
ABSTRACT 

JIN, YOUNGGEON. Regulation of the Intestinal Barrier in Digestive Disease. (Under the 
direction of Dr. Anthony Blikslager.) 

The gastrointestinal barrier has a critical role in the regulation of mucosal 

homeostasis. The tight junction is the apical-most constituent of the intercellular junctional 

complex and provides a mucosal barrier in several physiological and pathophysiological 

conditions. We have previously reported that the ClC-2 chloride channel has an important 

role in the regulation of tight junction barrier function during experimental colitis. We have 

found that the pharmaceutical ClC-2 chloride channel agonist lubiprostone initiates intestinal 

barrier repair in ischemic-injured intestine. We studied the role of lubiprostone in the 

regulation of tight junctions in murine colitis models. We generated murine colitis models 

using dextran sulfate sodium (DSS) or 2, 4, 5-trinitrobenxene sulfonic acid (TNBS) in wild 

type ClC-2-/- mice. Orally administered lubiprostone significantly reduced the severity of 

colitis and reduced intestinal permeability in mice colitis models. Preventive administration 

of lubiprostone resulted in a dramatic recovery of tight junction proteins, decreased crypt 

proliferation, and increased intestinal epithelial differentiation in mice with DSS-induced 

colitis. These results suggest that pharmaceutical ClC-2 activation can be used clinically to 

maintain intestinal barrier homeostasis in patients with inflammatory bowel disease.  

Additionally, we investigated the mechanism of tight junction redistribution in an in 

vitro hypoxia/reoxygenation (H/R) model. We hypothesized that MLCK-dependent 

redistribution of tight junction proteins might be an essential component of epithelial barrier 

maintenance during H/R injury in Caco-2BBe human intestinal cells. We induced H/R injury 



with 95% N2/5% CO2 for 2 hours and measured fluorescent-dextran flux at various time 

points during the reoxygenation.  H/R injury causes increased paracellular permeability of 4 

kDa FITC-dextran accompanied by redistribution of the tight junction protein occludin as 

well as increased MLC phosphorylation. Our study has also shown that MLCK inhibition 

attenuates H/R injury-induced paracellular barrier disruption. It is suggested that MLCK-

dependent MLC phosphorylation may be a critical mechanism in the tight junction barrier 

breakdown caused by H/R injury.  

We conclude that regulation of the intestinal tight junction barrier is critical for 

management of digestive disease. Most importantly, we believe that ClC-2 and MLCK may 

be therapeutically effective in patients with intestinal barrier disorder-associated disease.  
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CHAPTER 1 

LITERATURE REVIEW 

ROLE OF TIGHT JUNCTIONS IN THE REGULATION OF INTESTINAL 

BARRIER FUNCTION 
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INTRODUCTION 

 The tight junction forms the apical-most constituent of the intercellular junctional 

complex, serving as an epithelial barrier, which is not absolute but is selectively permeable. 

The tight junctions consist of transmembrane, cytoskeletal, and signaling proteins with 

complex interactions. Tight junction proteins include occludin, claudins, junctional adhesion 

molecules (JAMs), and zonula occludens proteins (ZOs), and their interaction regulates tight 

junction structure and function. Intestinal tight junctions between epithelial cells maintain the 

intestinal barrier while regulating paracellular permeability of ions, nutrients, and water. The 

regulation of tight junction barrier function by cytokines and growth factors has recently 

been highlighted. The study of these interactions is crucial for the understanding of the 

progression of several intestinal disorders including inflammatory bowel disease (IBD), 

ischemic injury, and irritable bowel syndrome (IBS). Further studies regarding the regulation 

of tight junctions will lead to a better understanding of the molecular mechanisms that 

regulate barrier function in physiological and pathophysiological conditions.  

1. The role of tight junctions in epithelial barrier function 

Tight junctions are the apical-most constituent of the intercellular junctional complex 

which also includes intermediate junctions, desmosomes, and gap junctions (1). They have 

two functions: gate function and fence function. Fence function refers to the ability of tight 

junctions to restrict the movement of lipids and membrane proteins between the apical and 

the basolateral membrane, whereas gate function refers to regulation of passive diffusion of 

solutes and macromolecules thorough the interepithelial space (2).  
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The movement of nutrients and water across epithelium occurs through both 

transcellular and paracellular pathways. The transcellular pathway is associated with active 

or passive movement of water and solutes through transmembrane transport proteins in the 

plasma membrane (3-5). The paracellular pathway is associated with passive movement of 

water and solutes through the space between adjacent cells. The majority of transmucosal 

transport is attributed to paracellular permeability and this is specifically associated with tight 

junction function (6-9). The paracellular route also provides major barrier functions as well 

as transport functions (10). The tight junctions are a multifunctional complex that forms 

intestinal paracellular barriers. It excludes the transport of toxic macromolecules and 

microorganisms but allows permeation of ions. Although movement of ions through the tight 

junction is a passive process that largely depends on the concentration gradients of permeant 

ions, tight junctions selectively regulate the movement of ions across the epithelium. 

 The permeability of tight junctions depends on the expression of integral membrane 

proteins, including occludin and the claudins, as well as the anatomical arrangement of 

anastomosing strands formed by these proteins. Some organs have “tight” high resistance 

tight junctions; others have “leaky” low resistance tight junctions (9). For example, small 

intestinal epithelial cells have “leaky” tight junctions, allowing for exchange of water and 

nutrients. In contrast, gallbladder epithelial cells have “tight” high resistance tight junctions 

that obstruct the entrance of bile acids into the blood circulation (11). This permeability of 

tight junctions is determined by the number of strands and composition of tight junction 

proteins. (12) Permeability of tight junction barrier also varies along the villus-crypt axis. 

Freeze fracture electron microscopic techniques have revealed that there are more tight 
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junction strands between villous epithelium than the epithelium in the crypts. (13) Claudins, 

tight junction membrane proteins, displayed selective expression along the crypt-villus axis. 

(14) In conclusion, tight junctions are structural features that help to maintain paracellular 

permeability for preventing the entry of luminal contents of the gut.  

2. Measurement of Tight Junction Selective Permeability 

 To study mechanisms of epithelial barrier function, it is necessary to sensitively and 

dynamically measure tight junction permeability. Tight junction permeability is generally 

measured by transepithelial electrical resistance (TER), dilution potential, bi-ionic substitution, 

or paracellular flux assay. Since TER measurements reflect the degree to which ions transverse 

tissue, it is commonly used to assess the integrity of tight junctions. Electrical resistance across 

a monolayer represents the paracellular resistance. (15). The dilution potential technique is 

particularly useful for measuring charge selectivity (i.e., the passage of anions versus cations). 

To induce a transepithelial electrochemical gradient, the apical or basolateral bathing solution 

is replaced with a solution containing altered Na+ and Cl- concentrations. Following a change 

in ion concentration, the dilution potential stabilizes by establishing a new equilibrium 

potential based on the relative paracellular permeabilities of Na+ and Cl- (16, 17). The Bi-ionic 

potential approach replaces Na+ on apical or basolateral sides of the epithelial monolayer or 

tissue being studied with organic cations of various sizes to determine the size selectivity of 

the tight junctions (18).  

 Paracellular probe flux assays are also used to assess the integrity of tight junctions 

using hydrophilic and uncharged molecules that selectively cross the paracellular space. 
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Examples of such probes are radioactive or fluorescently conjugated mannitol or dextran (19, 

20). Performing these flux assays can be used to calculate unidirectional permeability 

coefficients to various sizes and shapes of solutes. These approaches provide information about 

selective permeabilities of tight junctions in in vitro monolayer and in vivo mucosa.  

3. Molecular structure and components of the Tight Junction.  

 The anatomic structure of the tight junction was initially determined by electron 

microscopic visualization, with identification of regions where the outer leaflets of plasma 

membranes from adjacent cells appeared to fuse together and obliterate the intercellular space 

(20). In ultrathin electron microscopy, tight junctions appear as a series of distinct contacts 

between the outer leaflets of the membrane of adjacent cells (21). Freeze-fracture microscopy 

reveals the tight junction as intramembranous networks of anastomosing strands arranged 

within the apical region of the lateral membrane of epithelial cells. Several studies show that 

these strands consist of multiple protein complexes of transmembrane, cytoskeletal, and 

signaling proteins (22). At least three different types of transmembrane proteins have been 

identified at tight junctions: occludin, claudins and junctional adhesion molecules (JAM) (23). 

The scaffold PDZ-expressing protein Zonula Occludens proteins (ZOs), peripheral membrane 

proteins, are also present within the tight junctions (24).  

3.1. Occludin 

 Occludin is a ~60-kDa transmembrane protein that was identified in chicken liver as 

the first component of tight junction intermembrane strands (25). Hydrophobicity plots of 
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occludin predict that it contains four transmembrane domains with cytoplasmic N- and C- 

terminal regions and forms two extracellular loops (Figure 1). Among these domains, the 

first extracellular loop contains a high content of tyrosine (15). Glycine residues are also 

highly conserved as are the C-terminal 150 amino acids and play a role in cell to cell 

coupling (26).  

 Occludin is highly expressed at tight junctions and seems to be involved in the barrier 

and fence functions. There is substantial evidence supporting a functional role for occludin. 

First, the overexpression of occludin in cultured MDCK cells increases the number of tight 

junction strands and elevates the TER (27, 28). Second, the paracellular leakage of small 

molecules increases in MDCK cells or Xenopus embryo cells in which C-terminally 

truncated occludin are expressed (27, 29). Third, when occludin is transfected into occludin-

null fibroblasts, occludin increases intercellular adhesion (30). Lastly, occludin-induced 

adhesion is interrupted by the addition into the culture medium of a synthetic peptide 

corresponding to second extracellular loops resulting in a decreased TER (31).  

 However, there is also evidence that occludin is not an essential component to the 

integrity of tight junctions. For example, occludin-deficient embryonic stem cells aggregated 

to form embryoid bodies with an outermost layer of epithelial cells similar to wild-type 

embryonic stem cells (32). In addition, occludin homozygous null mice display intact 

morphology of tight junctions and barrier function despite post-natal growth retardation and 

infertility in the male mice (33). 

3.2. Claudins 

 Claudins are a large family of transmembrane proteins that are a component of the tight 
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junction intercellular strands. To date, 24 members of this family have been identified. All 

claudins are 20-27 kDa proteins with four transmembrane domains, two extracellular loops, 

and cytoplasmic N- and C- termini (Figure 1).  Tsukita et al. first identified two 22-kDa proteins 

from occludin-containing chicken liver junctional fractions: Claudin-1 and -2 (34, 35). Claudin 

family members appear to be expressed in a tissue-specific manner and most cells express 

anywhere from two to ten claudin isoforms. For example, claudin-1, claudin-5, and claudin-15 

are expressed primarily by endothelial cells, claudin-11 is selectively expressed in 

oligodendrocytes and Sertoli cells (36). Freeze-fracture electron microscopy has revealed that 

the claudins as well as occludin constitute the tight junction strands (34, 35). Cell-type-specific 

barrier properties in tight junctions appear to be determined by combination and mixing ratios 

of multiple claudin family members (37). 

 Multiple claudin family members have two different functional subcategories in 

paracellular permeability.  Some claudins, called “sealing claudins”, decrease paracellular 

permeability, while others, called “pore-forming claudins”, enhance paracellular permeability 

in a charge-selective fashion (30, 38).  The “sealing claudins” include claudins-1, -3, -5, -11, 

and -9.  Claudin-1 is crucial for barrier function as was shown in claudin-1 null mice skin.  

These mice die within hours after birth because of dehydration induced by an impaired 

epidermal barrier (39). The “pore-forming claudins” are claudin-2, -7, -15, and -16. Claudin-2 

forms a paracellular channel which is selective for small cations, particularly Na+. 

Overexpression of claudin-2 in MDCK cells results in a decrease in TER and enhances the 

selective permeability of small cations (40, 41).  
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3.3. Junctional adhesion molecules  

 JAMs are 36-41 kDa single pass transmembrane proteins and are expressed within 

tight junctions in epithelial and endothelial cells (Figure 1).  JAMs are members of the 

immunoglobulin gene superfamily and are characterized by two extracellular V-type 

immunoglobulin loops and a cytoplasmic tail (42). JAM-1 localizes to the cell-cell contact 

site formed by homophilic interactions between the first V-type Ig loops (43). JAM-2 and -3, 

on the other hand, form heterophilic interactions (44). JAMs play a role in epithelial barrier 

function, as demonstrated by studies in which JAM antibodies resulted in a decrease in TER 

recovery and defects in tight junction assembly (22). These results indicate that JAMs 

regulate tight junction formation.  

3.4. Zonula occludens proteins 

 ZOs are tight junction proteins that are members of the membrane-associated 

guanylate kinase (MAGUK) homologue family containing three PDZ domains, an SH3 

domain, and a non-catalytic guanylate kinase (GuK) homology domain (23). Three isoforms 

of ZOs have been identified: ZO-1 (210-225 kDa), ZO-2 (180 kDa), and ZO-3 (130 kDa).  

ZOs are peripheral membrane proteins and are specifically enriched at the points of tight 

junction membrane contact in polarized epithelial and endothelial cells (45). ZO-1 plays a 

crucial role in the formation and function of tight junctions. In a calcium-switch assay using 

epithelial cells derived from ZO-1 knockout mice, the results show that ZO-1 associates 

initially with adherens junction components prior to final localization at the tight junction 
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(46). ZO-2 and -3 were originally identified as tight junction proteins due to their  co-

immunoprecipitation with ZO-1 (47).  

4. Protein interactions in the tight junction assembly.  

 During the formation of tight junctions, the ZO-1/ZO-2/ZO-3 complex interacts with 

the transmembrane proteins occludin and claudins as well as the cytoplasmic proteins actin, 

AF-6, the kinase ZAK (Figure 1) (10). ZO proteins bind to the tight junction transmembrane 

proteins (occludin, claudins, JAM, etc.) and F-actin with their N- and C-termini, respectively 

(48). The three PDZ domains within the amino-terminal portion of the ZO proteins allow for 

specialized protein interactions. ZO-1 and ZO-2 were the first junctional components which 

were identified as having direct interaction with occludin. (45, 49) ZO-3 was also shown to 

directly bind to the cytoplasmic domain of occludin. (48) The C-terminus of most claudins also 

interact directly with the PDZ-1 domains of ZO-1, ZO-2, and ZO-3 (50, 51). This interaction 

of the tight junction proteins appears to link tight junctions to a perijunctional actomyosin ring, 

which supports and regulates tight junction permeability (52). Until recently, the tight junction 

was considered to be a stable structure with heavily cross-linked fibrils  (53). However, using 

the technique of fluorescence recovery after photobleaching (FRAP), recent studies have 

shown that the structure of the tight junction is more dynamic than previously thought. The 

FRAP assay showed that fluorescent-tagged occludin, claudins, and ZO-1 are highly mobile 

(9, 54).    

5. Regulation of barrier function by cytokines.  

  Tight junctions and barrier function are regulated by growth factors, cytokines, drugs, 
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and hormones. Above all, cytokines are particularly crucial mediators of changes in 

paracellular permeability and disruption of ZO-1 and occludin because of their role in 

pathologic conditions such as IBD (20). 

5.1. TNF-α 

 The pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α) is a critical 

mediator of barrier loss in IBD pathogenesis. TNF-α-induced barrier loss is associated with 

increases in permeability (55) and with endocytosis of tight junction proteins (9). TNF-α-

induced occludin endocytosis requires MLCK, dynamin II, caveolin-1, and cholesterol-

enriched, raft-like membrane domains. This was demonstrated using an MLCK inhibitor 

resulting in decreased TNF-α-induced internalization of occludin in a mouse model (56). 

Taken together, these results showed that TNF-α- induced MLCK activation triggers 

caveolin-1 dependent endocytosis of occludin to effect structural and functional tight 

junction regulation.  

5.2. Interleukins 

 Interleukins (IL) are a large family of cytokines, and several have been studied for 

effects on paracellular permeability. The IL family includes IL-1, 2, 4, 6, 10, and 13 and 

variably affect paracellular permeability (55).  For example, treatment of the human intestinal 

epithelial cells line Caco-2 with IL-1 results in reduced expression of occludin protein and 

enhanced tight junction permeability by activation of the NF-ĸB pathway (57). IL-13 also 

increases paracellular permeability to small, uncharged molecules and cations. This IL-13-

mediated barrier dysfunction is correlated with increased claudin-2 expression and not 
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MLCK activation or endocytosis, or reduced occludin expression (58). Increases in claudin-2 

expression enhance paracellular permeability by the formation of a selective paracellular 

channel (35).   

5.3. IFN-γ 

 Interferon-γ (IFN-γ) is a 20-25 kDa glycosylated protein and Th1 pro-inflammatory 

cytokine found in elevated levels in the intestinal mucosa of IBD patients.  During the 

inflammatory response, IFN-γ modulates epithelial and endothelial cell barrier function as 

well as immunoregulatory function (59).  In the intestinal cell lines HT-29 and T84, direct 

treatment with IFN-γ increased the paracellular permeability as indicated by a progressive 

decrease in TER and increase in mannitol and Na+ fluxes (60).  IFN-γ disrupts barrier 

function by internalization of tight junction proteins ZO-1 and occludin by inducing 

rearrangement of the actin cytoskeleton (61).  Recent studies indicated that IFN-γ increases 

the expression of Rho associated kinase (ROCK) which induces phosphorylation and 

activation of the myosin light chain (MLC) (62). Under inflammatory conditions, IFN-γ and 

TNF-α levels are simultaneously increased. Combined treatment with TNF-α and IFN-γ 

induced localization into the cytoplasm of tight junction proteins (55).   

CONCLUSIONS 

 Tight junctions play a crucial role in maintaining epithelial barrier function in health 

and disease conditions. They form the major paracellular barrier to the flux of ions and 

molecules. Changes in protein interaction within the tight junction, which may be induced by 

cytokines, is associated with progression of barrier dysfunction and subsequent inflammatory 

disease. The interactions and regulations of tight junction proteins in intestinal mucosal 
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barrier function remains incompletely understood. We therefore need to continue to study 

how interactions of junctional proteins leads to modulation of junctional barrier properties. 

Although tremendous progress has been made by researchers in the field, many intriguing 

questions regarding tight junction function remain to be answered.  
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Figure 1. Schematic figure shows protein interactions at the tight junction. ZO-1/ZO-

2/ZO-3 complex interact with the claudins and occludin as well as actin-myosin complex. 
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CHAPTER 2 

LITERATURE REVIEW 

ROLE OF ClC-2 CHLORIDE CHANNEL IN REGULATION OF INTESTINAL 

BARRIER FUNCTION 
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INTRODUCTION 

 The gastrointestinal epithelial cells form the body’s largest interface between 

biological compartments. These cells allow for the absorption of nutrients while providing a 

physical barrier to the permeation of proinflammatory molecules, including pathogens, 

toxins, and antigens, from the luminal environment into the mucosal tissues and circulatory 

system. The intestinal barrier is composed of a thin lining of mucous and forms a physical 

barrier that separates the luminal contents from the interstitium. Tight junctions have a 

crucial role in maintaining the intestinal barrier, and can be altered acutely or long-term by 

physiological and pathological factors (1-3). Our research group revealed that the ClC-2 

chloride channel has a key role in regulating the barrier function in various intestinal diseases 

(4-8). Our lab also demonstrated that the ClC-2 activator, lubiprostone, has a barrier 

recovery/protective effect in ischemic injury and experimental colitis models (9-11). 

However, the function of ClC-2 and mechanisms of action of lubiprostone are controversial.  

This review summarizes the role of ClC-2 and its activator, lubiprostone, in intestinal barrier 

function and suggests potential therapeutic targets of ClC-2 in diseases that compromise the 

intestinal barrier.   

1. Defect of Intestinal Mucosal Barrier in Intestinal Disorders  

 The importance of an intact epithelial tight junction becomes evident in intestinal 

disorders. The impaired tight junction structural complexity was revealed using electron 

microscopy in tissues suffering from several intestinal disorders including Crohn’s disease 

(CD) (12), ulcerative colitis (UC) (13) and ischemic injury model (14). Dysregulation of tight 

junction proteins contributes to barrier loss in patients with intestinal diseases. Claudin-2, a 
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pore forming tight junction protein, was significantly upregulated in CD (12), UC (15), and 

collagenous colitis (16) patients by Th2 cell cytokine (IL-13)-dependent mechanism. 

Occludin and sealing claudins (claudin-1, 3, and 4) were diminished or redistributed in 

intestinal permeability disorders, including in ischemic injury model (8), CD (12), and UC 

(17). Reorganization of occludin and sealing claudins was mediated by cytokines (TNFα, 

IFNγ, LIGHT, and IL-1β) and promoted myosin light chain kinase (MLCK) activation. 

These pro-inflammatory cytokines promote transcription of MLCK, which when activated, 

phosphorylates myosin II, inducing endocytosis of tight junction proteins (18-26).  However, 

intestinal mucosal barrier dysfunction can also be caused by epithelial damage regardless of 

tight junction function, including apoptosis, erosion, and ulceration (27).  

2. ClC-2 Chloride Channel 

 The ClC-0 chloride channel was originally discovered by expression cloning of the 

Torpedo marmorata electric organ (28). To date, nine mammalian CLC family members 

have been discovered, and they can be divided into three homology groups: ClC-1, -2, -

Ka/K1, and –Kb/K2; ClC-3, -4, and -5; and ClC-6 and -7 (29, 30). The ClC-2 chloride 

channel has 18 helices that partially span the membrane. The two halves of the double 

barreled structure form two identical, largely independent pores that have a binding site for 

chloride (31-33). ClC-2 is expressed in the plasma membranes of epithelia cells from many 

mammalian tissues, including the brain, pancreas, lung, intestine, kidney, liver, and heart 

(34). Activation of ClC-2 occurs under various physiological conditions including hypo-

osmotic shock, hyperpolarization, and acidic extracellular pH and in cellular stress (35-42).  

The physiological processes of ClC-2  is involved  in several mammalian cell types, 



 

25 

including Sertoli cells (43), sympathetic (44) and hippocampal neurons (45, 46), rod bipolar 

cells (47), hepatocytes (48), erythrocytes (49), trabecular meshwork cells (50), colon 

epithelial cells (51), pancreatic acinar cells (52), as well as salivary acinar (53) and duct (54) 

cells. In addition, the testicular and retinal degeneration  (43) as well as leukodystrophy  (55) 

observed in ClC2-/- mice suggest a crucial role of ClC-2 chloride channel in the control of 

ionic environment in the germinal and retinal epithelia as well as central nervous system.   

3. Role of ClC-2 chloride channel in intestinal mucosal homeostasis.  

 Although ClC-2 chloride channels contribute to chloride secretion in cultured 

intestinal cells and murine and pig intestinal epithelium (4, 56, 57), the physiological 

contribution of ClC-2 to chloride secretion remains unclear. There is some evidence 

suggesting that ClC-2 does not contribute to fluid secretion. Foremost, ClC-2 is 

predominantly located in intestinal villus epithelia rather than in the secretory crypts epithelia 

(58-60). Secondly, ClC-2-/- mice do not show any secretory functional change in gastric acid 

secretion (61) and intestinal chloride secretion (37).  Finally, ClC-2-CFTR (cystic fibrosis 

transmembrane conductance regulator) double-knockout mice do not exhibit more severe 

pathogenic effects of CFTR disruption in mice (37).  

  ClC-2 chloride channels are located in proximity to tight junctions on the lateral 

membrane of the murine villus enterocyte (56, 62) . Furthermore, our previous studies have 

shown that ClC-2 was located in close proximity to the tight junction area in porcine (4) and 

murine (8) intestine. However, there is debate concerning the cellular and membrane location 

of ClC-2. The location of ClC-2 varies depending on species and tissue. Several researchers 

have shown that ClC-2 is located in the basolateral membrane of the intestinal epithelia near 
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or at the tight junction region, with the exception of a small number of studies (Table 1) (4, 5, 

7, 8, 56, 62-67).    

  The unusual lateral expression of ClC-2 near the tight junction region presented 

questions regarding its role in the regulation of tight junctions. Our lab has accumulated 

evidence regarding the role of ClC-2 in tight junction regulation at the intestinal barrier.  We 

have also examined the role of ClC-2 chloride channels in regulating intestinal barrier 

function using a ClC-2-/- mice model (6) and ClC-2 knockdown in human intestinal epithelia 

Caco-2 BBe cells  (7).  The functional and morphological alterations of the tight junction 

barrier were observed in the intestinal mucosa of ClC-2-/- mice. Our lab group has shown that 

the ClC-2-/- mice have reduced baseline paracellular permeability and altered tight junction 

morphology (Fig. 1) (6). In addition, ClC-2 knockdown human intestinal epithelial Caco-2 

cells showed impaired development of barrier function and disrupted localization of occludin 

via caveolin-1-dependent manner (7). Taken together, these results strongly suggest that ClC-

2 has a critical role in the modulation of the tight junction barrier to maintain the intestinal 

mucosal barrier functions.  

4. ClC-2 chloride channel is a key factor in maintaining intestinal barrier during 

intestinal disorders.  

4.1.  Ischemia-injured intestine disease model.  

 We first reported that barrier function recovery in ischemia-injured porcine ileum 

initiated by chloride secretion via ClC-2 chloride channels co-expressed with occludin. 

Application of prostaglandin E2 (PGE2) to ischemic-injured ileal mucosa stimulated increases 
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in short-circuit current (Isc, an indicator of Cl- secretion) that was followed by marked 

increases in transepithelial resistance (TER, an indicator of barrier function recovery). In 

vitro studies revealed that recovery of barrier functions was initiated by Cl- secretion via 

ClC-2 chloride channels co-expressed with occludin and localized to tight junctions within 

restituting epithelium (4). ClC-2-/- mice had increased paracellular permeability in jejunal 

mucosa following ischemic injury compared to wild type mice. Electronmicroscopic 

examination of recovering tissue revealed tight junction dilation in ClC-2-/- mice, whereas 

wild type epithelium had tightly opposed tight junctions. In a confocal immunofluorescence 

study, the tight junction protein, occludin, was co-localized with ClC-2 in the tight junction 

region. The occludin was internalized during post-ischemic recovery, but regained its normal 

pattern after 3-hours post-ischemic recovery.  In ClC-2 deficient mice intestine, however, the 

occludin remained diffusely present within the subapical region even after 3-hours post-

ischemic recovery (Fig. 2) (8). Collectively, these findings indicated that ClC-2 plays a key 

role in restoration of the intestinal epithelium barrier by anchoring assembly of tight 

junctions following ischemic injury.   

4.2.  Inflammatory bowel disease  

 Defect of intestinal barrier function is known to contribute to inflammatory bowel 

disease (IBD) progression (12, 13, 15). Thus we hypothesized that the ClC-2 chloride 

channel also has a critical role in the progression and severity of intestinal inflammatory 

response by regulating intestinal barrier. Our recent study found that the severity of 

experimental colitis was significantly higher in the ClC-2-/- mice as compared with WT mice. 

ClC-2-/- mice had a higher disease activity index, higher histological scores, and increased 
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paracellular permeability compared with wild-type mice when treated with DSS. Dextran 

sulfate sodium (DSS)-treated ClC-2 deficient mice had increased claudin-2 (pore-forming 

claudin) expression, and greater loss of occludin in the apical membrane of colonic mucosa 

(Fig. 3).  Thus, absence of ClC-2 triggers destabilization of tight junction proteins to increase 

barrier permeability during DSS-induced colitis. ClC-2 knockdown in Caco-2BBe cells 

resulted in a significant loss of TER in the DSS treatment group compared to wild type cells. 

The protein and mRNA expression of ClC-2 was dramatically reduced in colonic biopsies 

from UC patients. Taken together, we concluded that ClC-2 plays a key role in regulation of 

the tight junction barrier functions in the development of DSS-induced murine colitis (5). 

ClC-2 will be a molecular target for improvement of therapeutic efforts in intestinal barrier 

defect diseases including DC, UC, and ischemic injury.  

5. Drug targeting ClC-2 

5.1.  Lubiprostone  

 Lubiprostone (Amitiza, RU-0211), a ClC-2 activator, is a bicyclic fatty acid 

compound derived from a metabolite of prostaglandin E1 (PGE1) (68). Activation of ClC-2 

channels by lubiprostone result in efflux of chloride into the lumen of the gastrointestinal 

tract and promotes intestinal fluid secretion (69, 70). The drug is used as a treatment of 

chronic idiopathic constipation (CIC) and irritable bowel syndrome (IBS) with constipation 

(71-73).  The mechanism of action of lubiprostone in the intestine originally proposed that it 

directly activates ClC-2 chloride channels without affecting CFTR on the apical membrane 

of human colonic T84 cell (63, 74). However, mechanisms of lubiprostone-induced ClC-2-
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mediated chloride secretion remain controversial. Several papers recently published suggest 

that lubiprostone opens the cystic fibrosis transmembrane conductance regulator (CFTR) 

chloride channel via the prostaglandin E receptor 4 (EP4)  and cAMP signaling, without 

affecting ClC-2 (75-77). Other laboratories have extended these studies, and have detected 

activation of dual activation of CFTR and ClC-2 in a dose dependent manner (74, 78). In 

addition, there are several mechanisms of action of lubiprostone revealed by recent studies 

including ion transporter trafficking, mucus release, and smooth muscle contraction (Table 

2.) (9, 11, 63, 67, 70, 74-92).  

5.2.  Lubiprostone in intestinal barrier dysfunction  

 Previous studies showed that lubiprostone promoted repair of barrier properties in a 

ClC-2-dependent manner in ischemic injured intestine (9-11). Treatment with lubiprostone to 

ischemia-injured mucosa induced increased TER and significantly reduced mucosal-to-

serosal fluxes of 3H-labeled mannitol. During peak recovery of TER in ischemic tissue, the 

occludin was localized exclusively to the tight junction area in lubiprostone treated tissues 

compare to the diffused occludin staining in untreated tissues (9). Lubiprostone also showed 

the protective and reparative properties in proinflammatory cytokines exposure of T84 cell. 

Using measurements of TER, fluxes of fluorescent macromolecules, occludin and 

mitochondrial membrane potential, lubiprostone protected or promoted repair of epithelial 

barrier and cell function against damage caused by interferon-γ (IFN-γ) and tumor necrosis 

factor-α (TNF-α). These barrier protective/reparative properties were diminished by a ClC-2 

inhibitor (methadone) indicating that the barrier protective effect of lubiprostone is 

dependent on ClC-2 (11). In our laboratory’s unpublished data, lubiprostone has a protective 
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or therapeutic effect on the DSS- and TNBS-induced murine colitis model and also showed 

barrier protective effects. Treatment with lubiprostone reduced body weight loss, disease 

activity index, colon shortening, histological score, and intestinal permeability. Oral 

treatment of lubiprostone in DSS-induced colitis also induced reconstitutions of tight 

junction proteins. Using immunofluorescence confocal microscopy analysis of the tight 

junction proteins, lubiprostone treatment recovered dislocalization of ZO-1, occludin, and 

claudin-1, and reduced expression of claudin-2 in apical membrane of the DSS colitis mice 

colon.  In addition, treatment with lubiprostone in DSS colitis mice showed reduced crypt 

height and PCNA ratio, indicators of epithelial proliferation and undifferentiated cells, and 

elevated goblet cell numbers.  However, this drug showed very limited protective effect in 

the ClC-2-/- mice DSS colitis model. Oral treatment with lubiprostone in ClC-2-/- mice DSS 

colitis didn’t show significant change in tight junction, crypts height, and PCNA ratio, but 

increased goblet cell numbers. Taken together, these results indicated that the protective 

effect of the lubiprostone caused by reconstitution of tight junction proteins and epithelial 

differentiation in a ClC-2 dependent manner. In conclusion, lubiprostone has a major 

protective effect, which is dependent upon ClC-2 chloride channel in experimental murine 

models of colitis. However, it also has some alternative protective mechanisms of action 

including goblet cell proliferation. Additional investigation is required in order to determine 

the detailed mechanisms of action of lubiprostone in diseases of intestinal barrier 

dysfunction. This may be beneficial to patients suffering from impaired epithelial barrier 

function, which occurs in IBD and IBS. 
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CONCLUSION 

 The intestinal tight junction barrier is dynamically regulated by physiological and 

pathological factors, including growth factors, cytokines, drugs, hormones, and ion 

channels(1-3). However, the mechanisms of interaction and regulation of tight junction 

proteins remains elusive. We found that the ClC-2 chloride channel has a critical role in 

regulation of tight junctions and barrier function, and we also showed that the ClC-2 

activator, lubiprostone, has a barrier recovery/protective effect in murine models of intestinal 

dysfunction diseases. Still, we still have questions about that how ClC-2 regulates the tight 

junction barrier as well as how to develop a ClC-2 specific activator to minimize unexpected 

side effects. Thus, we need to study understanding the molecular mechanisms underlying 

tight junction regulation by the ClC-2 chloride channel. This will lead to the development of 

effective therapeutic and preventive targets promising to help treat intestinal diseases 

associated with intestinal barrier dysfunctions.  



 

32 

  

Figure 1. Tight junction ultrastructure in WT and ClC-2-/- mouse small intestine. A: 

in WT intestine, apical intercellular tight junctions appeared to be more electron dense 

and closely apposed compared with ClC-2-/-intestine, in which the tight junctions revealed 

lateral membranes that were less well defined but closely aligned (arrows). Bars, 200 nm. 

B: higher magnification of respective images in A. Gray lines indicate measurements of 

tight junction width. Bars, 50 nm. C: width of apical tight junctions (TJ) was reduced by 

~50% in ClC-2-/- intestine. *P<0.01. [Image adapted from, reference (94), with 

permission.] 
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Figure 2. ClC-2 and occludin co-localization using confocal immunofluorescence. In 

wild type and ClC-2−/− mice control intestine, occludin (green) was localized to apical 

tight junctions (first row). In wild type control intestine ClC-2 (red) was localized along 

the apical border, concentrated around the tight junction region, and co-localized with 

occludin (yellow color in the merged figure).During post-ischemic recovery, occludin 

fluorescence was diffuse, but regained its normal distribution after 3 h of recovery in wild 

type mice (middle and lower row). However in ClC-2−/− mice, occludin localization was 

diffuse even after 3 h of recovery (far right panel). Nuclei (blue) were stained with 

DRAQ5 (Biostatus Ltd.). All images were viewed with a 60× objective and 1.5× zoom. 

[Image adapted from, reference (39), with permission.] 
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Figure 3. Tight junction analysis. In confocal immunofluorescence, the occludin (green) 

staining on surface epithelium was diffused and subapically distributed in the colon of 

ClC-2-/- DSS mice compared with the colon of WT DSS mice. The staining of claudin-2 

(red) was found to be increased in colonic crypts after DSS administration. The DSS-

induced increase in the intensity of claudin-2 staining was higher in ClC-2-/- DSS mice 

compared with WT DSS mice. White bar = 50 µM. [Image adapted from, reference (92), 

with permission.] 
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Table 1. Distribution of ClC-2 chloride channel in various species and tissues.  

Api: apical membrane, BL: basolateral membrane, TJ: tight junction, Cyt: cytosol 

Research Groups Species Cells/Tissues Api BL TJ Cyt Refferences

Cuppoletti, J. Human T84 + Cuppoletti et al., 2004.

Early distal colon + +

Late distal colon + +

Human Caco-2 +

Mice Duodenum +

Human Caco-2 + + Mohammad-Panah et al., 200

Mice Small intestine + Gyomorey et al., 2000

Small intestine +

Colon enterocytes +

Human Colon enterocytes +

Pig ileum + + Moeser et al., 2004

Mice Jejunum + + Nighot et al., 2009

Human Caco-2 + + Nighot et al., 2012

Mice Colon + +

Human Colon +

Rat Proximal colon +

Human Colon +

Fritsch, J.
Rat

Lipecka et al., 2002

Blikslager, A.T.

Nighot et al., 2013

Ammen, N.A. Jakab et al., 2012

Melvin, J.E. Mice Catalan et al., 2012

Sepulveda, F.V. Pena-Munzenmayer et al., 20

Bear, C.E.
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Table 2. Mechanisms of actions of lubiprostone.    

 

PKA: Protein kinase A, PG: Prostaglandin, EP: prostaglandin E, CaCC: Calcium-activated chloride channel, CF: cystic fibrosis, EFS: electrical field stimulation, Isc: short-circuit current, TER: 
Transepithelial Resistance, Flux: mucosal-to-serosal fluxes of 3H-labeled mannitol, NPD: Narsal potential difference 

Mechanisms of action Targets of action Signalings Models Results References

T84 cells

ClC-2 expressing HEK-293 cells

- CFTR KD or WT Calu-3 cells ↑ Cl- currents (Isc ) MacVinish et al., 2007

↑ Cl- currents (Isc )

↑ Barrier (TER/Flux)

- nasal epithelium in CF mice ↑ Cl- secrestion (NPD) MacDonald et al., 2008

ischemic porcine jejunum ↑ Cl- currents (Isc )

Cytokines-induced damaged T84 cells ↑ Barrier (TER/Flux)

independent of enteric nerve

independent of PGs

↑ Cl- currents (Isc )

↑ Voltage

ClC-2/CFTR - murine nasal epithelium ↑ Cl- secrestion (NPD) Schiffhauer et al., 2013

T84 cells

Intestinal epithelium of WT and CF mice

Intestinal epithelium of CF patient and controls

cAMP/PKA T84 cells ↑ Cl- currents (Isc ) Ao et al., 2011

EP4 receptor  Xenopus  oocytes ↑ anion conductance Norimatsu et al., 2012

EP4 receptor/cAMP ventral tracheal epithelium of sheep ↑ Cl- currents (Isc ) Cuthbert, 2011

 HCO3
- secretion CFTR EP4 receptor rat proximal duodenal loops ↑ HCO3

- secretion Mizumori et al., 2009

EP1 receptor rat and human stomach longitudinal mucsle ↑ contraction

EP4 receptor rat and human colon circular mucsle ↓ neuronally mediated contraction

↓ [Ca2+]

↑ membrane potential

murine small intestine (longitudinal) No effect on contraction

murine small intestine (circular) ↑ EFS-induced contraction

murine pyloric tissue ↑ basal tone

independent of CFTR - mice small intestine ↑ small intestine transit De Lisle et al., 2010

Mucosal contractility Serotonergic, EP4/PKA and EP1 - human and rat colon
↑ contraction of villi 

proximal colonic plicae Jakab et al., 2012

ClC-2, CaCC, and CFTR - human airway epithelia ↑ gland secretion Joo et al., 2009

independent of CFTR - CF mice ↑ mucus accumulation in the crypts De Lisle et al., 2010

EP4 receptor ? - mouse proximal-mid small intestine ↑ mucin release De Lisle, 2012

independent of CFTR - mouse proximal and distal colon ↓ inner mucus layer thickness Musch et al., 2013

Mucus seretion

Cuppoletti et al., 2008

Chan and Mahimo, 2013EP1 receptor -

smooth muscle contraction

CFTR

Cl- secretion

ClC-2 (low dose)
/CFTR (high dose)

Bassil et al., 2008

human uterine smooth muscle cellsindependent of  EP receptor

-

-

- A6 cell Boa et al., 2008

ClC-2

Guinea pig small intestine and colon ↑ Cl- currents (Isc )

Cuppoletti et al., 2012-

independent of PKA ↑ Cl- currents (Isc ) Cuppoletti et al., 2004

↑ Cl- currents (Isc ) Bijvelds et al., 2009EP4 receptor/cAMP/PKA

Fei et al., 2009

more selective than PGE2 ischemic porcine ileum Moeser et al., 2007
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 CHAPTER 3 

PHARMACEUTICAL ACTIVATION OR GENETIC ABSENCE OF CLC-2 ALTERS 
TIGHT JUNCTIONS DURING EXPERIMENTAL COLITIS 
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ABSTRACT 

 We have previously reported that the ClC-2 chloride channel has an important role in 

the regulation of tight junction barrier function during experimental colitis, and the 

pharmaceutical ClC-2 activator lubiprostone initiates intestinal barrier repair in ischemic-

injured intestine. Thus, we hypothesized that pharmaceutical ClC-2 activation would have a 

protective and therapeutic effect in murine models of colitis which would be absent in ClC-2-

/- mice. We administered lubiprostone to wild type or ClC-2-/- mice with dextran sulfate 

sodium (DSS) or 2, 4, 5-trinitrobenxene sulfonic acid (TNBS)-induced colitis. We 

determined the severity of colitis and assessed intestinal permeability. Selected tight junction 

proteins were analyzed by western blotting and immunofluorescence/confocal microscopy, 

whereas proliferative and differentiated cells were examined with special staining and 

immunohistochemistry. Oral preventive or therapeutic administration of lubiprostone 

significantly reduced the severity of colitis and reduced intestinal permeability in both DSS 

and TNBS-induced colitis. Preventive treatment with lubiprostone induced significant 

recovery of the expression and distribution of selected sealing tight junction proteins in mice 

with DSS-induced colitis. In addition, lubiprostone reduced crypt proliferation and increased 

the number of differentiated epithelial cells. Alternatively, when lubiprostone was 

administered to ClC-2-/- mice, the protective effect against DSS colitis was limited. This 

study suggests a central role for ClC-2 in restoration of barrier function and tight junction 

architecture in experimental murine colitis, which can be therapeutically targeted with 

lubiprostone.  

 



 

53 

INTRODUCTION 

 Intestinal homeostasis requires an epithelial barrier that separates the luminal contents 

from the interstitium. [1] Increased intestinal paracellular permeability, or barrier 

dysfunction, is thought to be a major factor in the pathogenesis of inflammatory bowel 

diseases (IBD), which include ulcerative colitis (UC) and Crohn’s disease (CD). [2] 

Disruption of intestinal barrier function has been detected in experimental IBD models. [3 4] 

The intestinal epithelial barrier consists of a highly organized complex of intercellular 

junctions, within which the tight junction is the most critical for regulating barrier function. 

[5] The tight junction is the most apical component of the epithelial junctional complex, 

acting as a barrier (gate) to the paracellular pathway by regulating passive diffusion of 

solutes and macromolecules and as a fence that restricts the movement of lipids and 

membrane proteins between the apical and basolateral membrane of polarized intestinal 

epithelial cells. [6] Moreover, the intestinal tight junctions are thought to play a role in 

regulating epithelial proliferation and differentiation, as well as overall mucosal 

architecture.[7] In addition, goblet cells produce mucin, covering the entire length of the 

gastrointestinal tract, which further protects the mucosal surface from harmful molecules and 

bacteria, and reinforces the overall intestinal barrier. [8] Colonic mucosa from IBD patients 

and from animals with experimental colitis have shown structural alteration of the epithelial 

barrier, including a reduced number of horizontal tight junction strands on freeze-fracture 

electromicroscopy, altered tight junction protein expression and subcellular distribution, and 

a decreased number of goblet cells resulting in reduction of mucin secretion. [9-13]  
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The ClC-2 chloride channel is expressed in the plasma membranes of epithelial cells from 

many mammalian tissues. [14] The physiological contribution of ClC-2 in the intestine is not 

completely understood. However, in our previous work, we have demonstrated a critical role 

for ClC-2 in epithelial repair. [15-20] Localization of ClC-2 to the region of the tight junction 

in porcine and murine intestine is associated with its regulatory interactions with signaling 

molecules in the tight junction complex, resulting in hastened re-sealing of the paracellular 

space. [18 20-22] In previous studies, we have shown that ClC-2 knockout mice have 

retarded recovery of barrier function following small intestinal ischemic injury, and 

knockdown of ClC-2 in Caco-2 cells reduces the ability of cultured cells to form tight 

junction complexes. [16 18] More recently, we reported that ClC-2 has a critical role in 

regulation of tight junctions in experimental colitis and its expression is significantly reduced 

in the colon of patients with UC. [29] 

 Lubiprostone is a synthetic prostone ClC-2 activator, inducing secretion and is 

approved for the treatment of chronic idiopathic constipation (CIC), irritable bowel syndrome 

with constipation (IBS-C), and opioid induced constipation (OIC).[23 24] Previously, we 

reported that lubiprostone initiates intestinal barrier repair in ischemic-injured intestine via its 

principal target, ClC-2. [19] In the present study, we investigated the possible therapeutic 

effects of oral treatment with lubiprostone in murine experimental colitis, and determined 

whether this effect was dependent on ClC-2. Our findings indicate that oral administration of 

lubiprostone dramatically improves mucosal and tight junction architecture, with associated 

benefits on barrier function, in a ClC-2-dependent manner. In addition, we also noted a novel 
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action for lubiprostone; that of an increased proportion of goblet cells, which occurred in a 

ClC-2-independent manner. 

METHODS 

Animals 

 Studies were approved by the North Carolina State University Institutional Animal 

Care and Use Committee. Female C57BL/6 (6-week-old) and BALB/c (7-week-old) mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and breeding pairs of 

heterozygous mice (ClC-2+/-) were a kind gift of Dr. James E. Melvin (University of 

Rochester, NY, USA). The generation of ClC-2 null (ClC-2-/-) mice and genotyping PCR has 

been previously described. [18 25] 

Induction and Assessment of Murine colitis 

 DSS colitis was induced in C57BL/6 mice by offering 3% (w/v) DSS (36,000 - 

50,000 daltons; MP Biomedicals, CA, USA) in autoclaved drinking water for 5 days. At the 

end of day 5, mice were returned to normal drinking water until day 8 when they were 

euthanized. TNBS colitis was induced by the intrarectal administration of 2.5% TNBS 

(Sigma-Aldrich, MO, USA) in 50% ethanol to BALB/c mice. The mice were lightly 

anesthetized with isoflurane (Aerrne, Baxter Healthcare Corporation, IL, USA); after which a 

3.5 Fr umbilical catheter (Utah Medical Product, Inc., Utah, USA) lubricated with lubricating 

jelly was inserted into the colon through the anus. An enema of 100 µL of 2.5% (v/v) TNBS 

was injected when the tip of the catheter was 4 cm inside the anus. The mice were held in a 

vertical position for 1 minute after the intrarectal injection. The control group received 100 

µL of 50% ethanol in a similar manner. Body weight and clinical signs of colitis were 



 

56 

monitored daily, and the disease activity index (DAI) was determined, as previously 

described. [26] At the end of the experiments, the colons were excised and colon length 

measurements were performed. In addition, the distal portion of each colon was immediately 

fixed in 10% neutral buffered formalin solution, embedded in paraffin wax and then 

sectioned before being deparaffinized. Slides were stained using H&E standard techniques 

and the microscopic score was determined as described previously. [27]  

Pharmacological Treatments.  

 The following series of treatments were designed to investigate the preventive and/ or 

the therapeutic properties of lubiprostone (Sucampo Pharmaceuticals, Inc., MD, USA) in 

DSS- and TNBS-induced colitis in mice. DSS colitis mice were orally treated by gavage with 

1 (low), 10 (middle) or 100 (high) µg/kg lubiprostone from day 0 to day 8 (preventive 

treatment) or with 10 or 100 µg/kg from day 3 to day 7 (therapeutic treatment). To determine 

the therapeutic dose of prostones, animal equivalent dose (10 µg/kg) is calculated using the 

following formula. Animal equivalent dose = Human dose x Human Km ÷ Animal Km.[28] 

TNBS colitis mice were also orally administered lubiprostone by gavage with 100 µg/kg 

from day 0 to day 3. To explore the dependency of lubiprostone on ClC-2, another set of 

experiments was performed in ClC-2-/- mice gavaged with 100 µg/kg of lubiprostone from 

day 0 to day 8. Negative control and colitis control groups received only medium chain 

triacylglyceride (MCT, Sucampo Pharmaceuticals, Inc., MD, USA) vehicle solution.  

In vivo Intestinal Permeability Assay. 

 In vivo intestinal permeability was assessed by luminal enteral administration of 

FITC-dextran (4,000 daltons; Sigma-Aldrich, MO, USA), a non-metabolizable 
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macromolecule that is used as a permeability probe. Food was withdrawn for 3 h and mice 

were gavaged with FITC-dextran (6 mg/10 g body weight) 2 hours before euthanasia. Whole 

blood was collected by cardiac puncture at the time of euthanasia. Fluorescence intensity in 

serum was analyzed using a plate reader (excitation, 492 nm; emission, 525 nm). The 

concentration of FITC-dextran was determined from FITC-dextran standard curve generated 

by serial dilution. Permeability was calculated by linear regression of sample fluorescence.  

Real time PCR for cytokine expression.  

 Total RNA was isolated from distal colonic tissues from mice with DSS colitis in the 

preventive lubiprostone treatment group using an RNeasy kit (Qiagen, CA, USA) and 

quantified spectrophotometrically. Equal amounts of RNA were used for complementary 

DNA synthesis (SuperScript III First-Strand Synthesis; Invitrogen, CA, USA). Real time 

PCR (RT-PCR) was performed using iTaq™ Universal SYBR® Green Supermix (Bio-Rad 

Laboratories, Inc., CA, USA), the ABI StepOnePlus system (Applied Biosciences, CA, 

USA), and PCR primers obtained from the Integrated DNA Technology, Inc. (IA, USA). 

(Table 1)  

Gel Electrophoresis and Western Blotting 

 Distal colonic tissues from DSS colitis WT and ClC-2-/- mice were lysed in Tissue 

Extraction Reagent I (Invitrogen, CA, USA), homogenized and centrifuged. Supernatants 

were quantified applying a BCA protein assay kit (Thermo Scientific, IL, USA). Proteins 

were separated 4-12% Bis-Tris gels with XT MOPS SDS running buffer (both Bio-Rad 

Laboratories, Inc., CA, USA). After protein transfer to a polyvinylidene difluoride 

membrane, the membranes were probed using anti-ZO-1, anti-occludin, anti-claudin-1, and 
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anti-claudin-2 (Invitrogen, CA, USA) antibodies. Horseradish peroxidase (HRP)-conjugated 

secondary antibodies were used (Santa Cruz Biotechnology, Inc., TX, USA). 

Immunofluorescence Analysis. 

 Distal colonic cryosections from WT and ClC-2-/- mice were fixed for 10 minutes 

with cold acetone at -20 °C. Immunostaining was performed using primary antibodies: anti-

ZO-1, anti-occludin, anti-claudin-1, anti-claudin-2 (Invitrogen, CA, USA), and FITC-

EpCAM (BioLegend, CA, USA). Cy3 conjugated anti-immunoglobulin G was used as a 

secondary antibody (Invitrogen, CA, USA). After nuclear staining by To-Pro-3 (Invitrogen, 

CA, USA), slides were mounted in fluorescent mounting media (DakoCytomation, CA, 

USA) an examined with a Nikon Eclipse 2000E inverted microscope equipped with Nikon 

C1 confocal laser scanning system using EZ-C1 software. We only used intact structure area 

with normal distribution of EpCAM, a membranous marker, to compare the 

immunolocalization of tight junction proteins.  

Proliferative/differentiated cell analysis 

 Colonic crypt height quantification was performed using the Image J software. 20 

random colonic crypts were measured from each H&E stained section, to make n=1. All 

measurements were performed in a blinded fashion.  

 Immunohistochemistry for proliferating cell nuclear antigen (PCNA), carbonic 

anhydrase II (CA II; colonocyte), and chromogranin A (CgA; enterochromaffin cell) on 

murine colonic tissues were performed by standard methods. Heat-activated antigen retrieval 

was performed in sodium citrate buffer (pH6). Paraffin sections were deparaffinized and 

rehydrated. Endogenous peroxidase activity was quenched by incubation in 3% H2O2 in 
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methanol for 10 minutes. After blocking in Protein Block Serum-Free (Dako, CA, USA), the 

sections were incubated in primary antibodies; mouse anti-PCNA (Abcam, MA, USA), goat 

anti-CAII (Santa Cruz Biotechnology, inc., TX, USA), and rabbit anti-CgA (ImmunoStar, 

Inc. WI, USA). After washing, the EnVision™ system (Dako, CA, USA) was employed to 

reveal the reaction. After washing slides were developed for 5 min with 3, 3’-

diaminobenzindin chromogen and counterstained with hematoxylin. 10 intact crypts were 

randomly analyzed for PCNS or CgA positive cells among three to four colonic cross-

sections from each mouse to make n = 1. The results were calculated as the percentage of 

total crypt cells. 

 WT and ClC-2-/- mice sections were incubated with alcian blue solution (1% w/v 

alcian blue, 8GX in 3% v/v acetic acid, pH2.5) and washed with diH2O. Sections were 

counterstained with nuclear fast red (0.1% w/v nuclear fast red, 5% w/v aluminum sulfate in 

diH2O). Slides were dehydrated and mounted. Goblet cell numbers were quantified from 15 

random colonic crypts glands from each mouse. 

Statistical Analysis 

 Data are reported as mean ± standard error. Differences between groups were tested 

with one-way ANOVA and LSD post-hot testing (IBM SPSS Statistics 21). Where 

appropriate, differences between two groups were tested with a Student’s t-test (Excel, 

Microsoft 2013).  

RESULTS 

The ClC-2 activator lubiprostone reduces DSS-induced colitis in a preventive and 

therapeutic manner  
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 The administration of DSS solution resulted in reproducible colitis in mice, which 

resembles the acute phase of human UC, and is characterized by increased DAI and colonic 

damage. [26] To assess the potential effect of the ClC-2 activator lubiprostone on DSS-

induced colitis, mice were treated orally by gavage with three different doses (1, 10, and 

100µg/kg) once a day from day 0 to day 8 (preventive treatment) to detect potential dose-

dependent effects. DSS-treated C57BL/6 mice started to lose weight on day 6 and lost ~11% 

of their body weight by day 8. No weight loss was seen in the control groups, which had 

access to tap water without DSS.  Preventive oral treatment with 100µg/kg of lubiprostone 

but not 1 or 10µg/kg significantly protected from marked body weight loss (Fig. 1A). 

Alternatively, all dosages of lubiprostone significantly reduced the DAI in a dose-dependent 

manner (Fig. 1B). In order to determine if lubiprostone had an effect on intestinal 

paracellular permeability, as we have shown in previous studies, in vivo FITC-dextran 

permeability assays were performed. These experiments revealed that DSS colitis mice 

receiving oral treatment with 100µg/kg of lubiprostone had significantly decreased intestinal 

permeability to FITC conjugated-dextran compared with untreated DSS colitis mice (Fig. 

1C). Administration of 10 or 100µg/kg of lubiprostone dose-dependently prevented 

reductions in colon length (P<0.05, Fig. 1D and 1E). Histological evaluation of colonic 

mucosa from mice subjected to DSS in their water revealed transmural infiltration with 

inflammatory cells, associated with epithelial erosions and severe edema in the submucosa. 

Histological injury scores were also dose-dependently reduced by administration of 

lubiprostone at doses of 10 or 100µg/kg, with reduced granulocyte infiltration and 

submucosal edema (Fig. 1F).    
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 In further experiments designed to test the potential therapeutic effects of 

lubiprostone, we noted that mice with DSS-induced acute colitis had body weight loss and 

marked diarrhea with bloody stools, resulting in a sharp increase of the DAI from day 3 

onwards. Therefore, therapeutic treatment was instituted from day 3 to day 8 with 

lubiprostone doses of 10µg/kg and 100µg/kg. These studies revealed that the high dose 

lubiprostone significantly reduced clinical and pathological evidence of DSS colitis, such as 

body weight loss, DAI, colon shortening, histologic score, and intestinal permeability (Fig. 

2). These effects were not apparent at the lower lubiprostone dose of 1µg/kg. Taken together, 

these data indicate that oral treatment of mice with lubiprostone has preventive and 

therapeutic effects on experimental colitis, although preventive effects were noted at lower 

dosages as compared to therapeutic dosages.   

Preventive administration of lubiprostone decreases colonic inflammatory mediators in 

mice with DSS colitis 

 To examine whether the protection from DSS-induced colitis in mice pre-treated with 

lubiprostone was associated with a decrease in the production of inflammatory mediators, the 

mRNA levels of the cytokines TNF-α, IFN-γ, and IL-1β were assessed in colonic tissues 

using real-time PCR (Table 1). Mice with DSS-induced colitis had significant increases in 

the pro-inflammatory cytokines TNF-α, IFN-γ, and IL-1β. In mice receiving preemptive oral 

lubiprostone (100µg/kg), there were significant reductions in expression of TNF-α and IL-1β 

mRNA but not of IFN- γ mRNA (Fig. 3). In addition, we measured the colonic mRNA 

expression of the anti-inflammatory mediators IL-10 and TGF-β, and showed significantly 

increased IL-10 but not TGF-β levels in DSS colitis tissues compared to the control group. 
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Interestingly, lubiprostone significantly decreased both IL-10 and TGF-β levels in the distal 

colonic tissue of mice with DSS-induced colitis (Fig. 3), which may have been attributable to 

an overall reduction in inflammation in the presence of lubiprostone, possibly reducing the 

impetus for anti-inflammatory signaling.  

Preventive treatment with lubiprostone protects tight junction structure in DSS-

induced colitis  

 Tight junctions are assembled at the apical-lateral cellular domain, where they form 

the most critical component of the paracellular barrier. [29] In prior experiments, we had 

already shown that this paracellular barrier was disturbed in DSS colitis, based on changes in 

permeability assays. Therefore, to determine if the action of lubiprostone in DSS-induced 

colitis mice is linked to the tight junction, we initially determined expression of the tight 

junction proteins ZO-1, occludin, claudin-1, and claudin-2 by western blot. Expression of 

ZO-1, claudin-1, and claudin-2 was not different in the distal colon of colitis mice as 

compared to control mice. However, occludin expression was decreased in colonic mucosa 

from mice with DSS-induced colitis. Alternatively, gavaging mice with lubiprostone 

(100µg/kg) prior to administration of DSS resulted in significant increases in occludin and 

claudin-1 expression. Furthermore, expression of claudin-2, a pore-forming tight junction 

protein, was significantly reduced in colitis mice receiving lubiprostone as compared to 

controls (Fig. 4A and B).  

 Given the importance of the cellular localization of tight junctions in the regulation of 

barrier function, the distribution of tight junction proteins was visualized by 

immunofluorescence confocal microscopy. In the control group, immunolocalization of tight 
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junction proteins was observed primarily in the intercellular junctions of the epithelial cells 

adjacent to the apical membrane. The distribution of tight junction proteins was altered by 

DSS administration, including an apparent reduction in occludin fluorescence, claudin-1 

endocytosis, and increased claudin-2 fluorescence consistent with our findings on western 

analyses. The distribution of ZO-1 and EpCAM (a membrane marker) was maintained in 

colitis mice. Interestingly, although claudin-2 fluorescence was primarily localized to the 

crypt in control colon, its expression was increased in both the mucosal surface and crypt 

epithelium in DSS colitis mice. Preemptive administration of lubiprostone resulted in 

recovery of tight junction immunolocalization of occludin, claudin-1, and claudin-2 in DSS-

induced colitis (Fig. 4C). Collectively, these data indicate that treatment with lubiprostone 

results in maintenance of tight junction protein expression and distribution in DSS-induced 

colitis.  

Lubiprostone has limited protective effects in DSS-induced ClC-2-/- mice colitis  

 Considering the purported action of lubiprostone as a ClC-2 activator, we next 

investigated the effect of lubiprostone on colitis in ClC-2 knockout mice. Cuppoletti et al. 

[30] showed that lubiprostone is a selective and dose-dependent activator of ClC-2, with no 

observable effect on CFTR. However, other studies have suggested alternate actions of 

lubiprostone, clouding the issue of the mechanisms of action for this prostone. [31-34] To 

clarify the mechanism of action of lubiprostone in our murine DSS colitis model, we 

performed a study using lubiprostone pretreatment with 100µg/kg lubiprostone in ClC-2-/- 

mice. Oral pretreatment with lubiprostone did not protect against colon shortening or 

histological evidence of colitis, as had been the case in lubiprostone-treated wild type mice 
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with DSS-induced colitis. However, pretreatment with lubiprostone did provide some 

protection in ClC-2-/- mice from clinical signs of colitis, including less marked reductions in 

body weight, amelioration of increases in DAI, and reductions in intestinal permeability (Fig. 

5). However, the level of protection was notably less than that noted in lubiprostone-treated 

wild type mice. In addition, preemptive treatment with lubiprostone did not change 

expression and distribution of tight junction proteins (ZO-1, occludin, claudin-1, and -2) in 

DSS-induced ClC-2-/- mice colitis model (Fig. 6). To determine the effect of an intermediary 

dose of lubiprostone (10µg/kg) given preemptively, we performed an additional trial on ClC-

2-/- mice with DSS-induced colitis. However, 10µg/kg lubiprostone did not protect against 

clinical signs, colon shortening, and histological score in ClC-2-/- mice with colitis (Fig. 7), 

whereas 10µg/kg lubiprostone had protective effects on wild type mice with DSS-induced 

colitis (Fig. 1). Therefore, these results indicated that the major protective effect of 

lubiprostone in DSS-induced colitis is ClC-2 dependent.  

Alternate protective effects of lubiprostone pretreatment 

 Although ClC-2-/- colitis mice treated with 100µg/kg lubiprostone did not differ from 

untreated colitis mice in their immune cell infiltration, epithelial damage, and tight junction 

structure, histological evaluation suggested changes in the goblet cell number. Interestingly, 

mice with DSS colitis have been reported to have evidence of increased crypt cell 

proliferation with concurrent reductions in the number of differentiated epithelial cells [35]. 

Therefore, to find alternative protective mechanisms for lubiprostone, we performed 

immunohistochemistry for proliferating and differentiated cells, as well as Alcian blue 

staining for mucins in colonic tissues of ClC-2-/- colitis mice. There were no differences in 
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crypt height, the number of proliferative cells (PCNA+), colonocytes (CA II+), and 

enterochromaffin cells (CgA+) between the two groups (Fig. 8A-G). However, the number of 

goblet cells was significantly increased in lubiprostone-treated colitis mice compared with 

ClC-2-/- colitis mice (Fig. 8Hand I). These findings suggested that the modest protective 

effects of 100µg/kg lubiprostone in ClC-2-/- mice might be attributable to a change in the 

mucus-secreting capacity of the mucosa. To further explore these findings, additional 

analyses of tissues from wild type colitis with DSS colitis were performed. In these mice, 

DSS colitis was associated with an increase in crypt height, proliferation index (increased 

PCNA+ cells), and a reduction in CAII+, CgA+ cells, and goblet cells (Fig. 9A-I). Treatment 

of wild type DSS colitis mice with 100µg/kg lubiprostone significantly reversed all of these 

trends. Thus, high dose lubiprostone has significant effects on goblet cell numbers, as had 

been seen in ClC-2-/- mice. However, in wild type mice there was also an effect of 

lubiprostone on epithelial proliferation/differentiation, which had not been seen in the 

absence of ClC-2. Thus, for the full effect of lubiprostone on proliferation and cell 

differentiation, ClC-2 appeared to be required. 

Lubiprostone ameliorates murine colitis induced by TNBS. 

 In order to extend our observations on the beneficial effects of lubiprostone in DSS 

colitis, a TNBS-induced model of CD in BALB/c mice was used. TNBS-induced colitis mice 

had progressive reductions in body weight, and increases in DAI that were maximal at day 3, 

associated with marked histological pathology, including mucosal infiltration with 

neutrophils and lymphocytes, ulceration and severe submucosal edema. However, mice 

treated orally with lubiprostone (100 µg/kg) showed significantly less loss of body weight 
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loss and a significantly reduced DAI (Fig. 10A and B). As had been shown in mice with DSS 

colitis, lubiprostone also significantly ameliorated colon shortening induced by TNBS (Fig. 

10C) and restored the histological score compared with vehicle control mice (Fig. 10E). In 

terms of barrier function, lubiprostone also significantly reduced TNBS-induced increases in 

intestinal permeability (Fig. 10D). 

DISCUSSION 

 In the present report, pharmaceutical targeting of the chloride channel ClC-2 appears 

to reduce symptoms in experimental colitis, associated with restoration of barrier function. 

The expression of ClC-2 in the apical lateral membrane raises questions as to its regulatory 

interactions with signaling molecules in the tight junctions. [21 36 37] Previously, we have 

demonstrated that the severity of colitis and intestinal permeability is increased in ClC-2-/- 

mice, associated with perturbed mucosal epithelial tight junctions. [15] In a detailed 

mechanistic study, we have demonstrated that ClC-2 plays a critical role in shuttling the tight 

junction protein occludin to the apical lateral membrane via an interaction with caveolin-1 

and the small GTPase Rab5. [16] We have also shown that the ClC-2 activator lubiprostone 

accelerates barrier repair in ischemic-injured porcine intestine by regulating tight junctions in 

a ClC-2-dependent manner. [19 38] In the present study, we used two distinct murine models 

of IBD: DSS- and TNBS-induced colitis. Oral administration of lubiprostone in a preventive 

manner prior to administration of DSS reduced mucosal pathology and abnormal barrier 

function in DSS-induced colitis, a widely used model for UC-like intestinal inflammation, 

and preserved intestinal barrier integrity via ClC-2-dependent tight junction reconstitution. 

Moreover, lubiprostone treatment suppressed the corresponding intestinal inflammation, 
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leukocyte infiltration and overproduction of pro-inflammatory cytokines observed during 

colitis. Lubiprostone also showed therapeutic effects when mice were treated after showing 

clinical signs of DSS-induced colitis. In addition, oral administration of a relatively high dose 

of lubiprostone (100 µg/kg) protected mice against TNBS-induced colitis, which more 

closely resembles human CD. Although DSS- and TNBS-induced colitis models have 

distinct differences from human IBD, these models share many clinical and pathological 

features with human IBD with regard to loss of barrier function and inflammatory response. 

[27 39]  

 Intestinal permeability has been proposed to be primarily under the control of 

interepithelial tight junctions. [1] In the present study, we show that preventive treatment 

with lubiprostone prevented DSS-induced alteration of tight junction proteins in wild type 

mice but not ClC-2-/- mice. In a previous study examining human IBD tissues, a significant 

reduction in the expression of tight junction molecule occludin was detected at the protein 

and mRNA levels by western and northern blotting respectively in colonic epithelial cells.  

[40] Our present results also showed that the total and apical membrane expression of 

occludin were diminished in DSS-induced colitis. However, a high dose of lubiprostone 

induced restoration of occludin expression and localization in murine DSS colitis. Several 

studies have shown that expression of the pore forming tight junction protein claudin-2 was 

significantly elevated in active IBD. [41 42] This over-expression of claudin-2 is thought to 

contribute to the defect in barrier function in IBD. [43] In the present study, although the 

total expression of claudin-2 was not significantly increased in tissues from mice with DSS-

induced colitis, the apical membrane expression of claudin-2 was dramatically increased in 
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the mucosal surface and crypts of colitis mice. Oral treatment with lubiprostone significantly 

reduced the total and apical membrane expression of claudin-2, suggesting a direct treatment 

effect relevant to human IBD. Regarding other tight junction proteins in IBD, one report 

indicated that total expression of the sealing junctional protein claudin-1 was significantly 

decreased in patients with UC. [44] Although total expression of claudin-1 was not 

significantly changed in DSS-induced colitis in the present study, claudin-1 endocytosis was 

detected by immunofluorescence. However, lubiprostone treatment restored 

immunolocalization of claudin-1 in mice with DSS-induced colitis as further evidence of a 

positive mechanistic effect of this ClC-2 activator. ClC-2-/- mice with DSS colitis also 

showed redistribution of tight junction proteins similar to wild type mice with colitis. 

However, oral treatment with high dose lubiprostone did not have any effect on tight junction 

proteins in these knockout animals.  These data are therefore highly suggestive of the need 

for ClC-2 as a target for lubiprostone in order to repair the tight junction barrier in the setting 

of murine DSS colitis.  

 Although most studies concerning the role of tight junctions in IBD have focused on 

their critical role in regulating paracellular permeability, tight junctions are also 

mechanistically involved in regulation of cell proliferation and differentiation. [45] Some of 

this knowledge has come from genetically modified mice. For example, claudin-15 

deficiency leads to megaintestine caused by an increased number of transit-amplifying 

intestinal cells in the crypts. [46] Additionally, it has been reported a number of claudins are 

significantly altered in colitis-associated colorectal cancer, supporting the existence of a 

relationship between the tight junctions and intestinal epithelial cell proliferation. [47] In our 
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present study, ClC-2-dependent tight junction reconstitution of lubiprostone reduced 

epithelial proliferation and induced differentiation in experimental colitis. The observed 

effects of lubiprostone-induced goblet cell proliferation have been not previously been noted 

to our knowledge, and while we speculate proliferation may relate to changes in tight 

junction structure, we have not investigated these mechanisms in detail.  

 Overall, our data demonstrate that the ClC-2 activator lubiprostone ameliorates both 

DSS- and TNBS- induced colitis in mice. The beneficial effects of lubiprostone were 

associated with the protection of tight junctions as well as regulation of cellular 

differentiation that were dependent on the presence of ClC-2 (Fig. 11). Alternatively, 

lubiprostone promoted goblet cell proliferation in DSS-induced colitis in ClC-2-/- mice 

resulting in limited protective effects on intestinal barrier function. Although lubiprostone is 

presently indicated as a pro-secretory drug in a number of human conditions involving 

constipation, [23 24] pharmacologically targeting ClC-2 also appears to restore tight junction 

barrier function in experimental colitis, and therefore may provide a mechanistic basis for 

future exploration of alternative therapies of IBD.  
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Figure 1.  Protective effect of lubiprostone in DSS-induced colitis mice. A. and B. Effect 

of lubiprostone on body weight (A) and disease activity index (B) in DSS-induced colitis. C. 

Effect of 100 µg/kg of lubiprostone on intestinal permeability in DSS-induced colitis. (n=6) 

D. and E. Effect of orally treated lubiprostone on colon shortening in DSS-induced colitis 

(n=9). Bar=1 cm. F. Histologic scoring and representative H&E-stained sections from 

colonic tissue of each groups (n=5). Bar=100 µm Data are represented as means ± SEM. *p 

<0.05, **p <0.01, and *** p <0.001 vs. controls (CT); # p <0.05, ## p <0.01, and ### p 

<0.001 vs. DSS without lubiprostone; one-way ANOVA 
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Figure 2. Therapeutic effect of lubiprostone in DSS-induced colitis mice. A. and B. 

Effect of lubiprostone on body weight (B) and disease activity index (C) in DSS-induced 

colitis. C. Effect of 100 µg/kg of lubiprostone on intestinal permeability in DSS-induced 

colitis. (n=6) D. Effect of orally treated lubiprostone on colon shortening in DSS-induced 

colitis (n=9). E. and F. Histologic scoring (E) and representative H&E-stained sections (F) 

from colonic tissue of each groups (n=5). Bar=100 µm Data are represented as means ± 

SEM. *p <0.05, **p <0.01, and *** p <0.001 vs. controls (CT); # p <0.05, ## p <0.01, and 

### p <0.001 vs. DSS without lubiprostone; one-way ANOVA 
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Figure 3.  Inflammatory mediators in DSS-induced colitis colonic tissues. The real time 

PCR analysis of DSS colitis tissue showed significant reduced of inflammatory responses. 

The mRNA expression of respective cytokines was normalized to mRNA expression of β-

actin. Data are represented as means ± SEM (n=5 for each group).  *p <0.05, **p <0.01, and 

*** p <0.001 vs. controls (CT) or DSS without lubiprostone; one-way ANOVA. 
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Figure 4.  Lubiprostone treatment altered expression and distribution of tight junction 

proteins in DSS-induced colitis. A. Whole tissue extracts of the control, DSS, and 100 

µg/kg lubiprostone mucosa were studied for expression of tight junction proteins by western 

blotting. Blots were loaded with equal amounts of protein per lane. B. Densitometry analysis 

was performed to quantify expression utilizing β–actin as loading control. Data are 

represented as means ± SEM. (n=4) *p <0.05, **p <0.01, and *** p <0.001; one-way 

ANOVA. C. Sections of colon tissue of control, DSS, or lubiprostone (100 µg/kg) groups 

were immunolableled for ZO-1, Occludin, Claudin-1, and Claudin-2. Confocal microscopy 

images include CD326 (EpCAM) staining of basolateral surface of epithelia and TO-PRO®-

3 lodide staining of nuclei. White arrows indicate endocytosis of claudin-1 on mucosal 

epithelial apical membrane. Bars =20 µm. 
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Figure 5. Effect of high dose lubiprostone in ClC-2-/- mice DSS-induced colitis. A. and B. 

lubiprostone reduced clinical sign of DSS colitis, demonstrated by weight-loss curve (A) and 

disease activity index (B). (n=5) C. Effect of lubiprostone on colon shortening in DSS-

induced colitis. (n=5) D and E. Histological scoring (D) and representative H&E-stained 

sections (E) from colonic tissue of each groups. (n=5) Bar=100 µm #p <0.05 and ## p <0.01, 

vs. DSS without lubiprostone; Student’s t-test 
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Figure 6.  Lubiprostone treatment did not alter expression of tight junction proteins in 

ClC-2-/- mice DSS-induced colitis. A. Whole tissue extracts of the DSS and 100 µg/kg 

lubiprostone mucosa were studied for expression of tight junction proteins by western 

blotting. Blots were loaded with equal amounts of protein per lane. B. Densitometry analysis 

was performed to quantify expression utilizing β–actin as loading control. Data are 

represented as means ± SEM. (n=5) C. Sections of colon tissue of control and lubiprostone 

(100 µg/kg) groups were immunolableled for ZO-1, Claudin-1, Claudin-2, and Occludin. 

Confocal microscopy images include CD326 (EpCAM) staining of basolateral surface of 

epithelia and TO-PRO®-3 lodide staining of nuclei. White arrowhead indicate redistribution 

of claudin-1 into the basolateral membrane. Bars =20 µm. 
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Figure 7. Effect of low dose lubiprostone in ClC-2-/- mice DSS-induced colitis. A. and B. 

lubiprostone reduced clinical sign of DSS colitis, demonstrated by weight-loss curve (A) and 

disease activity index (B). (n=5) C. Effect of lubiprostone on colon shortening in DSS-

induced colitis. (n=5) D and E. Histological scoring (D) and representative H&E-stained 

sections (E) from colonic tissue of each groups. (n=5) Bar = 100 µm #p <0.05 and ## p 

<0.01, vs. DSS without lubiprostone; Student’s t-test 
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Figure 8. Oral treatment of lubiprostone increased goblet cell differentiation in DSS-

induced ClC-2-/- mice. A. and B. Crypt height in H&E stained colonic cross sections was 

measured using Image J software. C. and D. The ratio of proliferating cell per crypt was 

quantified using PCNA staining sections. E. Immunohistochemical staining of CA II. 

Brackets indicates highly expressed CAII in the crypts. F and G. The ratio of EC per crypts 

was quantified using CgA staining sections. Arrow heads indicate CgA positive cells.  H. and 

I. The number of goblet cell per crypt was quantified using Alcian blue staining from colonic 

sections. Bar = 50 µm. Data are represented as means ± SEM (n=5 or 6 for each group). ***p 

<0.001vs. DSS without lubiprostone; Student’s t-test 
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Figure 9.  Oral treatment of lubiprostone decrease cellular turnover and induced goblet 

cell differentiation. A. and B. Crypt height in H&E stained colonic cross sections were 

measured using Image J software. C. and D. The ratio of proliferating cell per crypt was 

quantified using PCNA staining sections. E. Immunohistochemical staining of CA II. 

Brackets indicates highly expressed CAII in the crypts. F and G. The ratio of EC per crypts 

was quantified using CgA staining sections. Arrow heads indicate CgA positive cells.  H. and 

I. The number of goblet cell per crypt was quantified using Alcian blue staining from colonic 

sections. Bar = 50 µm. Data are represented as means ± SEM (n=4 or 5 for each group). **p 

<0.01 and ***p <0.001 vs. controls (CT); #p <0.05; ##p <0.01 and ### p <0.001 vs. DSS 

without lubiprostone; one-way ANOVA. 
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Figure 10.  Preventive effect of lubiprostone in TNBS-induced colitis. A. and B. 

lubiprostone reduced clinical sign of DSS colitis, demonstrated by weight-loss curve (A) and 

disease activity index (B). (n=9) C. Effect of lubiprostone on colon shortening in DSS-

induced colitis. (n=9) D. In vivo permeability was evaluated utilizing 4 kDa FITC-dextran. 

(n=6) E. Representative H&E-stained sections and histologic scoring from colonic tissue of 

each groups. (n=5)  * p <0.05 and *** p <0.001 vs. controls (CT); #p <0.05 and ##p <0.01, 

vs. TNBS without lubiprostone; one-way ANOVA 
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Figure 11. Pharmaceutical ClC-2 activation regulate the tight junction barrier and 

epithelial proliferation/differentiation. A. In differentiated intestinal mucosa, ClC-2 

associated with intestinal proliferation/differentiation and contributed to the organization of 

tight junction proteins. B. In the colitis mucosa, redistributed and altered tight junction 

proteins are accompanied by increased paracellular permeability and dysregulated 

proliferation/differentiation. C. Lubiprostone induced ClC-2 activation protect tight junction 

structure and stabilize epithelial mucosa.  
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 CHAPTER 4 

MYOSIN LIGHT CHAIN KINASE MEDIATES INTESTINAL BARRIER 

DYSFUNCTION VIA OCCLUDIN ENDOCYTOSIS DURING 

HYPOXIA/REOXYGENATION INJURY. 
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ABSTRACTS 

 Intestinal hypoxia/reoxygenation injury induces loss of barrier function followed by 

epithelial repair. The tight junction (TJ) has recently been characterized as key factor for 

intestinal barrier properties. Myosin light chain (MLC) phosphorylation mediated by MLC 

kinase (MLCK) is essential to the regulation of the tight junction barrier. We hypothesized 

that hypoxia/reoxygenation (HR) injury would disrupt the TJ barrier function via MLC 

phosphorylation. Caco-2BBe1 confluent monolayers were subjected to hypoxia for 2 hours 

followed by recovery in 21% O2, after which barrier function was determined by measuring 

flux of 4 kDa FITC-dextran. Expression and distribution of TJ components were studied by 

immunoblotting, real time-PCR and immunofluorescence microscope analysis. Expression of 

MLCK, phosphorylated MLC, and total MLC in the human intestinal cell was assessed by 

western blot and real time-PCR. Following hypoxic injury, there was an increase in the 

paracellular permeability as determined by dextran fluxes compared to control cells. 

Permeability recovered with significant reduction in fluxes at 4 h during reoxygenation. 

Expression of the TJ protein occludin was increased after hypoxic injury. Occludin was 

internalized during H/R injury and re-localized to its normal distribution after 4 h recovery. 

MLC phosphorylation was significantly increased without elevation of MLCK expression. 

Treatment with the MLCK specific inhibitor peptide 18 attenuated the increased epithelial 

monolayer permeability and occludin endocytosis caused by H/R injury. These data suggest 

that the MLC phosphorylation-induced occludin endocytosis mediates intestinal epithelial 

barrier dysfunction during the H/R injury. Our results also indicates that MLCK-dependent 
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occludin regulation may be a critical target for the therapeutic treatment of clinical 

ischemic/reperfusion injury. 

INTRODUCTION 

 Intestinal ischemia/reperfusion (I/R) injury is usually secondary to diverse conditions, 

such as mesenteric artery embolism, small bowel transplantation, cardiopulmonary bypass, 

abdominal aortic aneurysm surgery, traumatic or hemorrhagic shock, and inflammatory 

bowel disease. I/R injury may initiate mucosal epithelial cell damage, breakdown of 

basement membrane integrity and barrier function, and may cause systemic inflammatory 

response syndrome (SIRS). [1 2] The intestinal mucosal barrier is a physical and metabolic 

barrier against toxins and pathogens in the lumen and its mechanisms are very complicated. 

[3] However, the molecular basis of barrier function in I/R injury in the intestine as well as 

the cellular mechanisms are currently unknown.   

 Tight junctions between intestinal epithelial cells are largely attributable for defining 

the characteristics of the intestinal mucosal barrier. The tight junction strands consist of 

transmembrane proteins such as occludin and claudins as well as peripheral membrane 

proteins, including the zona occludens proteins, ZO-1-3, which are bound to the 

perijunctional actomyosin ring by direct and indirect protein-protein interaction. [4-7] 

Disrupted intestinal tight junctions have been observed in various digestive diseases such as 

stress, burn injury, I/R injury, and inflammatory bowel disease. [8-13] Thus, disruption of 

tight junction proteins is believed to be the key limiting factor of the intestinal mucosal 

paracellular permeability. Our previous studies have demonstrated that restoration of tight 
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junction proteins in ischemic-injured porcine and mouse small intestines are associated with 

recovery of barrier function. [14-19] 

 The perijunctional actomyosin ring contraction due to myosin light chain (MLC) 

phosphorylation, which predominantly depends on myosin light chain kinase (MLCK) 

activation, has been demonstrated to be necessary for tight junction opening. MLCK-induced 

MLC phosphorylation leads to perijunctional actomyosin contraction and breakdown of the 

tight junction proteins ZO-1 occludin. [20 21] Thus, MLCK-dependent tight junction 

remodeling appears to be critical to the pathophysiologically disrupted intestinal barrier.  

 In this study, we hypothesized that MLCK-dependent reorganization of tight junction 

proteins might be an essential component of epithelial barrier maintenance during in vitro 

hypoxia/reoxygenation (H/R) injury. To investigate this, we examined intestinal barrier 

function at various time points in a H/R injury model. H/R injury elevated the paracellular 

permeability of FITC-dextran via occludin internalization with increased MLC 

phosphorylation. Inhibition of MLCK with peptide 18 significantly reduced paracellular 

permeability and occludin internalization. Our findings indicate that MLCK-dependent MLC 

phosphorylation mediates intestinal epithelial barrier dysfunction during H/R injury.  

MATERIAL AND METHODS 

Cell Culture  

 A human intestine C2Bbe1 (Caco-2BBe1) cell line derived from Caco-2 cells was 

obtained from ATCC (Manassas, VA) and grown in standard DMEM with 10% FBS and 

0.01 mg/ml human transferrin (Invitrogen, Carlsbad, CA). Cells were maintained in a 

humidified 37°C, 5% CO2 incubator. To prepare Caco-2BBe1 monolayers, cells were grown 
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on cell culture-treated surfaces or 12 mm 0.4 µm pore-sized permeable supports (Corning, 

Tewksbury, MA).  

Hypoxia/Reoxygenation Experiments 

 To generate hypoxic injury, Caco-2BBe1 cells were placed in a modular incubator 

chamber (Billups-Rothenberg Inc., San Diego, CA) and flushed with 95% N2/5% CO2 for 5 

minutes. The modular chamber was then sealed air-tight and placed in an incubator for 2 

hours. After 2 hours, the cells were removed from the modular incubator chamber and placed 

in a 21% O2 normal environment. The cells were then incubated under normal environmental 

conditions for 1, 2, and 4 hour incubation periods.  

Measurement of Fluorescent-Dextran Flux 

 Cells on permeable support were used in this experiment only after a transepithelial 

electrical resistance (TER) value greater than 400 Ω·cm2 was measured Paracellular 

permeability was assessed by apical to basal flux of fluorescein-conjugated dextran (FD-4; 

Sigma-Aldrich, St. Louis, MO). 1 mg/mL of FD-4 was added to the apical chambers after 

hypoxic injury. Triplet 100 µL basolateral media was sampled and assayed for fluorescence 

using a fluorescent spectrophotometer (excitation, 488 nm; emission, 530 nm). These 

measurements were used to calculate the solute permeability coefficient of the monolayer. 

[22] 

Gel Electrophoresis and Western Blotting 

 The cell monolayers were washed with PBS and scraped in M-PER mammalian 

protein extraction reagent including a protease inhibitor cocktail consisting of 1 mM NaF and 

1 mM NaVO4 (Thermo Scientific, Rockford, IL). The proteins were extracted according to 
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the manufacturer’s instructions. Protein analysis of extract aliquots was performed using 

BCA protein assay kit (Thermo Scientific, Rockford, IL).  Tissue extracts, with amounts 

equalized by protein concentration, were mixed with XT sample buffer and a reducing agent 

(both Bio-Rad Laboratories Inc., Hercules, CA) and boiled for 5 min. Lysates were loaded on 

a 4-10% SDS polyacrylamide gel, and electrophoresis was carried out according to standard 

protocols. Proteins were transferred to a PVDF membrane (Bio-Rad Laboratories Inc., 

Hercules, CA) by using an electroblotting transfer apparatus. Membranes were blocked in 

Tris-buffered saline plus 0.1% Tween20 (TBST) and 5% BSA or skim milk and then 

incubated overnight with primary antibodies at 4°C. The primary antibodies used were 

occludin (Invitrogen, Carlsbad, CA), pMLC-2, MLC-2 (Cell signaling, Danvers, MA), and 

HIF-1α (Abcam Inc., Cambridge, MA).  After being washed in TBST, membranes were 

incubated with horseradish peroxidase conjugated secondary antibodies and developed for 

protein visualization with chemiluminescence (Thermo Scientific, Rockford, IL).  

Immunofluorescence Microscopy Analysis 

 The cells grown on permeable supports were fixed with absolute methanol and stored 

at -80°C until used. The cells were thawed, rinsed in PBS, blocked with goat normal serum, 

and incubated overnight at 4°C with primary antibodies. The cells were washed thoroughly 

and incubated in secondary antibodies conjugated with fluorescent dyes and nuclear stain. 

Following rinsing in PBS, the cells were mounted on fluorescent mounting media 

(DakoCytomation, Via Real Carpinteria, CA) and examined with an Olympus IX83 Inverted 

Motorized Microscope. 
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Effects of MLCK inhibitor. 

 Peptide 18 (400 µM, Calbiochem, Billerica, MA), a membrane permeant nonapeptide 

inhibitor of MLCK, was added to apical side 30 minute before hypoxic injury. The 

permeability of FD-4 and Immunofluorescence microscopy analysis was performed as 

described above.  

Statistical Analysis 

 Data are reported as mean ± standard error. Differences between groups tested with 

one-way ANOVA with LSD post-hot test (IBM SPSS Statistics 21). Where appropriate, the 

difference between two groups were tested with a student t-test (Excel, Microsoft 2013).  

RESULTS 

H/R injury increased paracellular permeability. 

 Permeability of the FITC-dextran on the Caco-2BBe1 monolayer was monitored 

during the H/R injury as a measurement of the epithelial barrier (Fig. 1A). Hypoxic injury 

was confirmed by significant elevation of HIF-1α stabilization using western blot analysis 

(Fig. 1B). The permeability of the FITC-dextran on Caco-2BBe1 monolayers was 

significantly increased at 1 hour after hypoxic injury and reduced at 4 hours after hypoxic 

injury. (Fig. 1C) These results suggest that the H/R injury increases paracellular permeability 

on Caco-2BBe1 monolayer.  

H/R Injury alters the expression of the TJ proteins and mRNAs.  

  Tight junction proteins were detected by western blot and real time PCR to 

investigate the mechanism of H/R injury-induced intestinal barrier dysfunction. The results 

showed that protein levels of ZO-1, occludin, and claudin-4 were significantly increased in 
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Caco-2BBe1 cells after hypoxic injury (Fig. 2A and B).  However, the mRNA level of only 

occludin was significantly increased after hypoxic injury (Fig. 2C).  Expression of other tight 

junction proteins or mRNA including claudin-1, -2, and -7 did not change significantly. We 

conclude that H/R injury had effect on the expression of tight junction proteins and mRNAs.   

Occludin is disrupted and recovered during H/R Injury.  

 Next, we determined whether H/R injury affected the distribution of tight junction 

proteins in Caco-2BBe1 monolayers. To investigate tight junction protein endocytosis, 

mucosal extracts were fractionated into membrane and cytosol components. We used a 

standard loading control protein β-actin, which was expressed in equal proportions in the 

membrane and cytosol fractions. In the normal monolayer (-2h), Transmembrane tight 

junction proteins occludin and claudin-4 were mainly expressed in the membrane fraction 

and the cytoplasmic plaque protein ZO-1 was predominantly expressed in the cytosol 

fraction. However, the expression of occludin in the membrane fraction was significantly 

reduced after hypoxic injury and then recovered during the reoxygenation (Fig. 3). 

 To get more evidence about morphological redistribution of tight junction proteins, 

mucosal monolayers were evaluated using immunofluorescence microscope analysis. As 

shown in control Caco-2BBe1 monolayers, the tight junction proteins occludin were 

respectively localized to the intercellular tight junctions, along the edge of the cells. 

However, H/R injury induced pronounced reorganization of occludin such that the 

distribution profiles became irregular and discontinuous. In addition, the occludin was 

partially internalized into cytoplasmic vesicles (Fig. 4). However, immunolocalization of 

other tight junction proteins ZO-1, claudin-4, and claudin-7 did not change (data not shown). 
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Taken together, these results suggest that the epithelial barrier dysfunction during H/R injury 

is induced by disruption and endocytosis of occludin.  

H/R injury elevates MLC-2 phosphorylation without increased MLCK expression  

 In several studies, occludin endocytosis is induced by increased long MLCK 

expression and activity [23 24]. MLCK activity was evaluated by measuring MLC-2 

phosphorylation and MLCK expression was determined by measuring the mRNA level of 

MLCK. MLC-2 phosphorylation was significantly increased without markedly changing total 

MLC expression after hypoxic injury and then was reduced during the reoxygenation period 

(Fig 5A and B). However, the mRNA expression of MLCK was not changed during H/R 

injury (Fig. 5C). Thus, these results indicate that the hypoxic injury increased MLC-2 

phosphorylation without increased MCLK expression.  

MLCK inhibitor reduces paracellular barrier dysfunction via preventing occludin 

endocytosis induced by H/R injury 

 The data presented here suggest that increased paracellular permeability is triggered 

by MLCK activation-induced occludin endocytosis during hypoxia/reoxygenation injury. 

Thus, we hypothesized that the MLCK inhibitor reduces paracellular permeability by 

preventing occludin endocytosis. To test this hypothesis, we added Peptide 18 to the apical 

side of Caco-2BBe1 monolayer before hypoxic injury. The inhibition of MLCK was 

confirmed by measuring phosphorylation of MLC-2 and total MLC-2 during H/R injury.  

Increased phosphorylation after hypoxic injury was reduced in the monolayer treated with 

Peptide 18 (Fig. 6A). Monolayers treated with Peptide 18 had significantly reduced increased 

permeability of FD-4 during the H/R injury (Fig. 6B). Inhibition of MLCK during the H/R 



 

103 

injury in Caco-2BBe1 monolayer also reduced occludin endocytosis (Fig. 6C). Thus, these 

data suggests that MLCK inhibition prevents paracellular barrier dysfunction by preventing 

occludin endocytosis during H/R injury.  

DISCUSSION 

 In this study, it is demonstrated that H/R injury causes increased paracellular 

permeability, and that the increased permeability induced by H/R injury is accompanied by 

redistribution of the tight junction protein occludin as well as upregulation of MLC 

phosphorylation. Our present study also reveals that MLCK inhibition with the specific 

inhibitor Peptide 18 attenuates the H/R injury-induced paracellular barrier disruption in vitro. 

These findings provide a new insight into the mechanisms involved in the intestinal barrier 

breakdown caused by H/R injury.  

 It has been well documented that several gastrointestinal diseases, such as 

inflammatory bowel disease, celiac disease, irritable bowel syndrome, and ischemic disease 

cause the disruption of intestinal epithelial barrier function. Increased intestinal permeability 

results in leakage of bacteria, microbial products or other antigens from the intestinal lumen 

into the lamina propria to initiate or exacerbate an inflammatory response. [18 25] Here, we 

demonstrate that intestinal epithelial permeability to 4 kDa FITC-dextran increased during 

H/R injury. Paracellular permeability across intestinal epithelium is in large part regulated by 

the tight junctions. In addition, several studies have demonstrated that occludin endocytosis 

is a common feature of several intestinal diseases and is closely associated with intestinal 

barrier dysfunction. [26 27] We have previously shown that occludin was internalized at 1.5 

hours after ischemic injury and recovered at the 3-hour after ischemic recovery in mice 



 

104 

model. [15] Here, our results from tight junction analysis using western blotting and IF 

indicate that internalization of the tight junction transmembrane protein occludin elevates 

paracellular permeability during in vitro human intestinal H/R injury. 

  The mechanism of MLC-2 phosphorylation by upregulating MLCK protein 

expression is well characterized.  Previous studies have shown that upregulating MLCK 

protein expression triggers occludin internalization in the intestinal epithelium. [27-29] 

However, our results showed that the phosphorylation of MLC-2 increased after hypoxic 

injury without change of MLCK expression. Treatment with Peptide 18, MLCK specific 

inhibitor, reduced paracellular permeability via inhibiting MLC-2 phosphorylation.  MLCK 

is activated by Ca2+/calmodulin in response to an increase in intracellular calcium. H/R 

stimulates intracellular calcium release from an intracellular pool that includes the 

endoplasmic reticulum. [30] Increased MLC-2 phosphorylation in our study may be caused 

by increased intracellular calcium by hypoxic injury.  

 The increased paracellular permeability of 4 kDa FITC-dextran was recovered 4 

hours after hypoxic injury. This results indicates that there are some recovery mechanisms 

involved during reoxygenation. A number of studies have revealed that HIF-1α stimulates a 

barrier protective program in the intestine by increased nonclassical regulators of barrier 

function including mucin, P-glycoprotein, ecto-5’-nucleotidase, CD73, and adenosine A2B 

receptor. [31-33] However, we demonstrate that total protein and mRNA expression of the 

classic regulator occludin was significantly elevated during the recovery. In addition, we also 

showed that disrupted occludin localization was redistributed to the membrane at the 4 hour 

recovery time point. Thus, these results indicate that increased expression and redistribution 
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of occludin related with barrier protective program during H/R injury.  

 In conclusion, our present data demonstrate that the MLCK-dependent occludin 

internalization results in intestinal barrier dysfunction in H/R injury. To the best of our 

knowledge, this is the first experimental study providing evidence to show the role of 

occludin regulated by MLCK in intestinal barrier disruption and recovery during H/R. It is 

suggested that MLCK-dependent MLC phosphorylation may be a critical target for the 

therapeutic treatment of intestinal ischemic/reperfusion injury.  
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Figure 1. Evaluation of paracellular permeability during H/R injury in Caco-2BBe1 

cell. (A) Schematic drawing showing the schedule of flux assay in sublethal H/R injury. (B) 

The hypoxic injury was confirmed by measurement of expression of HIF-1α using western 

blot analysis. Data are mean ± SEM (n=3 experiment).  *p<0.05, versus -2 h (C) The apical-

to-basal paracellular fluxes of 4 kDa FITC-dextran were performed in hypoxia or 

reoxygenation period. Data are expressed as permeability coefficient. Data are mean ± SEM 

(n=5 at each time point). ).  *p<0.05, versus control cell line at each time point. 
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Figure 2. Expression of TJ proteins and mRNAs in H/R injury of Caco-2BBe1 

monolayer. (A) Western blot analysis of total cell lysate in hypoxia/reoxygenation injury. 

The TJ proteins ZO-1, occludin, and claudin-4 were increased expression after hypoxic 

injury. (B) Semi-quantitative analysis was performed with Image-Pro Plus software. 

Expression of occludin was significantly increased after hypoxic injury. (C) Real time-PCR 

analysis of total cell lysate during H/R injury. The TJ mRNA level of occludin was increased 

after hypoxic injury.  Data are mean ± SEM (n=3-4 at each time point). ).  *p<0.05, versus -

2h. 
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Figure 3. Control or hypoxic injured Caco-2BBe1 cells were analyzed by membrane 

and cytosol fractionated analysis for tight junction proteins ZO-1, occludin, and 

claudin-4. Expression of tight junction proteins were detected by immunoblotting. The 

expression of occludin in membrane fraction was significantly decreased after hypoxic injury 

and then recovered during the reoxygenation. Data are mean ± SEM (n=4 at each time point). 

*p<0.05, versus -2h. 
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Figure 4. Control and hypoxic injured Caco-2BBe1 cells were analyzed by 

immunofluorescence for tight junction protein occludin. Permeable support membranes 

were fixed and stained for occludin (green) and nuclei (blue) at indicated time point. 

Immunolocalization of occludin was analyzed by Z stack 3D analysis. Localization of sealing 

tight junction protein occludin was internalized after hypoxic injury. Bars =10 µm.  
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Figure 5. Hypoxic injury induced increased presence of pMCL-2 without change of 

MLCK expression. (A) Total cell lysate were analyzed for pMLC-2 and total MLC-2 by 

western blotting. The expression of pMLC-2 was increased after hypoxic injury. (B) Semi-

quantitative analysis was performed with Image-Pro Plus software. Relative expression of 

pMLC-2 compared with total MLC-2 was significantly increased after hypoxic injury. (C) 

Real time PCR analysis of total cell lysate during H/R injury. The mRNA level of MLCK 

was not changed during H/R injury.  Data are mean ± SEM (n=3-4 at each time point). 

*p<0.05, versus -2h. 
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Figure. 6 Effects of MLCK inhibition on TJ barrier function in H/R injury on the 

human intestinal cell monolayer. A. pMLC-2 and total MLC-2 were detected in total cell 

lysate by western blotting. Caco-2BBe1 cells treated with MLCK inhibitor peptide 18 (Pep 

18) showed reduction in the expression of pMLC-2 during H/R injury compared with the 

untreated monolayer. B. Permeable support membranes treated with MLCK inhibitor Pep 18 

resulted in decreased permeability of 4 kDa FITC-dextran compared with untreated 

monolayer. Data are mean ± SEM (n=5 at each time point). *p<0.05 **p<0.01, versus 

control. # p<0.05 versus hypoxia. C. Occludin endocytosis was reduced during the H/R 

injury after inhibition of MLCK.   
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