18 have been demonstrated in normal 
human stomach (Table 1). Bioinformatics approaches 
combined with genome-wide analyses also identified 
claudins 21-23 in the human stomach (Table 1).

Immunostaining analysis in human stomach demon-
strated the expression of claudin 1, 3-5, 7, 10, 14, 
and 18 (Table 1). Claudin 1 expression was high in 
epithelial cells from both corpus and antrum, whereas 
the expression of claudins 3, 4, and 5 was stronger 
in corpus compared to antrum (Table 1). In other 
work, immunostaining analysis of human tissues 
concluded that weak to no claudin 3 or 4 expression 
was present in the normal gastric mucosa (Table 1). 
Normal stomach tissues adjacent to gastric tumors 
demonstrated claudin 1 expression in about 50% 
of tissues, claudin 3 expression in about 24% of 
tissues, and claudin 4 expression in about 15%[23,24] 
to as high as 40%-50% of tissues[17,25,26]. Similarly, 
claudins 2, 6, and 11 were expressed in 68%, 79% 
and 46% of tissues, respectively[27]. These results 
suggest that the differing results in studies from 
human patient gastric samples might be explained, 
at least in part, by the source and/or location of 
“normal” tissues used in for immunostaining. As for 
location and cell specificity in human studies, claudin 
1 was found to be strongly expressed in gastric surface 
epithelial cells and chief cells whereas it was weakly 
expressed in parietal cells (Table 1). Other than the 
localization of claudin 18 (below), the localization of 
other claudins to specific epithelial cell types in the 
corpus or antrum is unknown (Table 1).

Canine stomach: A recent immunohistochemical 
analysis of claudin expression in the normal canine 
stomach revealed a robust basolateral membrane 
localization of claudin 18 in all fundic epithelial 
cells[28]. In the pylorus, all glandular cells expressed 
claudin 18, while only basally located glandular 
cells expressed claudin 2[28]. Surface, mucous neck, 
parietal, chief, and endocrine cells of the fundus, as 
well as surface and glandular cells in the pylorus were 
negative for claudins 1, 3-8 and 10[28]. 

Rat stomach: Immunohistochemical analysis of 
claudins 2, 3, 4, and 5 expression in Sprague Dawley 
rats showed that there was no difference in the 
expression level or cellular localization of these specific 
claudin in any region of the stomach; claudin 3 was 
most highly expressed at the basolateral membrane of 
surface epithelial cells, without enrichment at the 
tight junction[29]. Similarly, claudin 5 was localized 
to the basolateral membrane of all cells comprising 

the gastric glands[29]. The only tight junction protein 
identified to localize at the tight junction per se, 
with no basolateral expression, was claudin 4, which 
also showed higher expression in proximal gastric 
glands[29]. Claudin 2 expression was not detected in 
any part of the stomach[29].

Mouse stomach: By quantitative RT-PCR, claudins 
1, 3, 4, 6, 7, 10, 12, 15, 17, 18, 23, and 25 are 
expressed in the stomach of neonatal C57BL/6 mice[14]. 
By immunostaining, claudins 1, 3, 5, and 18 are 
expressed in the glandular stomach while claudins 6 
and 11 are confined to the squamous fore-stomach[30]. 
Claudins 1 and 3 are localized to the basolateral 
membrane of epithelial cells in the glandular stomach 
whereas claudins 5 and 18 are basolateral but appear 
to be enriched at tight junctions[30]. In the stomach 
from adult C57BL/6 mice, low levels of all claudin 
-family members were present, as determined by 
quantitative RT-PCR analysis[14,31], but claudin 18 was 
expressed at a level considerably higher than all other 
claudin-family members[14]. Immunostaining studies 
in adult mouse stomach consistently showed that 
claudin 2 expression was negative in corpus epithelial 
cells but present at the base of antral glands[32], 
similar to the canine stomach[28]. 

Claudin 18 expression in gastric epithelial cells
Claudin 18 is likely to be the most important barrier-
forming claudin family member in the stomach 
because its expression is 30-fold or more greater than 
all other claudins, at least in mouse stomach[14]. In 
general, claudin 18 has four differentially expressed 
isoforms; claudin 18A1.1 and A1.2 are expressed 
almost exclusively in lung and claudin 18A2.1 and 
18A2.2 are expressed almost exclusively in the 
stomach, with claudin 18A1.1 highly expressed and 
claudin 18A.2 barely present[33]. Additionally, claudin 
18A2.1 localizes to the basolateral membrane of 
gastric epithelial cells rather than being concentrated 
solely at tight junctions[14,33,34]. When transfected 
into Madin-Darby canine kidney epithelial (MDCK) 
cells, claudin-18 raised electrical resistance and 
significantly reduced the paracellular permeability to 
cations, specifically Na+ and H+[35], suggesting that 
claudin-18 functions as a strong cation exclusion 
pore at tight junctions. Knockout mice (C57BL/6) 
deficient in C18A2.1 confirmed the importance of this 
claudin in stomach, given the knockout mice displayed 
an increase in paracellular H+ leakage as well as 
transepithelial conductance. Additionally, inflammation 
was present and the mice rapidly developed atrophic 
gastritis due, in part, to H+ back-diffusion and mucosal 
injury[14]. In human studies (Table 1), the attenuation 
of claudin 18 expression in the gastric mucosa was 
prominent in early GC development, and predicted an 
unfavorable outcome after cancer diagnosis[34,36-38]. 
Although these studies suggest that a loss of gastric 
epithelial claudin 18 leads to the stepwise development 
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Table 1  Claudin expression in the normal human stomach and changes that occur in gastric cancer
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Location Detection method Expression 
(normal stomach)

Patient outcome Changes in GC

Cldn 1 Unspecified 
region

SAGE database and RT-PCR[110] Present Not evaluated Present, no change in GC

Unspecified 
region

cDNA oligonucleotide 
microarray analysis[67]

Present Up-regulation results in 
extremely poor outcome

One of the most highly up-regulated 
genes

Corpus, 
antrum

Immunostaining[69] Strong expression in 
epithelial cells

No association with patient 
outcome

Some GC with strong expression and 
some with no expression

Antrum Immunostaining[74] Strong expression in 
epithelial cells

No association with patient 
outcome

No change in expression in GC

Unspecified 
region

Immunostaining[68,70] Not evaluated Not evaluated Highly expressed in GC; most highly 
expressed at invasive front

Unspecified 
region

Immunostaining[25] Tumor margin Not evaluated 55.4% of cells are positive at the tumor 
margin

Reduced expression in GC

Corpus Immunostaining[73] Surface and chief 
cells ++++; parietal 

cells +

Not evaluated Basolateral localization

Expression in GC is dependent on the 
expression of RUNX3

Cldn 2 Unspecified 
region

qRT-PCR[111] Weak expression Not evaluated No change in GC

Unspecified 
region

cDNA oligonucleotide 
microarray analysis[67]

Present Not evaluated Highly up-regulated in GC

Unspecified 
region

Immunostaining[68,83] Not evaluated Not evaluated Highly expressed in GC

Cldn 3 Unspecified 
region

SAGE database and RT-PCR[110] Present Not evaluated Up-regulated in GC

Unspecified 
region

Immunostaining[112] Not evaluated Not evaluated Higher expression in low grade 
compared to high-grade malignancy

Unspecified 
region

Immunostaining[25,36,68,113-116] Low to no expression 
in stomach

Up-regulation has no effect 
on survival

Highly expressed in the majority of GC’s

Up-regulation associated 
with a significantly higher 

incidence of synchronous and 
metachronous multiple GC 

and gastric adenomas[114]

Increase in expression occurs in 
metaplasia

Corpus, 
antrum

Immunostaining[69] Corpus, strong 
expression; Antrum, 
weaker expression

Strong expression results in 
better outcome.

Some GC with strong expression and 
some with no expression

Antrum Immunostaining[74] No expression No association with patient 
outcome

Most GC weak to moderate expression

Cldn 4 Unspecified 
region

SAGE database and RT-
PCR[17,110]

Present Not evaluated Highly up-regulated in GC

Unspecified 
region

Immunostaining[112] Not evaluated Not evaluated Higher expression in low grade 
compared to high-grade malignancy

Unspecified 
region

Immunostaining[17,23-26,68,113-117] Low to no expression 
in stomach

No association with patient 
outcome.

Highly expressed in GC

Localized to the basolateral membrane

Prominent in intestinal-type GC

Unspecified 
region

Immunostaining[126] Low to no expression 
in stomach

High expression is associated 
with favorable prognosis 
and longer survival; low 

expression is associated with 
poor survival

Highly expressed from stages intestinal 
metaplasia to GC

Localized to the basolateral membrane

Corpus, 
antrum

Immunostaining[69] Corpus, strong 
expression; Antrum, 

weak expression

No association with patient 
outcome

Strong expression associated with 
metaplasia

Some GC with strong expression and 
some with no expression

Antrum Immunostaining[74] No expression High expression associated 
with poor outcome

Intestinal metaplasia highly expressed

90% of GC have weak to strong 
expression
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of chronic inflammation and gastric cancer, it has 
not been shown that the expression of claudin 18 is 
affected by H. pylori infection nor has it been shown 
that the attenuation of claudin 18 results in cancer 
development. Thus, direct cause-and-effect evidence 
is lacking. Additionally, it is possible that other claudins 
with similar cation-exclusion function might be 
upregulated to compensate for the lack of claudin 18 
expression in GC development.

HELICOBACTER PYLORI: DISEASE 
PARAMETERS THAT AFFECT BARRIER 
DYSFUNCTION - OVERVIEW
H. pylori is a highly adapted, spiral shaped, gram 
negative bacteria that colonizes the human stomach, 
with animal-adapted cultivars that infect the non-
human primate, cat, mouse, guinea pig, gerbil, and 
rat stomach[39]. The bacterium is catalase and oxidase 
positive, microaerophilic, and possesses 3 to 5 polar 
sheathed flagella that are used for motility[40]. H. 

pylori also possess urea transporters that are utilized 
during acid exposure, in conjunction with urease, 
to neutralize pH, and support colonization[41,42]. 
Both H. pylori and ammonia have been identified as 
important factors that regulate barrier dysfunction 
in H. pylori infection, the details of which can be 
found in the section on cultured cells, below. H. pylori 
are also associated with a specific set of virulence 
factors, including VacA and the cytotoxin-associated 
gene pathogenicity island (Cag PAI), which codes 
for a type 4 secretion system that delivers CagA into 
the cytoplasm of epithelial cells. Both VacA and 
CagA are considered important H. pylori virulence 
factors that regulate disease pathogenesis and 
barrier dysfunction. The role of VacA and CagA 
on H. pylori-induced barrier dysfunction is also 
discussed in detail below in the section on cultured 
cells. Lipopolysaccharide (LPS) from H. pylori is also 
considered toxic to gastric epithelial cells[43]. While H. 
pylori LPS is considered less potent than the LPS from 
other bacteria, like E. coli[43], it decreases the TER and 
increases the permeability of cultured primary gastric 
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Cldn 5 Unspecified 
region

SAGE database and RT-PCR[110] Present Not evaluated Present, no change in GC

Corpus, 
antrum

Immunostaining[69] Corpus, strong 
expression; Antrum 

weak expression.

No association with patient 
outcome.

Some GC with strong expression and 
some with weak expression.

Cldn 7 Unspecified 
region

SAGE database and RT-PCR[110] Present Not evaluated Highly up-regulated in GC

Unspecified 
region

cDNA oligonucleotide 
microarray analysis[67]

Present Not evaluated Highly up-regulated in GC

Unspecified 
region

Immunostaining[36] Not present in 
stomach

Up-regulation correlated with 
poor survival

Highly up-regulated in GC

Cldns 
8-12

Unspecified 
region

SAGE database and RT-PCR[110] Present Not evaluated Present, no change in GC

Cldn 10 Unspecified 
region

Immunostaining[118] Highly expressed Not evaluated Significantly reduced in GC

Cldn 11 Unspecified 
region

RT-PCR methylation 
analysis[119]

Not evaluated Not evaluated Highly methylated in gastric cancer, 
which is correlated to attenuated 

expression.
Cldn 14 Unspecified 

region
Immunostaining[118] Little to no 

expression
Not evaluated Highly expressed in GC

Localization to the basolateral 
membrane

Cldn 16 Unspecified 
region

SAGE database and RT-PCR No expression Not evaluated No expression in GC

Cldn 17 Unspecified 
region

Immunostaining[118] Highly expressed Not evaluated Significantly reduced in GC

Cldn 18 Unspecified 
region

SAGE database and/or RT-
PCR[110,34,36]

Not evaluated Down-regulation correlated 
with poor survival

Identified as a highly expressed gene 
that is significantly down-regulated in 

GC
Unspecified 

region
RT-PCR[34,120] Not evaluated Not evaluated Cldn18A1 is not expressed in stomach or 

in GC whereas Cldn18A2 is expressed in 
stomach and in some GC’s

Corpus or 
antrum

Immunostaining[34,37,113] Surface, ++++
Pit, +

Parietal/Neck, +++
Zymogenic, +++

Down-regulation correlated 
with poor survival

Basolateral localization.

Attenuation is an early event, which 
occurs in the metaplastic mucosa

Cldns 
21, 22, 
23, 24

Database 
search

Bioinformatics[121] Not evaluated Not evaluated Identified genes for Cldns 21-24

Cldn 23 Unspecified 
region

Genome-wide analysis[122] Not evaluated Not evaluated Cldn-23 down-regulated in 78.9% of GC 
with an intestinal phenotype

++++, very highly expressed; +, weak expression. Cldn: Claudin; GC: Gastric cancer. 
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epithelial cells[44]. Interestingly, this effect is greater 
from the basolateral compared to apical surface[44] 
suggesting that LPS may be most effective at 
damaging the mucosal barrier if it is able to permeate 
the mucosa and gain access to the basolateral surface 
of gastric cells. 

H. pylori is categorized as a type 1 carcinogen 
by the World Health Organization and International 
Agency for Research on Cancer[45], and is responsible 
for a large percentage of gastric cancer, which is the 
fifth most common cancer and the third most common 
cause of cancer-related deaths worldwide[46,47]. Without 
therapeutic intervention, H. pylori infection leads to 
a persistent, life-long infection. H. pylori infection 
of the gastric corpus is associated with intestinal-
type gastric adenocarcinoma and initiates a well-
defined pathological process, referred to as the 
“Correa Cascade”, which is characterized by chronic 
superficial gastritis followed by atrophic gastritis and 
intestinal metaplasia, which progresses to dysplasia 
and adenocarcinoma[48,49]. Although eradication of H. 
pylori appears to be the most feasible approach to 
reducing GC rates, previous studies were recently 
reviewed by Lu et al[50] and suggest otherwise. 
Furthermore, eradication of H. pylori after endoscopic 
resection of tumors does not reduce the development 
of metachronous gastric carcinoma[51], suggesting 
that either H. pylori- or inflammation-induced genetic 
and epigenetic changes in gastric epithelial cells, 
microsattelite instability, or other permanent changes 
occur in the stomach that cannot be reversed by 
bacterial eradication. Changes in the expression of 
tight junction components may be part of this global 
pattern of gene expression changes that impact cancer 
pathogenesis. 

DISRUPTION OF TIGHT JUNCTIONS IN H. 
PYLORI INFECTION
Early studies using electron microscopy and 
human biopsy samples from patients infected with 
Campylobactyer pylori, the organism later renamed 
H. pylori, demonstrated that C. pylori colonize the 
gastric mucosa and are highly concentrated along the 
luminal surface of surface mucous cells proximal to 
tight junctions[52]. They also migrate between epithelial 
cells[53]. The bacteria target surface epithelial cells that 
express Limax flavus agglutinin, which is a lectin that 
is specific for sialic acid-rich glycoproteins, and adhere 
to the surface by making intimate contacts that result 
in the depletion of microvilli and alterations in the 
cell including dissolution of apical secretory granules 
and rounding of the apical cell surface[52]. C. pylori 
were also found to penetrate the apical junctional 
complex[53]. Later Necchi et al[54], using tissues from 
H. pylori infected patients, confirmed these initial 
findings and extended them to show that junctional 
penetration occurs in both antrum and corpus, and 

demonstrated that although most of the tight junctions 
were intact, there were some cells with detached 
junctional complexes that contained CagA+VacA+ H. 
pylori traversing the intercellular space and residing 
near the base of cells. Noach et al[55] described that 
the majority of H. pylori were scattered in the mucous 
layer or positioned at the aforementioned tight junction 
location without cell contact but some bacteria formed 
adhesion pedestals at the bacterial and cell interface 
and were seen entering cells, which occurred next to 
tight junctions. Further work, reviewed by Fox et al[56], 
described that most of the bacteria in the infected 
stomach exist in a non-adherent configuration in the 
extracellular mucous environment. By freeze fracture 
microscopy, uninfected antral epithelial cells had a thin 
tight junction area consisting of about four strands 
that formed interconnecting ridges whereas the tight 
junction region from H. pylori-infected patients was 
significantly deeper with irregular, knobby, and locally 
fragmented strands[55]. Tannic acid, which was used to 
evaluate live and dead cells in tissues from H. pylori-
infected patients, demonstrated that many of the cells 
from infected vs control patients were tannic acid-
positive, but additionally, the number of tannic acid-
containing cells was associated with the inflammatory 
score of the specimen[57]. Sucrose permeability and 
the permeability of food antigens increased in patients 
with H. pylori infection[58-60], supporting the notion 
that barrier dysfunction accompanies defects in tight 
junction structure during infection. Animal models also 
support this idea; C57BL/6 mice infected with H. pylori 
Sidney strain 1 (SS1) showed a 30-fold increase in 
lanthanium (4.2 Ǻ) permeability across tight junctions 
into the intercellular space in vivo[61], and an increase 
in sucrose (4.6 Ǻ) excretion, in vivo, was also found 
in infected mice[62]. In the later study, permeability 
defects occurred only transiently, at about 12 wk post-
infection, whereas permeability before 12 wk and up 
to 100 d post-infection was not significantly different 
from control mice[62]. The reason for this result is 
unknown. In H. felis-infected C57BL/6 mice, Ussing 
chamber experiments were used to demonstrate that 
infected mice also increased antral HRP flux (30 Ǻ)[63]. 
Overall, these results suggest that both tight junction 
pore and leak pathways are affected during H. pylori 
infection, resulting in an increase in small molecule 
permeation across tight junctions and an increase in 
the permeation of larger molecules that may be due 
to small temporary breaks in tight junction strands. 
Alternatively the leak pathway alone may be activated 
by defects in cytoskeletal dynamics, particularly 
MLCK activity, consistent with the results obtained in 
cultured cells by Wroblewski et al[64]. Interestingly, 
HRP flux across tight junctions by electron microscopy 
correlated with transitional zone neutrophilic gastritis[61] 
and eradication of H. felis infection in C57BL/6 mice 
returned the HRP permeability defect to normal if 
inflammation concomitantly decreased[63]. These results 
suggest that inflammation may be the most important 
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component of tight junction and permeability defects 
in H. pylori infection. 

Inflammation and gastric tight junction dysfunction
Few studies have been done to address the role of 
inflammatory cytokines on tight junction dysfunction in 
the stomach or in model gastric epithelial cells. Gastric 
HGE-20 cells were initially used to show that IL-1 
receptor phosphorylation by interleukin (IL)-1β occurs 
after exposure to H. pylori, resulting in the reduction of 
claudin 4 expression that seems to be internalized into 
the cell cytoplasm[65]. This work was not accompanied, 
however, by TER or permeability studies, so it is 
unclear whether or not exposure to IL-1β results in 
barrier dysfunction or just targets specific claudins 
for degredation. It is also unclear how IL-1 receptor 
phosphorylation occurred after exposure to H. pylori in 
cultured cells because immune cells were not present 
in the assay; whether some aspect of infection-
mediated signaling activated the receptor pathway 
or if the cells secreted IL-1β, which self-activated the 
receptor. To address this issue using NCI-N87 cells, 
Fiorentino et al[66] showed that exposure to H. pylori 
reduced TER and increased paracellular permeability 
over time without a reduction in cell viability but with 
a concomitant increase in cytokine production by 
epithelial cells, including IL-8, IL-6, interferon (IFN)-γ, 
IL-1β, tumor necrosis factor (TNF)-α, and IL-10, which 
increased with either live or heat-killed bacteria. On 
the other hand, barrier dysfunction was accompanied 
by the reorganization of ZO-1 and claudin 1 proteins, 
but required live bacteria[66]. Thus, a cause and effect 
relationship between cytokine production and barrier 
defects in NCI-N87 cells was not fully established 
nor was the role of any particular cytokine further 
investigated to determine which would be involved 
in barrier dysfunction. These preliminary studies, in 
addition to the seminal studies on permeability in 
human and animal models, provide justification for 
further studies examining the role of pro-inflammatory 
cytokines in modulating tight junction dysfunction 
during infection. It would be very interesting to 
determine, in particular, if inflammation modulates 
the expression of claudin molecules that are normally 
responsible for maintaining the gastric mucosal barrier.

Claudin protein expression in H. pylori infection-mediated GC
There has been considerable work done to catalog 
the changes in claudin expression in human gastric 
cancer caused by H. pylori infection (Table 1). These 
results, however, are difficult to interpret because the 
results from different groups, who are evaluating the 
expression of the same claudin, may be completely 
opposite, making it difficult to elucidate the role of 
claudins in cancer pathogenesis. As an example, 
Claudin 1 expression (Table 1) was found to be 
significantly lower in GC tissue vs adjacent tissues with 
no correlation to histological grade in one study[25], 
but in another study it was highly expressed in GC, 

as one of the most differentially upregulated genes 
in gastric tumors vs control tissues[67]. Similarly, in 
one study (Table 1) claudin 1 expression was more 
prominent overall in diffuse compared to intestinal 
GC[68] but in another study showed less expression in 
diffuse vs intestinal-type GC[69]. Claudin 1 expression 
was reported to be highest at the invasive front of 
GC, being highest in well-to-moderately differentiated 
carcinomas and lowest in poorly-differentiated 
carcinomas[70]. These studies were consistent with 
some cell culture experiments (Table 1), which 
demonstrated that over-expression of claudin 1 
increased the migration and invasion of cultured 
gastric cells[71,72], but in contrast to others (Table 1), 
which demonstrated that the attenuation of claudin 1 
increased migration and invasion[73]. The later study 
went-on to conclude that normally high expression 
levels of claudin 1 function as a tumor suppressor[73]. 
In some studies (Table 1), the expression of claudin 1 
was not associated with patient outcome[69,74], whereas 
in another report it was highly correlated to patient 
outcome, with cumulative survival rates of 0% at about 
12 postoperative months for patients with high claudin 
1 expression vs about 50% survival at 50 mo for 
patients with low claudin 1 expression[67]. Each study 
included a significant number of patients, had control 
staining to verify the antibody, but found significantly 
different results. For patient studies to be meaningful, 
it appears that there must be guidelines adopted for 
study design to avoid conflicting results. What seems 
to be consistent between studies is that claudins 2, 3, 
4, and 7 are highly upregulated, whereas claudin 18 
is down-regulated in gastric cancer (Table 1). Recent 
studies have also evaluated less well-known claudins, 
such as claudins 10, 11, 14, 17, and 23 and found that 
claudins 10, 11, 17, and 23 were down-regulated and 
claudin 14 was highly up-regulated in patients with 
gastric cancer (Table 1). For a comprehensive review 
of claudin expression in gastric carcinogenesis, see 
Iravani et al[75].

Claudin expression changes in GC, including the 
attenuation of claudins 11 and 18, which normally 
produce a tight barrier[11], and an increase in claudin 
2, which would significantly increases the paracellular 
cation leak[11], suggest that the paracellular barrier 
would be leaky in GC tissues, particularly to cations 
like Na+ and H+. This may be particularly detrimental 
in the stomach, which normally functions to limit 
H+ back-diffusion from the lumen but furthermore, 
must maintain an effective luminal to basolateral Na+ 
gradient so that ion transport functions can occur for 
pH regulation and for H+ and bicarbonate secretion. 
It is possible that the upregulation of claudins 3, 4, 7, 
and 14, which function to tighten the barrier[11], and 
in particular claudin 14, which forms a strong cation 
exclusion channel[5], may increase as a means to 
compensate for the attenuation of claudin 18; in an 
attempt to regain barrier function and permselectivity 
in the absence of claudin 18. Claudins are also 
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known to have other functions in addition to acting 
at tight junctions to regulate permeability. Claudin 
7, which is highly upregulated in GC progression 
in both humans (Table 1) and in Helicobacter felis-
infected insulin-gastrin (INS-GAS) transgenic mice 
(FVB/N background)[76], may function in a protective 
manner to regulate ion transport and regain NaCl 
homeostasis as described for intestine[77], or it may 
drive tumorgenesis by binding to epithelial cell 
adhesion molecule (EpCAM) and regulating cancer 
pathogenesis[78,79]. Further studies would be required 
to resolve these two interesting possibilities. 

STUDYING H. PYLORI-INDUCED TIGHT 
JUNCTION DYSFUNCTION IN CULTURED 
GASTRIC AND OTHER CELLS
One challenge in studying gastric barrier function in 
reductionist models is the lack of gastric-specific cell 
lines that form a confluent monolayer with a robust 
luminal to serosal permeability barrier. Most of the cell 
lines available for studying the gastric mucosal barrier 
lack or do not have a completely profiled inventory of 
TJ components, do not grow in monolayers, and do 
not express claudin 18 (Table 2). The human NCI-N87 
gastric cancer cell line is one exception, in that it forms 
a confluent cell monolayer, expresses claudin 18 (Table 
2), and has a transepithelial resistance (TER) of about 
1000 Ohm cm2[66] compared to MKN28 cells, which can 
be induced to form a confluent monolayer but without 
a significant TER[64]. Clones isolated from NCI-N87 
cells, in particular the HGE-20 clone (Table 2), grow 
in a confluent monolayer that is polarized, have apical 
junctional complexes that express ZO-1, express some 
markers of prezymogenic cells, and have a TER of 
about 200 Ohm cm2[80,81]. Gastric adenocarcinoma AGS 
cells form a confluent monolayer that express ZO-1 
and numerous claudins (Table 2), but lack the ability 
to form functional TJs when grown in monolayers. 
Because of these important challenges, AGS cells are 
often used in conjunction with other cells lines for 
studies concerning gastric barrier function[62,66,82-84]. 
Limited by the lack of appropriate gastric cell lines, 
most studies have used intestinal, colonic, or kidney 
cell lines, including SCBN cells[66], MDCK cells[84,85], 
T-84[86], or Caco-2[58,87] cells to unravel mechanisms 
related to the role of H. pylori in barrier dysfunction. 
Gastric organoids from human biopsy samples[88] and 
primary human cultured cells from biopsy samples[89,90] 
are also viable options; they each form a monolayer 
of native gastric epithelial cells and have been shown 
to express occludin or ZO-1 at cell junctions. However, 
the compliment of other tight junction components 
including claudins has not been determined. 

CagA: Disruption of the tight junction complex with 
CagA was first studied in MDCK cells, which clearly 
demonstrated TJ disruption including relocation of 

ZO-1 and JAM-A to bacterial adherence sites[82], 
and the mislocalization of ZO-1 to the basolateral 
membrane[91]. AGS cells that were incubated with Cag+ 
H. pylori had severely damaged tight junctions and 
the presence of CagA resulted in cell scattering and 
a migratory phenotype consistent with the results in 
MDCK cells[89,92]. The same occurred in primary human 
cells that were cultured from antral mucosa[89]. In AGS 
cells, treatment with CagA+ H. pylori also upregulated 
caudal type homeobox 2 (CDX2) and claudin 2 
expression so it was concluded that CagA disrupts 
tight junctions by targeting claudin 2[92]. This is an 
interesting premise, however, because claudin 2 forms 
aqueous pores that are permeable to small cations[5] 
but does not cause tight junctions to form wide gaps 
and otherwise disassociate. CagA from H. pylori also 
localized with ZO-1 at tight junctions in T84 cells and 
over time, resulted in the enrichment of claudin 4[93], 
suggesting that the transcriptional regulation of both 
claudin 2 and claudin 4 in H. pyori infection is via CagA. 
Work done jointly with MDCK and AGS cells were used 
to demonstrate that CagA specifically targets polarity-
regulating kinase partitioning-defective 1b (Par1b)/
MAP/microtubule affinity-regulated kinase 2 (MARK2) 
to disrupt apical tight junctions[94,95], reduce TER[95], 
and cause ZO-1 to disassemble from junctions[95]. It is 
interesting, however, that CagA+ H. pylori did not affect 
tight junctions in Caco-2 intestinal cells[87] or in HGE-20 
or MKN28 cultured human gastric epithelial cells[64,65], in 
the human stomach, in vivo[54,65] or in mouse models of 
H. pylori infection in vivo[96,97]. To address the apparent 
differences in vivo, interesting experiments done 
recently in Drosophila identified numerous genetic 
modifiers of Cag-A induced epithelial disruption[98]. 
From a total of 10 genes whose expression significantly 
attenuates the effects of CagA were Lasp and chitinase 
1[98], both of which are highly expressed in gastric 
epithelial cells. Lasp-1 is highly expressed in parietal 
cells as a component of the actin cytoskeleton[99,100] 
and its activity is regulated by gastrin[101], which is an 
important effector in H. pylori infection[102]. Chitinase 1 
is also expressed in human and mouse stomach[103] but 
has a relatively unknown function. Overall these results 
suggest that CagA specifically targets components 
of the tight junction in addition to regulating the 
transcriptional program of gastric cells in vitro, but that 
the intact mucosa may express important modifiers 
that regulate CagA function to limit damage and 
preserve barrier function in vivo.

VacA: Disruption of the tight junction barrier by 
purified VacA from H. pylori was also done initially in 
MDCK cells[84], demonstrating that TER declined in 
a pH-dependent manner when acid-activated toxin 
was used but that the decrement in TER did not occur 
by disrupting the integrity of tight junctions[84]. It 
was additionally shown that acid activation of VacA 
resulted in a pronounced increase in the permeability 
of mannitol and sucrose but not of inulin or HRP[84]. 
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Table 2  Characteristics of human gastric cell lines that are used to study the role of Helicobacter pylori in tight junction dysfunction 
during infection

Moreover, VacA increased permeability to anions[84]. 
Pelicic et al[85] extended these findings to include H. 
pylori, and using the VacA+CagA+ strain CCUG17874 
and an isogenic VacA mutant demonstrated that VacA 
accounted for the entire decline in TER and increase 
in mannitol flux in MDCK cells. Overall these results 
suggested that VacA affects the tight junction pore 
pathway by increasing pore size and thus paracellular 
transport of small molecules (mannitol, 3.6 Ǻ and 
sucrose 4.6 Ǻ), but not the leak pathway, which 
would enhance the permeability of large molecules 
like inulin (11.5 Ǻ) and HRP (24 Ǻ)[11]. These results 
also suggested that changes in claudin expression 
occurred to increase the magnitude of flux through 
tight junctions in addition to changing permselectivity. 
In contrast to studies using MDCK cells, compelling 
results were obtained using the gastric NCI-N87 cell 
line; the TER was reduced with H. pylori and with 
each of the cytotoxin-associated isogenic mutants 
including VacA, CagA and urease subunit B (ureB), 

suggesting that barrier dysfunction occurs in H. pylori 
infection independent of the associated virulence 
factors including VacA[66]. Caco-2 cells[87] and MKN28 
cells[64] are additionally unaffected by VacA. VacA 
forms anion-selective channels, or pores, in cell or 
model membranes that share numerous properties 
with the host chloride, CLC, channels thus mimicking 
the characteristics of a host channel to conduct ions 
and perturb ion homeostasis in the stomach[104,105]. 
The VacA cytotoxin also promotes urea permeation 
in cultured MDCK, AGS, and Caco-2 cells[106] and 
was shown to enter cells, target mitochondria, 
and reduce mitochondrial membrane potential in a 
concentration-dependent manner[107]. Although it 
might be concluded that mitochondrial dysfunction 
would impact tight junction integrity by reducing ATP, 
urea permeation in the presence of VacA occurred by 
the transcellular, rather than paracellular, pathway 
and did not occur because of barrier dysfunction 
caused by damaging or otherwise reorganizing tight 
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Cultured cell line ZO-1, 2, or 3 Occludin JAM’s Tricellulin Cldns Confluency Ref. Cldns not expressed

AGS ZO-1 2, 4, 6, 7, 9 Confluent monolayer 
with no TER

[82,92,123-126] 11[119]

BGC-823 JAM-A (low) 1, 18 [19,38,71]
GES-1 JAM-A (high) [19]
HFE-145 11 [119]
HGE-20 ZO-1 4 Confluent monolayer 

with TER-polarized
[65,80,81]

HS-746T 1 [71]
HSC-39 2 [111] 18[34]

HSC-45 Yes [16]
HSC-57 Yes [16]
HSC-59 Yes [16]
KATOIII ZO-1 Yes 1, 2, 4, 18 [38,71,72,111, 

126,127]
11[119], 18[34]

MKN-1 4[126], 18[34]

MKN-7 ZO-1 Yes Yes 4 [16,127] 18[34]

MKN-28 ZO-1 Yes JAM-A 1, 3, 4, 7 Confluent monolayer 
with a TER

[64,71,72,126-128] 11[119], 18[34]

MKN-45 ZO-1 Yes 1, 2, 3, 4, 
18

Isolated cell clumps [34,71,72,108,111,127]

MKN-74 Yes 2, 4, 18 [16,34,37,38,111,126] 18[108]

MUGC4 1 [72]
NCI-N87 ZO-1 1, 4, 18 Confluent monolayer 

with a moderate TER
[38,66,71,126]

NUGC-3 18[108]

SIIA 11[119]

SCG-7901 JAM-A 1, 18 [19,38,71]
SNU-1 11[119]

SNU-5 4 [126]
SNU-216 4 [126]
SNU-484 4[126]

SNU-601 4 [126]
SNU-620 4 [126]
SNU-638 4[126]

SNU-668 4[126]

SNU-719 4 [126]
TMK-1 ZO-1 1, 3, 4, 7, 

12, 15, 18
[129] 18[34]

Cldn: Claudin; ZO: Zonula occludens; TER: Transepithelial (electrical) resistance.
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junctions[106]. These studies further support the notion 
that VacA does not cause barrier dysfunction at tight 
junctions. 

Urease and ammonia: In HGE-20 cell monolayers, 
luminal acid significantly increased TER and decreased 
paracellular permeability, which were affected by H. 
pylori, specifically in isogenic ureB- H. pylori mutants 
that produced considerable ammonia/ammonium[81]. 
This work suggested that H. pylori affects TER and 
permeability by neutralizing luminal acidity by the 
production of ammonia[66]. Although the claudin-
expression in this cell line is largely unknown (Table 1), 
it is tempting to speculate that claudin 18 is modulated 
by luminal acidity in HGE-20 cells. In general, 
extracellular acidity stimulates cell signaling pathways, 
including extracellular signal-regulated kinase 
(ERK) and protein kinase C activation, which were 
demonstrated to regulate the expression of claudin 
18 in MKN-45 cells but not in MKN74 or NUGC3 cells, 
which do not express claudin 18[108]. Following apical 
acidification, claudin 18 expression increased TER and 
reduced paracellular permeability when overexpressed 
in MDCK cells[35] further supporting the idea that ureB+ 
H. pylori and ammonia may reduce tight junction 
function by modulating the expression of claudin 
18. Although MKN28 cells do not express claudin 18 
(Table 1), this cell line also demonstrated a significant 
decrement in TER with (Vac+Cag+) H. pylori that 
required ureB and ammonia/ammonium. However, this 
study concluded that barrier disruption was due to the 
activation of myosin light chain kinase[64]. Although the 
TER in Caco-2 cells exposed to (Vac+Cag+) H. pylori 
was dependent on the ammonia/ammonium-induced 
processing of occludin to a low molecular weight 
form[87], disruption of occludin does not cause barrier 
dysfunction in stomach, like it does in intestine[15], so 
it is likely that results with occludin are not relevant to 
stomach cells, in vivo. 

CONCLUSION
In summary, tight junctions are configured slightly 
differently at the surface and in gastric glands but all 
claudin molecules are expressed in the mouse stomach 
with claudin 18 being the most prominent. While a 
comprehensive evaluation of claudin expression has 
not been done in the normal human stomach, human 
biopsy samples indicate that numerous claudins 
are expressed and that claudin 18 expression is 
also very high. These results suggest that stomach 
tight junctions are designed to be electrically tight 
and restrict cation permeability. Barrier dysfunction, 
including a reduction in TER and a significant increase 
in paracellular permeability, occurs in vitro and in vivo 
during H. pylori infection, consistent with a reduction 
in cation selectivity and an increase in the permeability 
of larger molecules due to significant changes in tight 
junction claudin expression and/or defects in tight 

junction integrity. When evaluating the role of H. pylori 
virulence factors in tight junction dysfunction, the most 
consistent results occur with urease and ammonia, 
which are thought to cause cytoskeletal rearrangement 
at tight junctions. The changes in claudin expression in 
human H. pylori-induced GC are inconsistent, making it 
difficult to predict molecular mechanisms that regulate 
tight junction dysfunction in patients. On one hand, 
claudin 18 expression is generally attenuated while the 
expression of other cation-limiting claudins increases, 
perhaps to compensate for the lack of permselectivity 
and barrier tightness in the absence of claudin-18. For 
the most part, studies in human patients choose either 
a single or subset of tight junction proteins to survey, 
but this strategy provides an inadequate snapshot 
of the total set of abnormalities that occur in a given 
patient tumor. It is possible that genetic variation in 
virulence factors associated with H. pylori, host genetic 
factors, and constitutive levels of inflammation result 
in variable results in population studies of claudin 
expression and its relevance to long-term survival. 
Furthermore, studies are required to determine 
whether or not claudin molecules have other roles 
in gastric cells, besides their classical role at tight 
junctions, to facilitate cancer development. Genome 
sequencing and immunostaining with concomitant cell 
culture studies done in appropriate models may assist 
with future endeavors to sort-out the role of H. pylori 
in barrier defects during infection. 
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