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Abstract

Mounting body of evidence indicates that the disruption of epithelial tight junctions and resulting
loss of barrier function play a crucial role in the pathogenesis of a variety of gastrointestinal,
hepatic, pulmonary, kidney and ocular diseases. Increased production of inflammatory mediators
such as cytokines and reactive oxygen species disrupt the epithelial and endothelial barrier
function by destabilizing tight junctions. Oxidative stress induced by various reactive oxygen
species such as hydrogen peroxide, nitric oxide, peroxynitrite and hypochlorous acid disrupt the
epithelial and endothelial tight junctions in various tissues. The mechanism involved in oxidative
stress-induced disruption of tight junction includes protein modification such as thiol oxidation,
phosphorylation, nitration and carbonylation. The role of signaling molecules such as protein
kinases and protein phosphatases in regulation of tight junctions is discussed in this article.
Understanding such mechanisms in oxidative stress-induced disruption of epithelial and
endothelial barrier functions is likely to provide insight into the pathogenesis of various
inflammatory diseases, and may form a basis for the design of treatment strategies for different
diseases.
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2. INTRODUCTION

The epithelial tight junctions form a barrier to the entry of allergens, toxins and pathogens
across the epithelium into the interstitial tissue in various organ systems, including the
gastrointestinal tract, liver, lung and kidney. In the gastrointestinal tract, the disruption of
tight junctions and the loss of epithelial barrier function increase the intestinal permeability
to injurious factors leading to inflammation and mucosal injury. A significant body of
evidence indicates that the disruption of tight junction and increase in paracellular
permeability play a crucial role in the pathogenesis of gastrointestinal disorders, such as
inflammatory bowel disease (IBD), alcoholic endotoxemia, infectious enterocolitis, celiac
disease and necrotizing enterocolitis (NEC) (1-7). Elevated intestinal permeability to
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macromolecules was found in first-degree relatives of patients with IBD (8). Celiac disease
is caused by hypersensitivity to dietary wheat gluten. Evidence indicates that wheat gluten
disrupts the intestinal epithelial tight junctions and increase permeability to macromolecules
(9). These observations suggest that the disruption of barrier function leading to epithelial
paracellular permeability could be an initial step in the pathogenesis of IBD and other
gastrointestinal disorders. Similarly, the disruption of epithelial tight junctions and
accumulation of fluid and protein in the alveolar and bronchial space is involved in the
pathogenesis of asthma (4) and acute respiratory distress syndrome (ARDS) (6). Nephrotic
syndromes such as acquired glomerulopathies (10) and other kidney disorders (5) are also
associated with a barrier dysfunction in glomerular and tubular epithelia. Disruption of tight
junctions in corneal and retinal epithelia is involved in the pathogenesis of keratitis and
retinopathy (7). The mechanism involved in the barrier dysfunction in different diseases is
not well understood. However, a growing body of evidence indicates that a variety of
inflammatory mediators such as cytokines and reactive oxygen species (ROS) disrupt the
epithelial and endothelial barrier function in different tissues. In this article the regulation
epithelial tight junctions and the barrier function by different members of ROS, especially
hydrogen peroxide and nitric oxide is discussed. The current understanding of the
mechanisms involved in ROS-induced disruption of tight junctions is summarized. This
article addresses the tight junctions of epithelial tissues; however, the ROS-mediated
regulation of endothelial barrier is also discussed for comparison. The focus of this article is
to review the mechanism of ROS-induced barrier dysfunction, and therefore, the /in vitro
studies are discussed in greater detail.

3. TIGHT JUNCTIONS AND EPITHELIAL BARRIER FUNCTION

The epithelial barrier function is defined by the selective prevention of transport of solutes
through the paracellular space on the basis of the size of the molecule and the charge it
carries. Tight junctions, in general, selectively allow permeability to cations, while
preventing the diffusion of anions (11). The solutes with a size less than 4.1 A° is freely
permeable through the paracellular space, while the diffusion of solutes with size greater
than 4.1 A° is not allowed. The tight junction is localized at the cell-cell contact sites at the
apical end of epithelial cells (11). There are at least three types of transmembrane proteins,
occludin, claudins and junction adhesion molecule, at the tight junction (12, 13). In addition
to these transmembrane proteins, tight junctions associate with numerous peripheral
proteins, which include ZO-1 (14), ZO-2 (15), Z0O-3 (16), cingulin (17), 7H6 antigen (18),
Rab3b (19), and symplekin (20). Occludin is the first transmembrane protein to be
discovered. Although recent attention has been drawn toward the role of different isoforms
of claudins in tight junction assembly, at present occludin is the most studied transmembrane
protein of tight junctions.

3.1. Occludin

Occludin is a 65 kDa protein, which spans the plasma membrane four times to form two
extracellular loops (46 and 48 amino acids) and one intracellular loop (10 amino acids). The
short N-terminal tail (65 amino acids) and the long C-terminal tail (255 amino acids) extend
into the intracellular compartment (12). The critical interactions between the extracellular
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loops have been attributed to the formation of barrier function of the tight junction (12). The
intracellular tail of occludin interacts with the peripheral proteins, which in turn anchors
tight junction protein complex to the actin cytoskeleton (21-23). Evidence indicates that
interaction of C-terminal tail of occludin with peripheral proteins is crucial for the assembly
of tight junction and the epithelial barrier function (24, 25). Limited information exists
regarding the specific interactions among tight junction proteins. ZO-2 and ZO-3 interact
with ZO-1, and it is likely to exist as ZO-1/Z0-2 and Z0O-1/Z0-3 heterodimers (26). ZO
proteins also interact directly with the C-terminal tail of occludin (27) and claudin 1-8 (28).
All ZO proteins interact with cingulin, a tight junction plaque protein (17), and ZO-1
associates with the Ras-affecter molecule, AF-6 (29).

3.2. Association with the actin cytoskeleton

Actin filaments are associated with the cytoplasmic plaque of the tight junction (21, 22), and
are believed to stabilize the tight junction assembly (30). Depolymerization of actin
cytoskeleton leads to the disruption of tight junction (30). Although it was suggested that the
C-terminal tail of occludin is linked to the actin cytoskeleton via ZO-1, ZO-2 and Z0O-3, it
was demonstrated that occludin can also interact directly with actin filaments (31).
Rearrangement of actin cytoskeleton is an essential step in the reassembly of tight junctions
after calcium depletion (32, 33). Disruption of tight junction by hydrogen peroxide involved
the rearrangement of actin cytoskeleton (49, 50). Therefore, organization of actin
cytoskeleton is essential for the assembly and the maintenance of tight junctions.

3.3. Regulation by signal transduction

Growing body evidence indicates that the activities of intracellular signaling molecules
regulate the assembly and disassembly of tight junctions. Studies indicate that signaling
pathways involving protein kinases, G-proteins, Rho/Rac GTPases are involved in the
regulation of tight junction. Tyrosine kinases such as c-Yes, c-Src and focal adhesion kinase
are localized at the vicinity of tight junction and adherens junction (34). A recent study
demonstrated that c-Src plays an important role in the disruption of tight junctions (35),
while c-Yes may be involved in the assembly of tight junction (36). Another study, by /n
vitro bait peptide pull down assay, showed that the regulatory subunit of
phosphatidylinositol (PI) 3-kinase, p85, binds to the intracellular C-terminal region of
occludin (37), raising the possibility that Pl 3-kinase-dependent signaling pathway may be
involved in the regulation of epithelial tight junctions. Inhibitors of PI 3-kinase prevent the
VEGF-induced phosphorylation and redistribution of occludin and ZO-1 in bovine aortic
endothelial cells (38). Pl 3-kinase interacts with the C-terminal region of occludin and
mediates the hydrogen peroxide induced activation of c-Src and the disruption of tight
junctions in an intestinal epithelial monoloayer (39). Additionally, pharmacologic
modulations of signaling molecules demonstrated that intracellular calcium (40), cyclic
AMP (41), G-proteins (42-44), Rho GTPases (45) and protein kinases (35, 39, 46-52)
regulate the integrity of epithelial tight junctions.
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4. TIGHT JUNCTION DISRUPTION BY INFLAMMATORY MEDIATORS

Synthesis and secretion of a variety of inflammatory mediators are involved in the
pathogenesis of inflammatory diseases in the gastrointestinal tract, lung, liver and kidney.
Inflammatory cytokines and reactive oxygen species (ROS) play important role in the
pathogenesis of inflammatory diseases. Attempts are being made to design therapeutic
regimen for the treatment of many inflammatory diseases on the basis of attenuating the
actions of inflammatory mediators. A growing body of evidence indicates that inflammatory
mediators disrupt epithelial tight junctions. Oxidative stress induced by ROS such as
hydrogen peroxide and nitric oxide (35, 46, 49, 52), cytokines such as TNFa, IFNy and
IL-6 (53-57), and proteases (58) disrupt tight junctions and increase paracellular
permeability in a variety of epithelial tissues. Many of the gastrointestinal, lung, liver and
kidney disorders are associated with oxidative stress (59-63), and the oxidative stress is well
known to disrupt the epithelial tight junctions (64, 65). Therefore, it is important to
understand the mechanisms involved in the ROS-induced disruption of tight junction, and its
prevention by mucosal protective factors.

5. TIGHT JUNCTION DISRUPTION BY ROS

ROS, such as superoxide, hydrogen peroxide and hydroxyl radical are generated during the
normal aerobic metabolism (66). Superoxide is generated by electron transport chain,
NADPH oxidase, and xanthine oxidase activity (67). Superoxide undergoes dismutation
reaction to generate hydrogen peroxide (68); this reaction is catalyzed by superoxide
dismutase (SOD). Hydrogen peroxide is normally detoxified by antioxidant defense
enzymes, such as catalase in peroxisomes and glutathione peroxidase in mitochondria and
cytosol (68). However, hydrogen peroxide is also rapidly split to hydroxyl radical by Fenton
reaction (67), which is catalyzed by transition metal ions, Fe2* and Cu2*. Hydroxyl radical
is considered more reactive than superoxide and hydrogen peroxide. Although all known
ROS were found to be cytotoxic, little is known about the specific role of each ROS in
oxidative stress-induced tissue injury. It is suggested that superoxide plays an important role
in inflammatory response (69), and anti-inflammatory action of SOD was seen in several
animal models of induced inflammation as well as in clinical trials in humans (70, 71).
There is no evidence for the role of superoxide in lipid peroxidation, however, superoxide
can reduce Fe3* to Fe2*, which in turn may accelerate hydroxyl radical generation from
hydrogen peroxide (Haber Weiss reaction) (72, 73). Additionally, superoxide can react with
nitric oxide to generate peroxynitrite (74), which appears to be more toxic than superoxide.
Therefore, it is believed that the toxicity of superoxide or hydrogen peroxide is mediated by
their conversion into hydroxyl radical or peroxynitrite. Hydroxyl radical is the most reactive
ROS, causing injury in every tissue. This oxidant species is suggested to be responsible for
membrane lipid peroxidation (66), mitochondrial energization (66), hyaluronic acid
degradation (75) and DNA fragmentation (76). Different ROS and relationships among them
are illustrated in figure 1.

ROS play an important role in ischemic tissue injury and pathogenesis of a number of
intestinal disorders, including IBD and NEC (70, 77). Generation of ROS is elevated in
patients with IBD, NEC, sclerosing cholangitis, alcoholic liver disease, ARDS and nephrotic
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syndromes (59, 61, 63, 70, 77-82). Additionally, ischemia-induced injury in various tissues
is caused by generation of ROS and oxidative tissue injury. ROS are known to act directly on
the cellular components causing lipid peroxidation, DNA fragmentation and cell necrosis. A
significant body of evidence demonstrated that oxidative stress disrupts epithelial and/or
endothelial tight junctions in the gastrointestinal tract (46, 47, 83, 84), liver (85), kidney
(86), lung (87-90) and brain (91-93). Hydrogen peroxide and nitric oxide are the major
members of ROS that are involved in tight junction disruption and barrier dysfunction.
However, recent studies provided evidence to the role of peroxynitrite, hypochlorous acid
and 4-hydroxy-2-nonenal (4-HNE) as key players in barrier dysfunction in epithelial and
endothelial monolayers.

5.1. Hydrogen peroxide

Although it is well established that hydroxy radical is the major oxidant species involved in
oxidative stress-induced cell injury, there is no evidence of tight junction regulation by this
oxidant species. It is usually thought that most or all of the toxicity of superoxide and
hydrogen peroxide involves their conversion to hydroxy radical or peroxynitrite. Very little
is known about the specific role of hydrogen peroxide itself in tissue injury. Hydrogen
peroxide at low micromolar levels is poorly reactive with biological systems (94). However,
at higher concentrations, hydrogen peroxide can inactivate glyceraldehyde-3-phosphate
dehydrogenase, a glycolytic enzyme (95). Ginsburg et al. (96) showed in kidney epithelial
cell injury caused by xanthine oxidase in combination with a bacterial toxin was prevented
by hydrogen peroxide scavengers, but not by SOD or deferoxamine, suggesting that
hydrogen peroxide was the specific oxidant species that was responsible for cell injury in
their model. Another study showed that hepatocyte injury by hydrogen peroxide was not
affected by NV, VV-diphenyl-p-phenylenediamine (a scavenger of lipid peroxides) suggesting
that lipid peroxidation (usually caused by hydroxy radical) played no role in this cell injury.
Hydroxy radical seems to play an important role in hydrogen peroxide-induced cell death in
cultured gastric mucosal cells (96) and hepatocytes (97), but there is no evidence for its role
in the initial disruption of tight junctions. Therefore, hydrogen peroxide and hydroxy radical
may play distinct roles in the mechanism of ROS-induced cell injury. Hydrogen peroxide
disrupts the barrier function in the colonic (35, 46, 47, 49, 52, 84, 87, 93, 98-102), airway
(90, 103), tracheal (88, 104), alveolar (86, 105), retinal pigment epithelial (62) and renal
tubular (87, 106, 107) epithelial monolayers. Hydrogen peroxide also induced barrier
dysfunction in endothelial cell monolayers derived from brain microvasculature (91-93,
108-110), pulmonary artery and microvasculature (105, 108, 111-113) and human umbilical
vein (108, 114).

In Caco-2 cell monolayers it was demonstrated that disruption of barrier function by
xanthine oxidase activity was mediated by hydrogen peroxide; superoxide or hydroxy
radical played no role in increasing the paracellular permeability in this model (47). Fe2*
inhibited hydrogen peroxide-induced paracellular permeability, suggesting a rapid
conversion of hydrogen peroxide to hydroxyl radical by Fe?* attenuates the effect of
xanthine oxidase. In contrast, pretreatment of cell monolayer with deferoxamine or 1,10-
phenanthroline (Fe chelators) resulted in a significant potentiation of hydrogen peroxide-
induced increase in paracellular permeability. These observations clearly demonstrated that
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hydroxyl radical does not play a role in increase paracellular permeability in Caco-2 cell
monolayer. This conclusion was further supported by the observation that vitamin E and
vitamin A (hydroxyl radical scavengers) does not prevent hydrogen peroxide-induced
permeability (47). Furthermore, administration of SOD slightly potentiated xanthine
oxidase-induced permeability, suggesting that superoxide played no role in this disruption of
barrier function. This was confirmed when hydrogen peroxide at concentration equivalent to
that generated by xanthine oxidase also disrupted barrier function to a similar extent.
Therefore, hydrogen peroxide is the cause of elevated paracellular permeability in Caco-2
cell monolayer.

A large number of studies have now demonstrated that hydrogen peroxide disrupts epithelial
and endothelial barrier function leading to elevated paracellular permeability. Varying
concentrations of hydrogen peroxide has been used to induce barrier dysfunction. While up
to 100 mM hydrogen peroxide was used in some of the earlier studies (86) barrier
dysfunction in Caco-2 cell monolayers was induced by 20 micromolar hydrogen peroxide
(47). A long-range dose response curve showed a biphasic tight junction response to
hydrogen peroxide in Caco-2 cell monolayers (Rao et al, unpublished). Hydrogen peroxide
at 5-50 micromolar concentrations dose-dependently increased paracellular permeability,
however this response was diminished at 100-500 micromolar concentrations. At 1-10 mM
concentrations, hydrogen peroxide once again showed a dose-dependent increase in
paracellular permeability. The mechanism involved in the biphasic response is unclear.
However, this observation demonstrated that hydrogen peroxide at micromolar
concentrations can disrupt the epithelial tight junctions and increase permeability to
macromolecules. Although at high millimolar concentrations hydrogen peroxide is known to
induce cell injury and apoptosis in several cell systems (115), it did not induce cell injury in
Caco-2 cell monolayers at micromolar concentrations.

5.2. Nitric oxide

Nitric oxide is produced in every type of cells by converting L-arginine into citrulline by one
of the three isoforms of nitric oxide synthase (NOS), eNOS, iNOS or nNOS (102, 116).
While low basal level of nitric oxide is maintained in normal cells, a robust increase in NO
by iNOS plays a crucial role in the inflammation-induced tissue injury (117). A few studies
demonstrated that nitric oxide mediates lipopolysaccharide (LPS)-induced barrier
dysfunction in the intestinal (118), hepatocellular (119) and pulmonary (119, 120) epithelial
tissues. LPS-induced tight junction disruption in ileum and colon was attenuated by the
administration of NOS inhibitor (118, 120). LPS failed to induce hepatocellular barrier
disruption in iNOS knockout mice. Administration of iNOS inhibitor attenuated LPS-
induced decrease in the expression of tight junction proteins and blood-to-bronchioalveolar
flux of dextran in mice (120). Genetic deletion of iINOS in mice prevented
dintrobenzylsulfonic acid-induced disruption of colonic epithelial and hepatocellular barrier
(121). Several /n vitro studies indicated that nitric oxide plays an important role in tight
junction disruption in Sertoli (122), renal tubular (123) and lung (120) epithelial cell
monolayers.

Front Biosci. Author manuscript; available in PMC 2018 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rao

Page 7

In contrast to the above observations, nitric oxide donors enhanced tight junction integrity in
rat retinal epithelial pigment cell monolayers (102, 124, 125). Nitric oxide donors also
attenuated tight junction disruption and paracellular permeability in gastric mucosa (125)
and rat pigment epithelial cells (124). Therefore, nitric oxide produces opposing effects on
tight junctions in different experimental conditions. It is not clear, at this point, what specific
conditions are responsible for the discrepant findings of these studies. Certainly, the cell type
and its differentiation states can be potential factors in the opposing responses to nitric
oxide. However, the most likely explanation could be the concentration of nitric oxide (102).
It is likely that low concentrations of nitric oxide enhances tight junction integrity and
prevent disruption of tight junctions by injurious factors. On the other hand, high
concentration of nitric oxide may be disruptive to tight junctions. Cyclic AMP, the
downstream signal of nitric oxide, enhances tight junction integrity at 4-20 micromolar
concentration, while it disrupts tight junctions at 100-500 micromolar concentration in
Sertoli cell monolayers (102). Our recent studies demonstrated that nitric oxide donors at
low concentration (up to 100 micromolar) enhances tight junction integrity, while at high
dose (500 micromolar) it disrupts tight junction and increases paracellular permeability in
rat bile duct epithelial cells (Seth et al, unpublished).

5.3. Peroxynitrite

As discussed above, there is no evidence of superoxide-induced influence on epithelial or
endothelial barrier function. However, few studies indicated that nitric oxide reacts with
superoxide to generate peroxynitrite, which is a highly toxic oxidant. Evidence suggests that
peroxynitrite may induce a disruption of tight junction in epithelial and endothelial cell
monolayers. Administration of peroxynitrite disrupts barrier function in Caco-2 cell
monolayers (126, 127) and increases paracellular permeability and/or induce redistribution
of ZO-1 in pulmonary (128) and umbilical (121) endothelial cell monolayers. Evidence also
suggests that generation of peroxynitrite may be involved in TNFa-induced increase in
permeability in pulmonary endothelial cells (127). Therefore, nitric oxide at low
concentration may induce cell signaling to influence cell functions, while at higher
concentration it may react with superoxide to produce peroxynitrite, which mediates the
toxic effect of nitric oxide.

5.4. Hypochlorous acid

It is speculated that activated neutrophils produce hypochlorous acid, an extremely toxic
oxidant. Recent studies indicated that hypochlorous acid increases permeability to ions and
solutes in rabbit tracheal epithelium (129), and disrupts tight junctions and increase
paracellular permeability in Caco-2 cell monolayers (98, 129-131).

5.5. 4-HNE

4-HNE is a biologically active aldehyde produced by membrane lipid peroxidation during
the inflammation-induced oxidative stress, which may accumulate in tissues to a
concentration as high as 5 mM (132). Few studies indicated that 4-HNE disrupts epithelial
and endothelial tight junctions and the barrier function. 4-HNE induced lung endothelial
barrier dysfunction by redox and MAP kinase-dependent mechanism (133, 134), and it also
increased permeability of blood brain barrier (135) and human nasal epithelium (136).
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6. MECHANISM OF TIGHT JUNCTION DISRUPTION BY ROS

6.1. Disruption of tight junction protein complex

Many studies demonstrated that increase in epithelial paracellular permeability by various
ROS is associated with a disruption of tight junctions and adherens junctions without
affecting cell viability. Confocal immunofluorescence microscopy demonstrated that
hydrogen peroxide, nitric oxide and 4-HNE all induced redistribution of tight junction
proteins such as occludin and ZO-1 from the intercellular junctions into the intracellular
compartment (35, 39, 49, 108, 114, 133, 134). This observation indicates that the interaction
between ZO-1 and occludin is disrupted by oxidative stress. The interaction between
occludin and ZO-1 at the intercellular junctions is crucial for the assembly and maintenance
of epithelial tight junctions. Disruption of occludin-ZO-1 complex was further confirmed by
a loss of co-immunoprecipitation of ZO-1 and occludin in hydrogen peroxide-treated cell
monolayer (49). A significant body of evidence indicates that multiple mechanisms are
involved in the ROS-induced disruption of tight junctions (Figure 2).

6.2. Disruption of adherens junctions

Adherens junctions, formed by interactions between E-cadherin and catenins, are localized
just beneath the tight junctions. Although adherens junction does not form a physical barrier
to the paracellular transport of macromolecules, it is known to indirectly influence the
integrity of tight junctions. Disruption of adherens junctions by extra cellular calcium
depletion was accompanied by disruption of tight junctions and increase in paracellular
permeability (137). Hydrogen peroxide induced redistribution of E-cadherin and p-catenin
from the intercellular junctions into the intracellular compartment and dissociated the
interaction between E-cadherin and B-catenin in Caco-2 cell monolayers (49). Therefore,
one mechanism by which ROS disrupt tight junctions may involve the disruption of adherens
junctions.

6.3. Disruption of actin cytoskeleton and its interaction with the tight junction

Z0O-1 establishes a link between occludin and cytoskeleton (31). Interaction with
cytoskeleton anchors occludin at the tight junction, and this interaction is crucial for the
maintenance of the structure and function of epithelial tight junction. Disruption of
cytoskeleton by cytochalasin-D disrupts the tight junction and increases paracellular
permeability (138). In Caco-2 cell monolayers it was shown that occludin and ZO-1 are
associated with the cytoskeletal fraction of the cell. Hydrogen peroxide treatment completely
depleted the occludin associated with the cytoskeletal fraction, and partially depleted
cytoskeletal ZO-1. Hydrogen peroxide was also shown to disrupt the organization of actin
cytoskeleton (139). ROS-induced disruption of barrier function in airway epithelial cell
monolayers involved rearrangement of actin cytoskeleton (103). Hydrogen peroxide-induced
increase in paracellular permeability was associated with a rapid dissociation of myosin
heavy chain from actin. Rearrangement of actin cytoskeleton was also associated with the
hydrogen peroxide-induced disruption of barrier function in brain (113, 122) and lung (114)
microvascular endothelial monolayers. The mechanism involved in ROS-induced disruption
of actin cytoskeleton is not clear. Covalent modification of G-actin and/or F-action may be
involved.
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6.4. Protein modification

The post-translational modifications proteins by thiol oxidation, phosphorylation,
carbonylation and nitration may be involved in ROS-induced disruption of tight junctions.
Oxidative stress-mediated protein thiol oxidation may result in modulation of functions of
thiol containing proteins leading to activation of intracellular signaling pathways. Protein
phosphorylation is known to regulate signaling molecules in a variety of cell systems.
Oxidative stress may trigger several signaling pathways that mediate the tight junction
disruption and barrier dysfunction. Nitration of key tyrosine residues and carbonylation of
proteins may result in activation or inactivation of signaling proteins, or modulation of the
dynamics of cytoskeleton. Therefore, protein modification may play a key role in altering
intracellular signaling circuit, leading to disruption of tight junctions.

6.4.1. Protein thiol oxidation—Hydrogen peroxide in the cell is eliminated by
glutathione (GSH)-mediated reduction by the antioxidant enzyme, glutathione peroxidase
(68). However, excessive level of hydrogen peroxide results in GSH oxidation and
accumulation of oxidized GSH (GSSG) (47). Reduction in GSH:GSSG ratio in the cell leads
to oxidation of thiol proteins (140). The activation of redox-regulated molecules may trigger
signaling pathways by hydrogen peroxide (141). The hydrogen peroxide-induced increase in
paracellular permeability in Caco-2 cell monolayers was associated with the oxidation of
GSH and protein thiols (47). Hydrogen peroxide-induced paracellular permeability was
significantly inhibited by the pretreatment of cell monolayers with thiol compounds, such as
GSH, N-acetyl-L-cysteine or dithiothreitol. Treatment with thiol compounds also showed
increased levels of GSH and protein thiols in Caco-2 cell monolayer. This observation
suggests that an elevation of intracellular thiols may protect the epithelium from hydrogen
peroxide-induced cell injury, by protecting the cellular protein from thiol oxidation. Direct
evidence of hydrogen peroxide-induced GSH oxidation in increasing paracellular
permeability was provided by the effect of mercaptosuccinate, a GSH peroxidase inhibitor
(142). Pretreatment of cell monolayers with mercaptosuccinate resulted in a concentration-
related inhibition of hydrogen peroxide-induced increase in paracellular permeability,
suggesting that GSH-peroxidase activity may be required for this effect of hydrogen
peroxide. On the other hand, treatment with BCNU, an inhibitor of GSSG-reductase (143),
potentiated hydrogen peroxide-induced increase in permeability. In contrast to GSH-
peroxidase inhibitor, catalase inhibitor potentiated the effect of hydrogen peroxide on
permeability. Inhibition of catalase may increase the intracellular hydrogen peroxide level
and exacerbate the effect on permeability. Inhibition of GSH-peroxidase may also increase
the intracellular hydrogen peroxide level; however, this hydrogen peroxide cannot oxidize
GSH to GSSG in the absence of GSH-peroxidase activity. These findings supported the
hypothesis that GSH oxidation and GSSG accumulation are crucial events in hydrogen
peroxide-induced increase in permeability (47).

Treatment with hydrogen peroxide reduced the level of GSH and protein thiol in Caco-2
cells. Decrease in GSH was accompanied by an increase in GSSG level (47). The amount of
increase in GSSG did not account for the amount of reduction in GSH. However, decrease in
protein thiols did account for the decrease in GSH levels. This observation suggests that
GSSG may rapidly react with protein thiols to form mixed disulfides. This effect of
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hydrogen peroxide on GSH oxidation was prevented by ferrous sulfate and potentiated by
1,10-phenanthroline (iron chelator). Mercaptosuccinate prevented hydrogen peroxide-
induced oxidation of GSH and protein thiols, whereas BCNU potentiated this effect of
hydrogen peroxide. Additionally, pretreatment with DEM (a sulfhydryl alkylator) inhibited
hydrogen peroxide-induced decrease in transepithelial electrical resistance. DEM produced
no significant effect on transepithelial electrical resistance in the absence of hydrogen
peroxide, but it markedly reduced cellular GSH levels. However, DEM prevented hydrogen
peroxide-induced generation of GSSG and depletion of protein thiols. These results
suggested that generation of GSSG, rather than GSH depletion, is important in hydrogen
peroxide-induced permeability. Accumulation of GSSG in hydrogen peroxide-treated cells
was accompanied by reduced activity of cellular protein tyrosine phosphatase (PTPase)
activity (47). PTPases are thiol enzymes with cysteine at the active site. Inhibition of
PTPases may trigger tyrosine phosphorylation-dependent signaling pathways.

6.4.2. Protein phosphorylation—Hydrogen peroxide was previously shown to induce
protein tyrosine phosphorylation in several cells (144-147). Although the significance of
tyrosine phosphorylated proteins in mediating the biological effects of hydrogen peroxide is
not known, a few studies (147-149) showed that protein tyrosine phosphorylation might
play a role in the regulation of the integrity of adherens junctions and tight junctions of
epithelial tissues. A decade ago we showed that hydrogen peroxide rapidly increases
tyrosine phosphorylation of a wide spectrum of proteins in Caco-2 cells. It is likely that
hydrogen peroxide stimulates tyrosine phosphorylation by GSSG-mediated inhibition of
protein tyrosine phosphatases (PTPases). Some of the specific proteins that are tyrosine
phosphorylated by hydrogen peroxide are occludin, ZO-1, E-cadherin and B-catenin, the
tight junction and adherens junction proteins. Hydrogen peroxide induced protein tyrosine
phosphorylation also in rat liver (85) and pulmonary (105) endothelial cells.

6.4.3. Nitration and carbonylation—A significant body of evidence indicates that
nitric oxide and peroxynitrite-mediated nitration plays a crucial role in the cell signaling and
tissue injury in various diseases (150, 151). Nitric oxide modulates cyclooxygenase and
alters eicosanoid production, a crucial mechanism that may be involved in the pathogenesis
of atherosclerosis (152). Nitration of tubulin in epithelial cells induced an alteration in cell
morphology, change in microtubule organization and loss of epithelial barrier function (153).
This was recently confirmed by other studies in intestinal epithelial monolayers (100, 154).
Evidence of nitration of actin cytoskeleton and inhibition of actin polymerization by nitric-
oxide-mediated actin nitration was demonstrated recently (155). Nitration of actin filaments
was observed in colonic tissues from patients with IBD (156) and in Caco-2 cell monolayers
treated with hydrogen peroxide (126, 157).

It is well established that protein carbonylation occur during oxidative stress due to
modification by lipoperoxides and generation of hypochlorous acid. Protein carbonylation is
implied to play a crucial role in the pathogenesis of various human diseases (158, 159). It
was demonstrated that carbonylation of actin results in altered dynamics of actin
cytoskeleton and disruption of epithelial barrier function (160). This was further supported
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by the observation that actin carbonylation is associated with hypochlorous acid-induced
barrier dysfunction in an intestinal epithelial monolayer (130, 131).

6.5. Modulation of intracellular signal transduction

Hydrogen peroxide and nitric oxide activate a variety of intracellular signaling molecules.
Hydrogen peroxide activates protein kinases such as c-Src, protein kinase C (PKC) and
MAP kinases. Nitric oxide induces the production of cyclic AMP and cyclic GMP and
activates protein kinase A (PKA) and protein kinase G (PKG), respectively. ROS-mediated
protein modifications, as discussed above, may be involved in triggering the activation of
these signaling molecules. The activation of signaling pathways is likely to mediate the
ROS-induced disruption of tight junctions and barrier function in both epithelial and
endothelial tissues. While the signaling mechanisms involved in NO-induced disruption of
endothelial tight junctions are studied more recently, the mechanisms involved in hydrogen
peroxide-induced disruption of epithelial tight junctions have been studied in much greater
detail.

6.5.1. Protein tyrosine kinases and phosphatases—The relationship between
hydrogen peroxide-induced protein tyrosine phosphorylation and paracellular permeability
was determined by evaluating the effect of PTPase inhibitors, phenylarsine oxide (PAO) and
vanadate, on basal epithelial permeability and the effect of tyrosine kinase inhibitor
(genistein) on hydrogen peroxide-induced increase in epithelial permeability in Caco-2 cell
monolayers (46). Both PAO and vanadate reduced the transepithelial electrical resistance
and dilution potential and increased mannitol permeability. PAO and vanadate-induced
increase in paracellular permeability was associated with an increase in protein tyrosine
phosphorylation of numerous proteins. The electrophoretic profile of tyrosine-
phosphorylated proteins was similar to that in hydrogen peroxide-treated cells. At low
concentration (0.1 mM), vanadate induced a strong potentiation of the effect of hydrogen
peroxide on paracellular permeability and protein tyrosine phosphorylation (46). All these
observations indicate that there is a clear association between the increase in paracellular
permeability and the protein tyrosine phosphorylation.

The hydrogen peroxide-induced increase in paracellular permeability in Caco-2 cell
monolayer was accompanied by a partial decrease in protein tyrosine phosphatase (PTPase)
activity (47). Interestingly, the PTPase activity in soluble fractions of Caco-2 cells was also
inhibited by /n vitro incubation with GSSG, suggesting that GSSG may directly interact with
PTPases. Inhibition of PTPases may contribute to the protein tyrosine phosphorylation
induced by hydrogen peroxide. These results indicate that elevation of intracellular GSSG is
required for the hydrogen peroxide-induced increase in protein tyrosine phosphorylation and
paracellular permeability. The level of GSSG attained may be regulated by the ratio of the
activities of GSH-peroxidase and GSSG-reductase. The activity of GSH-peroxidase in the
Caco-2 cell is 35-fold greater than the activity of GSSG-reductase (161). Elevated GSSG
caused by GSH-peroxidase-dependent hydrogen peroxide metabolism may mediate protein
thiol oxidation in the cell. The protein thiol oxidation by hydrogen peroxide may result in
the inhibition of PTPases and/or activation of protein tyrosine kinases in Caco-2 cells. This
view was further supported by other studies demonstrating that hydrogen peroxide activates
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tyrosine kinase (145) and inhibits PTPase (162). The inhibition of PTPases may involve
oxidation of cysteine in the signature motif sequence at the active site of PTPases (163).
GSH and other thiol compounds prevent the GSSG-mediated protein thiol oxidation and
preserve PTPase activity and attenuate the hydrogen peroxide-induced increase in
paracellular permeability.

Tyrosine kinase activity appears to be required for both the disassembly (46—49, 101, 149)
and the assembly (36, 107, 164) of tight junctions. Tyrosine kinase inhibitors prevent
hydrogen peroxide-induced disruption of tight junction in Caco-2 and T84 cell monolayers
(46, 47, 49, 101). The hydrogen peroxide-induced decrease in transepithelial electrical
resistance, increase in inulin permeability and redistribution of occludin and ZO-1 from the
intercellular junctions were prevented by PP2, a selective inhibitor of Src kinases. This was
associated with a rapid membrane translocation and activation of c-Src (35). Over
expression of wild type or constitutively active c-Src enhanced the hydrogen peroxide-
induced tyrosine phosphorylation of occludin, ZO-1 and B-catenin, disruption of tight
junctions and increase in paracellular permeability in Caco-2 cell monolayers. In contrast,
expression of inactive ¢-Srck297R mutant attenuated oxidative stress-induced disruption of
tight junction and increase in permeability (19, 35). The rates of recovery of resistance,
increase in barrier to inulin, and reorganization of occludin and ZO-1 into the intercellular
junctions during the calcium-induced reassembly of tight junction were much greater in
Caco-2 cells transfected with ¢-SrciK297R as compared to those in cells transfected with
empty vector or wild type ¢-Src. These studies demonstrated that c-Src plays a crucial role in
oxidative stress-induced disruption of tight junction in Caco-2 cell monolayers.

Oxidative stress has been shown to activate Src family kinases in embryonic fibroblasts and
Xenopus egg, while c-Src activity was reduced by oxidative stress in mesangial cells. The
role of Src family kinases in oxidative stress-mediated alteration of cell functions was shown
in embryonic cells and endothelial cells by using selective inhibitors of Src family kinases
(discussed in ref. 33). The activity of Src family kinases was also shown in hydrogen
peroxide-induced increase in endothelial permeability (165). In contrast to these effects, Src
kinase activity was shown to be required for the assembly of tight junction in canine kidney
epithelial cells (107). Similarly, another study indicated that c-Yes is associated with tight
junctions in MDCK cell monolayers and play a role in the assembly of tight junction (36).
Therefore, different members of Src family kinases may play different roles in the regulation
of tight junction integrity.

Oxidative stress resulted in dissociation of occludin-ZO-1 and E-cadherin-f-catenin
complexes and loss of their association with the cytoskeleton by a tyrosine kinase-dependent
mechanism (49). The role of tyrosine kinase in the dissociation of occludin-ZO-1 and E-
cadherin-p-catenin complexes indicates that tyrosine phosphorylation plays a role in
dissociation of these protein complexes. This view was supported by the observation that
hydrogen peroxide rapidly increased tyrosine phosphorylation of the tight junction and
adherens junction proteins such as occludin, ZO-1, E-cadherin and p-catenin (48, 49).
Therefore, tyrosine phosphorylation-dependent dissociation protein-protein interactions may
play a crucial role in hydrogen peroxide-induced disruption of tight junctions and adherens
junctions.
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The Jn vitro phosphorylation of recombinant C-terminal region of occludin by c-Src and pull
down assay for its binding to ZO-1 demonstrated that c-Src binds to C-terminal region of
occludin and phosphorylates occludin on tyrosine residues (166). Tyrosine phosphorylation
of occludin C-terminal region induced by c-Src resulted in a dramatic reduction in its
affinity for binding to ZO-1 and Z0O-3 (166). The localization of c-Src at the tight junction
suggests a possible role of c-Src in tyrosine phosphorylation of occludin and its dissociation
from ZO-1 and ZO-3. Similarly, our /n vitro studies demonstrated that tyrosine
phosphorylation of B-catenin results in the loss of its interaction with E-cadherin (167),
suggesting that hydrogen peroxide-induced tyrosine phosphorylation of B-catenin may be
involved in the disruption of adherens junction.

6.5.2. Protein Serine/threonine kinases and phosphatases—Occludin is hyper
phosphorylated serine and threonine residues in the resting epithelium (168, 169). Assembly
and disassembly of tight junctions are associated with altered phosphorylation of occludin
on serine and threonine residues in MDCK cells (168-170), indicating that phosphorylation
of occludin on serine and threonine residues plays a crucial role in the regulation of tight
junction integrity. Phosphorylation of occludin may be mediated by atypical protein kinase
C (PKC), such as PKCC and PKCA., which are localized in the vicinity of tight junction
(171). A recent study showed that PP2A and PP1, the serine/threonine-phosphatases, interact
with the tight junction protein complex and alter occludin phosphorylation and the integrity
of tight junction in Caco-2 and MDCK cell monolayers (20, 137). Therefore, the balance
between atypical PKC and PP2A may determine the serine and threonine phosphorylation
status of occludin. PP2A and PP1 was shown to directly interact with occludin and
dephosphorylate it on threonine and serine residues, respectively (137). Knock down of
PP2A and PP1 by siRNA enhanced the integrity of tight junctions and accelerated the
calcium-induced reassembly of tight junctions (137). Phosphorylation of occludin on serine
and threonine residues was dramatically reduced during the disassembly of tight junction
and threonine phosphorylation was gradually increased during reassembly. Our recent
studies showed that occludin undergoes rapid dephosphorylation on threonine residues, but
not serine residues, during the hydrogen peroxide-induced disruption of tight junction in
Caco-2 cell monolayers (Rao et al unpublished); this was associated with a rapid increase in
co-immunoprecipitation of PP2A with occludin. PP2A may induce dephosphorylation of
occludin on threonine residues, leading to the disruption of tight junctions.

PKC activity is required for hydrogen peroxide-induced disruption of tight junctions and
barrier dysfunction in human tracheal epithelial cells and intestinal epithelial monolayers
(88, 172, 173). Hydrogen peroxide activated PKCS& and PKCA,, and knock down of these
PKC isoforms attenuated the hydrogen peroxide-induced barrier dysfunction (88, 172, 173).
However, the precise role of these PKC isoforms in tight junction disruption is unknown. On
the other hand, PKC activity was not required for oxidative stress-induced disruption of
barrier function in kidney tubular epithelial cells (174). PKC activity however was required
for EGF-mediated protection of tight junctions from hydrogen peroxide (98). Therefore, the
role of PKC in the disruption of tight junction by oxidative stress is not clear. The influence
on tight junction integrity may depend on the PKC isoforms involved.
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Although PKC, PKA and PKG play important role in regulation of microvascular
permeability (175) there is no evidence reported so far for the role of PKC isoforms in the
ROS-induced barrier dysfunction in endothelial cell monolayers. Nitric oxide triggers the
production of second messengers such as cyclic AMP and cyclic GMP (123). Cyclic AMP
and cyclic GMP are known to activate their downstream signals PKA and PKG, respectively.
Therefore, it is likely that PKA and PKG play roles in nitric oxide-induced barrier
dysfunction. Cyclic GMP was found to increase the permeability in MDCK cell monolayers
(102, 176, 177), while cyclic AMP protects the tight junction against radiation-induced
disassembly of tight junctions (65). PKA was also shown to play a role in nitric oxide-
mediated protection of tight junction (65).

6.5.3. Role of PI 3-kinase—A previous study, by /n vitro bait peptide pull down assay,
showed that the regulatory subunit of Pl 3-kinase, p85, binds to the intracellular C-terminal
region of occludin (37), raising the possibility that Pl 3-kinase-dependent signaling pathway
plays a role in the regulation of tight junction integrity. P1 3-kinase activity is required for
the VEGF-induced serine/threonine-phosphorylation and redistribution of occludin and
Z0O-1 in bovine aortic endothelial cells (38). Similarly, PI 3-kinase was found to interact
with the tight junction and play a role in the regulation of hydrogen peroxide-induced
epithelial permeability in an intestinal epithelial monolayer (39). Hydrogen peroxide rapidly
increased the association of Pl 3-kinase with occludin and induced translocation of PI 3-
kinase to the intercellular junction. Pl 3-kinase inhibitors attenuated the hydrogen peroxide-
induced tyrosine phosphorylation and dissociation from the actin cytoskeleton of tight
junction proteins, and therefore prevented the disruption of tight junctions. Pl 3-kinae
inhibitor also attenuated hydrogen peroxide-induced activation of c-Src, suggesting that
hydrogen peroxide-mediated activation of P1 3-kinase is upstream to Src activation, which in
turn induces tyrosine phosphorylation of tight junction and adherens junction proteins. The
mechanism involved in hydrogen peroxide-induced activation of Pl 3-kinase is not clear at
this point. Further studies are required to determine the mechanisms involved in hydrogen
peroxide-induced PI 3-kinase activation and Pl 3-kinase-mediated activation of c-Src.

6.5.4. Role of MAP kinases—MAP kinases play important roles in hydrogen peroxide-
induced disruption of barrier function in endothelial cell monolayers. Activation of ERK1/2
seem to play a major role in the oxidative stress-induced barrier dysfunction in brain
endothelial monolayers (91, 108, 110). P38-MAP kinase is involved in hydrogen-peroxide-
induced barrier dysfunction in human umbilical venous endothelial and pulmonary artery
endothelial cell monolayers (113, 114). In umbilical endothelial cell monolayers, hydrogen
peroxide-induced barrier dysfunction also requires the activity of ERK1/2 (108). Therefore,
there is a clear agreement between all the studies in endothelial monolayers that activation of
MAP kinases, ERK1/2, p38-MAPK and JNK1/2, is involved in the disruption of tight
junctions and resulting barrier dysfunction. On the other hand, contrasting observations are
made in epithelial monolayers.

There is only limited information available on the role of MAP kinases in the oxidative
stress-induced disruption of barrier function in epithelial monolayers. A solitary study
showed that p38-MAPK is involved in hydrogen peroxide-induced tight junction disruption
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in human colonic epithelia monolayers (84). Activation of ERK1/2 pathway by the
expression of active Raf-1 leading in salivary gland epithelial monolayer (178) or
transformation by active Ras in MDCK cells (179) resulted in disruption of tight junctions.
Ras-induced transformation of MDCK cells prevents the assembly of tight junction by
decreasing the levels of occludin (179), while Raf-1 in salivary gland epithelial cells
decreases the expression of claudin-1 (178). Furthermore, the role of MAP kinase in tight
junction disruption was shown in human corneal epithelial cell monolayers (180). However,
a recent study showed that ERK1/2 activity is involved in EGF-mediated preservation of
tight junction integrity from hydrogen peroxide (52). MAP kinase inhibitors showed no
influence on hydrogen peroxide-induced permeability. The reason for such opposing effects
of MAP kinase in epithelia from different origin is not clear. However, the level of basal
activity of MAP kinases and/or their sub cellular localization may determine the type of
influence on the tight junction. In Ras-transformed MDCK cells the active ERK was
localized exclusively in the detergent-soluble fractions (179), while in Caco-2 cells, the
active ERK was localized predominantly in the detergent-insoluble fraction of Caco-2 cells
(52).

Co-localization of p-ERK with occludin suggested a possible interaction of p-ERK with the
tight junction-protein complex. Co-immunoprecipitation of p-ERK with occludin and co-
immunoprecipitation of occludin with p-ERK indicated that p-ERK does interact with the
tight junction-protein complex, and this interaction is rapidly increased by EGF
administration (52). This was further confirmed by occludin pull down assay. Incubation of
recombinant fused C-terminal tail of occludin with protein extracts prepared from control
and EGF-treated cells showed that p-ERK binds to the C-terminal sequence of occludin. The
binding was greater in proteins extracted from EGF-treated cells, as there was higher levels
of p-ERK present in these extracts compared to protein extracts prepared from the control
cells. The precise mechanism involved in regulation of tight junctions is not clear. The EGF-
mediated prevention of occludin dephosphorylation in hydrogen peroxide-treated cells was
dependent on MAP kinase activity. MAP kinase activity either directly affect the threonine
phosphorylation of occludin or it may modulate the activities of protein kinases and
phosphatases involved in the regulation of occludin phosphorylation. On the other hand,
cytosolic ERK may modulate the transcription machinery to attenuate the expression of tight
junction proteins.

SUMMARY AND PERSPECTIVE

The current understanding of the mechanism of oxidative stress-induced barrier dysfunction
in epithelial and endothelial cell monolayers include, the role of ROS members such as
hydrogen peroxide and nitric oxide in the tight junction disruption and barrier dysfunction.
Other reactive molecules such as 4-HNE and hypochlorous acid are emerging as potential
players in oxidative stress-induced tissue injury. A significant body of evidence indicates
that disassembly of actin cytoskeleton is an important event in ROS-induced barrier
dysfunction, while activation of signaling molecules such as tyrosine kinases, PKC and
MAP kinases may directly or indirectly target the tight junction protein complex, leading to
disruption of barrier function. Overall, the current knowledge in this area indicates that ROS
modulate multiple signaling pathways and engage multiple mechanisms to effectively
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disrupt the tight junctions and adherens junctions to break the epithelial and endothelial
barrier. It is critical to dissect out these mechanisms and establish the link between ROS and
tight junctions. Therefore, it is expected that the future studies will address the mechanisms
involved in ROS-induced rearrangement of cytoskeleton, the modulation of protein kinases
and phosphatases and their consequence on the assembly and maintenance of tight junction
protein complex. Additionally, it is also crucial to understand the mechanisms of prevention
of ROS-induced barrier dysfunction by protective factors such as EGF. Such protective
factors may prove useful in designing the therapeutic strategy for the treatment of a variety
of inflammatory diseases of lung, kidney, liver, eye and the gastrointestinal tract.
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Abbreviations:

ROS reactive oxygen species

IBD inflammatory bowel disease
NEC necrotizing engterocolitis
Z0-1,2,3, zonula occludens-1,2,3

TNFa transforming growth factor-alpha
IFNy interferon-gamma

IL-6 interleukin-6

SOD superoxide dismutase

ARDS acute respiratory distress syndrome
4-HNE 4-hydroxy nonenal

NOS nitric oxide synthase

LPS lipopolysaccharide

GSH glutathione

GSSG glutathione disulfide

PKC protein kinase C

PKA protein kinase A

PKG protein kinase G

PAo phenylarsine oxide

PTPase protein tyrosine phosphatase
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PP2A protein phosphatase 2A

PP1 protein phosphatase 1
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