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11 The intestinal epithelial barrier function 

1.11.1 In vitro models to study intestinal barrier function 
Adequatee intestinal epithelial barrier function is crucial for the maintenance of physiological 
functionn and for the prevention of uncontrolled immune activation in the gut. The viscous 
mucuss layer covering the intestinal epithelium not only provides a physical-chemical barrier 
preventingg exposure of the mucosal cells to dietary and microbial antigens but also protects 
againstt mechanical and chemical damage. Tight junction complexes positioned between 
epitheliall  cells control the paracellular route of permeability for potentially harmful agents. 
Thee epithelial cell lines T84, Caco-2 and HT29/B6 cells are often used to study the role for 
thee tight junction complex and its individual proteins in regulation of intestinal barrier 
integrity.. These cell lines are suitable since they are capable of forming differentiated 
monolayerss containing functional tight junction strands. To determine tight junction barrier 
integrity,, transepithelial resistance (TER) and permeability for macromolecules were 
measuredd (chapter 2, 5 and 6). The transepithelial resistance is determined with an epithelial 
voltohmm meter which measures the current pulse induced voltage gradient between the apical 
andd basolateral compartment of transwell cultures. This resistance is an almost complete 
reflectionn (95%) of the paracellular tight junction permeability. Moreover, high resistance 
correlatess well with the development of tight junctional complexes and epithelial barrier 
integrity.. Functional permeability for macromolecules was explored by adding marker 
moleculess FTTC-dextran (4kDa) or HRP (40 kDa) to the apical compartment followed by 
recoveryy of the molecules form the basolateral compartment (flux). FTTC-dextran exclusively 
passess via the paracellular route, while HRP may also be transported via the transcellular 
pathwayy 13. We chose to perform our epithelial barrier studies with T84 cells because these 
aree often used to study epithelial barrier function and immune mediated barrier disruption, 
andd develop higher transepithelial resistance in comparison with Caco-2 or HT29/B6 cells ' 
15.. T84, Caco-2 and HT29 (absorptive cell type), and LS174T and HT29-MTX (goblet cell 
type)) human intestinal epithelial cell lines are commonly used to study in vitro mucin 
synthesiss and secretion 16'17. Of these, T84, HT29 and LS174T are known to synthesize 
humann colon type mucin (MUC-2), the gel-forming secreted mucin that is found in the 
intestine.. HT29-MTX less actively produces MUC-2 whereas synthesis is absent in Caco-2 
cellss 17"25. We selected the T84 cell line to study mucin expression since these cells could also 
bee used for evaluation of barrier integrity. Besides T84 cells, the MUC-2 assays were also 
performedd with LS174T cells since these have a goblet cell phenotype.MUC-2 molecules are 
off  extremely high molecular weight, making them particularly difficult to handle in 
conventionall  western blotting experiments. Therefore cellular MUC-2 expression was 
evaluatedd using the dot blot method (chapter 3). 
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InIn vivo, the epithelial cell function is closely regulated by subepithelial myofibroblasts which 
aree located directly underneath the epithelial basal membrane. Myofibroblasts, together with 
thee epithelial cells and mucosal immune cells form a well integrated network and produce 
variouss mediators, e.g. cytokines, growth factors and matrix molecules which affect epithelial 
andd immune functions. Unfortunately, in vitro studies of intestinal barrier function only use 
epitheliall  cells and do not take into account the important regulatory functions of other 
mucosall  cell types such as the mesenchymal cell types. Hence, instead of using only 
epitheliall  cells, we studied epithelial mucin expression and barrier function in an in vitro 
coculturee model integrating epithelial cells, myofibroblasts, and lamina propria mononuclear 
cellss (chapter 2, and 3, figure 1). 

1.21.2 Introduction of an in vitro coculture model to study barrier function 
AA coculture model was set up in which myofibroblasts and epithelial cells were grown in 
directt contact resembling their in situ spatial organization (chapter 2, and 3). Subepithelial 
myofibroblastss are important regulators of epithelial cell function. These cells play a key role 

inn the organization of 
epithelial l 
restitution, , 

proliferation, , 
secretionn and 

differentiationn 26~31. Previous 
studiess have used a similar 
settingg to focus more on the 
regulationn of physiologic 
functionss of epithelial cells 
byy myofibroblasts 2632_34. 
However,, different from our 
model,, these studies did not 
addresss the potential 
regulatoryy role of 
myofibroblastss in immune 
mediatedd barrier disruption 
andd epithelial mucin 
expression.. The coculture 
modell  is described in 
chapterchapter 2. Human intestinal 
epitheliall  cells (T84) were 

culturedd on top of a confluent layer of myofibroblasts (CCD-I8C0, primary cells derived 
fromm the human colon). The latter were grown on transwell inserts. After reaching confluency 
off  the epithelial toplayer the cocultures were examined histologically. This revealed T84 cells 
too form a monolayer of well developed polarized cells on a layer of CCD-I8C0, resembling 

Mucuss layer 

Epitheliumm with apical 
tightt junctions 

Subepitheliall  myofibroblasts 

Laminaa Propria Mononuclear Cells (LPMC) 

Non-stimulatedd or 
Stimulatedd with aCD2/aCD28 or PMA 

Figuree 1 Cartoon of LPMC integrated with the coculture model. CCD-
I8C00 and T84 cells were grown in a bilayer distribution on a transwell 
filterr . Two weeks after confluency of this layer LPMC were added to the 
serosall  compartment. LPMC released pro-inflammatory cytokines after 
stimulationn resulting in barrier disruption revealed by decreased 
resistancee and increased permeability for macromolecules. However 
barrierr disruption was less severe in monolayers of epithelial cells alone 
comparedd to the cocultures revealing a regulatory role for subepithelial 
myofibroblasts. . 
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thee in situ spatial organization of these cell types in the intestinal mucosa. CCD-I8C0 cells 
underneathh the epithelium were functionally active since they produced TGF-Pi and KGF. 
Thee model was also validated to perform barrier studies since transepithelial resistance was 
foundd to be high and basal HRP fluxes low. Under basal conditions there were no differences 
inn development of tight junction barrier integrity (transepithelial resistance) as compared to 
T844 monocultures (chapter 2). Subepithelial myofibroblasts are known to produce mediators 
thatt contribute to epithelial differentiation and barrier integrity. Since we did not observe 
differencess in barrier formation between mono- and cocultures, the growth factors that were 
alreadyy present in the culture medium may have overruled the contribution of the 
myofibroblastss to the development of functional barrier properties. In contrast, under basal, 
nonn stimulated conditions it became apparent that MUC-2 expression was dramatically 
enhancedd in cocultures as compared to monolayers of T84 cells alone (chapter 3). This 
furtherr supported the regulatory role of the subepithelial myofibroblasts. Indeed these cells 
mayy have enhanced epithelial differentiation and regulated mucin expression. Myofibroblast 
derivedd growth factors, like KGF which is known to enhance the goblet cell number and 
herebyy stimulating mucin production, may have contributed to this effect " . Despite T84 
cellss being described as the absorptive type, these cells were found to have intracellular 
mucinn granules and to contain a subpopulation of cells with goblet cell like features 
Recently,, it was found that also in vivo columnar cells secrete mucins 39. Myofibroblasts 
thereforee may have an important role in the regulation of mucin synthesis and secretion by 
intestinall  epithelial cells in general. Different from T84 cells, MUC-2 expression was not 
enhancedd when goblet cell type LS174T cells were cultured on top of the CCD-I8C0. The 
differencess in regulation of mucin expression in LS174T or T84 cells by myofibroblasts 
thereforee deserves further exploration. These differences may involve the production of 
regulatoryy factors by myofibroblasts as well as specific responsiveness of different epithelial 
celll  lines and differences in growth factor receptor expression (e.g. KGFR) on epithelial cells. 
Too study immune mediated barrier disruption we introduced intestinal mucosal immune cells 
inn the coculture model (chapter 2, figure 1). Lamina propria mononuclear cells (LPMC) that 
weree stimulated with the mitogen PMA or aCD2/aCD28 were also introduced in the 
coculturee system. The latter stimulation route represents T-cell receptor activation through 
mimickingg antigenic cross linking; it is known that intestinal mucosal T-lymphocytes are 
preferentiallyy stimulated through CD2 rather than CD3. Both stimulation routes enhanced the 
LPMCC derived secretion of pro-inflammatory cytokines like IFN-y and TNF-a, that are 
knownn to affect epithelial barrier integrity , 5'9 n , 5

< presence of the myofibroblasts did not 
alterr IFN-y, TNF-a and IL-10 secretion by LPMC. For further study on anti-inflammatory 
propertiess of myofibroblast derived mediators, it may be more adequate to incubate 
stimulatedd LPMC directly upon a layer of CCD-I8C0 cells, bringing the cell types in intimate 
contactt or to use concentrated conditioned CCD-I8C0 culture supernatants. This might 
providee useful information since myofibroblasts may undergo direct stimulation by dietary or 
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bacteriall  antigens and may also be exposed to nutritional components or products of bacterial 
fermentationn {chapter 3). This then may give rise to the local production of important 
immunoregulatoryy substances, e.g. PG, TGF-p and IL-1029-3040-41. 

1.31.3 Myofibroblast derived factors regulating mucosal barrier function and 
epithelialepithelial mucin expression 

Subepitheliall  myofibroblasts secrete growth factors, prostaglandins and matrix molecules all 
knownn to contribute to epithelial barrier integrity. Typically, aCD2/aCD28-stimulated 
LPMCC only marginally affected barrier integrity in the coculture, while barrier integrity of 
thee monolayer was dramatically reduced. This finding points to an important regulatory role 
forr the myofibroblasts in immune mediated barrier disruption (chapter 2). Indeed, in culture 
supernatantss of the coculture model, the TGF-Pi concentrations were increased in comparison 
withh monocultures of epithelial cells alone. TGF-Pi induces epithelial organization, and 
differentiationn (microvilli, alkaline phosphatase) and was found to enhance or maintain 
epitheliall  barrier function during exposure to inflammatory mediators 8-9-15-26-32. We initially 
postulatedd that myofibroblast derived TGF-j3j could have contributed to barrier preservation 
duringg LPMC co-incubations. However, cocultures incubated with PMA- or aCD2/aCD28-
stimulatedd LPMC did not differ in TGF-pi concentration, while only the ccCD2/aCD28 route 
off  stimulation resulted in barrier protection. Typically during these stimulations 
myofibroblastt derived KGF concentrations were increased. It has been shown that KGF 
enhancess epithelial woundhealing (restitution, proliferation and differentiation) and reduces 
ulcerationn in animal models of IBD 36,42"44. Moreover, KGF suppresses transcription of IFN-
aandd -y genes by preventing STAT1 trafficking into the nucleus, in human airway 
epitheliumm cells45. Hence, KGF may downregulate mucosal Thi-type inflammatory reactions 
andd therefore is an interesting therapeutic candidate especially since KGF, unlike other 
growthh factors such as EGF, IGF and HGF, KGF, does not enhance proliferation of colon 
cancerr cells26*46'47. Furthermore, different from TGF-pi, there are no reports implicating KGF 
too have detrimental effects on collagen deposition and pathogenic fibrosis despite the known 
effectss of KGF-2 to enhance collagen expression in myofibroblasts 43-46-48-50. Recently, 
repiferminn (truncated KGF-2) was found not to be effective in UC patients, however dosages 
weree low and only given for a short period of time 5I. The question remains whether 
additionall  KGF in IBD patients may further support mucosal protection since mucosal KGF 
expressionn is already high in IBD patients52"54. 

Inn chapter 2 we observed a role for myofibroblasts in the regulation of epithelial barrier 
integrity.. Previous investigations have demonstrated myofibroblasts to regulate epithelial CI" 
secretionn via production of prostaglandins (PG)30-32-33'41. m a coculture setting COX derived 
productss were not found to be essential for the regulation of the tight junction barrier, 
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howeverr in a porcine ischemia model, COX-1 or COX-2 derived PG were found to enhance 
barrierr recovery 32-55,56. Also in vitro barrier disruption by mucosal T-cells and IFN-y, and 
NSAIDD induced colitis in DSS rats could be prevented or ameliorated by administration of 
PGE22

 57_60. Besides their role in epithelial CI" responses and possibly in regulation of barrier 
integrity,, prostaglandins can regulate epithelial mucus secretion 20-39-61-62. During basal as 
welll  as pro-inflammatory conditions epithelial cells have low COX enzyme expression and 
prostaglandinn secretion when compared with the subepithelial myofibroblasts 32-34-40'4,-63'64

-

Mucosall  PG secretion is enhanced by local production of bacterial fermentation products in 
thee intestinal lumen (SCFA), which are also known to stimulate intestinal mucin secretion 65" 
68.. Both PGEi and PGE2 (converted from specific substrates by COX enzymes) stimulate 
mucinn exocytosis via die EP4 receptor which resulted in similar amounts of mucin secretion 
inn rat colon loops 62,69. The EP4 receptor was found to be essential in mucoprotection since 
EP4-deficientt mice developed severe colitis with low dose DSS treatment 60. Furthermore, 
PGEii  analogue misoprostol is particularly effective in preventing NSAID induced gastric and 
duodenall  lesions in arthritis patients 70"72. We compared the efficacy of these PGs in our in 
vitrovitro culture models and found PGEi to enhance epithelial MUC-2 expression more 
efficientlyy than PGE2. Subepithelial myofibroblasts may play an important role in regulation 
off  epithelial mucin expression. To further explore this we determined the effects of SCFA on 
myofibroblastt derived PG secretion and mucin expression in the coculture of epithelial cells 
andd myofibroblasts (chapter 2). Typically the SCFA acetate, propionate, and butyrate, 
enhancedd the PGEi/ PGE2 ratio secreted by the myofibroblasts, due to enhancing PGEi and 
reducingg PGE2 secretion. SCFA enhanced MUC-2 expression when incubated with epithelial 
cellss alone, but the mucus stimulating effect was dramatically pronounced in the coculture 
modell  where myofibroblasts were present. These effects were also seen when epithelial cells 
weree incubated with supernatants of myofibroblasts stimulated with SCFA. We found these 
effectss to be mediated by prostaglandin synthesis (by both epithelial cells and 
myofibroblasts),, since indomethacin treatment could totally abrogate the SCFA effect on 
MUC-22 expression. Hence, myofibroblasts were found to increase epithelial mucin 
expressionn during culture and further enhanced expression after SCFA stimulation. 

Similarr to SCFA it was found that KGF enhances PGEi secretion by subepithelial 
myofibroblastss (chapter 4). Where IL-1(3 enhances both PGEi and PGE2 secretion derived 
fromm pro-inflammatory COX-2, KGF was found in particular to enhance COX-1 expression. 
Inn addition, experiments with specific COX-inhibitors revealed KGF derived PGEi secretion 
too predominantly depend on COX-1 activity. The general viewpoint regarding the role of 
COXX enzymes in intestinal immunoregulation is that constitutive COX-1 expression is 
involvedd in mucosal protection whereas COX-2 induction and PGE2 secretion is associated 
withh inflammation, hyperalgesia and fever 73. For this purpose selective COX-2 inhibitors 
weree developed in order to block inflammation while preserving mucoprotection * . 
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Althoughh this concept has generated selective inhibitors which indeed have anti-
inflammatoryy properties, recent studies have shown that both COX-1 and COX-2 derived PG 
cann be mucoprotective during NSAID or ischaemic induced intestinal damage 56,76"78. 
Ourr data showed PGEt to enhance mucin expression more potently than PGE2, and SCFA 
andd KGF stimulate a mucoprotective PG profile. Polyunsaturated fatty acids, arachidonic 
acidd (AA) and dihomo-y-linolenic acid (DGLA), are COX substrates for respectively PGE2 
(e.o)) and PGEi and can be liberated from the phospholipid pool in the cell membrane by 
PLA22 (phospholipase A2)

79. Dihomo-y-linolenic acid (DGLA) is derived from essential fatty 
acidd linolenic acid which has to be obtained by nutritional intake. DGLA can also be 
convertedd to arachidonic acid by A5-desaturase 69'79-80. in our hands, SCFA and KGF 
differentiallyy regulated PG secretion by subepithelial myofibroblasts under comparable 
experimentall  conditions (culture medium) while substrate availability was not limited since 
PGEii  and PGE2 levels could be easily enhanced after IL-l p stimulation (via COX-2). SCFA 
andd KGF may therefore interfere with cellular processes that regulate COX enzyme substrate 
selectivityy or deliberation of substrates from the phospholipid pool. Selective stimulation of 
mucosall  PGEt release may be an interesting target for nutritional intervention to support 
barrierr maintenance. Nutritional supplementation of PGEi substrate DGLA might be 
considered,, however DGLA can easily be converted to AA, the substrate for PGE2. 
Developmentt of nutritional strategies targeting these mucoprotective pathways, might have 
importantt beneficial effects on barrier integrity and thus for the treatment or prevention of 
inflammatoryy and allergic disease. 

22 Immune mediated barrier disruption 

2.12.1 Pro-inflammatory mediators affecting tight junction structures 
Intestinall  barrier integrity is a dynamic process involving regulation of tight junction protein 
expression.. For example, tight junctions open up to enhance nutrient uptake since activation 
off  sodium-glucose transporter SGLT-1 induces contraction of the peri-junctional actomyosin 
ringring . Furthermore dendritic cells and neutrophils use tight junction proteins to migrate into 
thee intestinal lumen in order to sample or eradicate potentially harmful bacteria or antigens 
4,82.833 j j o w e v e r? increased intestinal permeability in IBD is associated with disruption of tight 
junctionn structures 84"86. Pro-inflammatory cytokines, e.g. TNF-oc and IFN-y, reduce epithelial 
barrierr integrity and mucosal levels of these cytokines are found to be increased during 
chronicc inflammation 5l1-15-87-89. i n chapter 2, activated LPMC and recombinant cytokines 
inducedd barrier disruption in monocultures and less dramatically in cocultures. To simplify 
ourr working model we determined the effects of pro-inflammatory cytokine IFN-y on 
epitheliall  tight junction structures in the absence of myofibroblasts {chapter 5). We chose to 
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studyy IFN-y mediated barrier disruption since it is far more potent than TNF-a, at least in T84 
cellss n. The mechanisms and signaling pathways leading to IFN-y mediated barrier disruption 
aree largely unknown, and targets to prevent this process are yet to be identified ' . We 
thereforee studied the effect of IFN-y on the expression of the newly discovered claudin family 
off  transmembrane tight junction proteins and occludin (chapter 5). Previously, occludin, 
claudin-11 and claudin-4 were found to be functionally involved in maintenance of barrier 
integrityy 43-90~92, while claudin-2 has been associated with leaky tight junctions since claudin-
22 transfection reduced transepithelial resistance of MDCK cells 93. In contrast, our studies 
implicatee claudin-2 to play a functional role in barrier maintenance. IFN-y mediated barrier 
disruptionn was associated with reduced protein expression and enhanced fragmentation of 
claudin-2.. This effect was specific because no such effect of IFN-yon claudin-1,-3, and -4 
proteinn expression was observed. We identified IFN-y to affect barrier disruption via two 
separatee mechanisms. IFN-y mediated reduction of occludin expression involved de novo 
proteinn synthesis whereas inhibition of de novo protein synthesis could not prevent claudin-2 
fragmentation.. Preservation of occludin expression abrogated barrier disruption. On the other 
handd serine protease inhibition prevented IFN-y mediated barrier disruption and was 
associatedd with preservation of claudin-2 expression while occludin expression remained 
reduced.. Typically, also basal claudin-2 expression was enhanced by serine protease 
inhibition.. This suggests that serine proteases regulate claudin-2 turnover under normal 
conditionss and that IFN-y increases serine protease activity, enhancing claudin-2 degradation. 
Identificationn of the protease involved in cleavage of the claudin-2 in our view may provide a 
neww target for therapeutic intervention. Matrix metalloproteinases comprise another group of 
proteasess which were not addressed in this thesis but also are of interest since they are 
activatedd during inflammation and known to degrade occludin 94. IFN-y has also been 
reportedd to diminish expression of ZO-1 by increasing protein turnover, furthermore IFN-y 
decreasedd ZO-1 RNA synthesis and occludin promotor activity, and perturbed tight junctional 
actinn organization714. How these effects relate to our observations deserves further 
exploration.. However, in our experiments IFN-y induced barrier disruption was much less 
severee compared with the studies in which diminished ZO-1 expression and actin 
disorganizationn were found and the effects on occludin promotor activity were obtained in a 
transfectionn model. Apart from affecting tight junction protein expression, IFN-y also 
phosphorylatess MLC 95,96. Although MLC is a physiological regulator of tight junction 
permeability,, MLC phosphorylation may decrease transepithelial resistance over 90% by 
contractionn of the peri-junctional actomyosin ring 81'97. Similar to IFN-y other barrier 
disruptivee agents are capable of enhancing MLC phosphorylation 98'" . Thus, together with 
preventionn of tight junction disruption, inhibition of MLC phosphorylation may provide an 
interestingg target for intervention. Rho controls paracellular permeability via downstream 
effectorss ROCK-MLCK-MLC. This can take place independent of disruption or altered 
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distributionn of tight junction proteins, but also Rho dependent tight junction protein 
redistributionn has been shown 9710°-105. Recently, Rho activation was found to be increased in 
thee intestinal mucosa of patients with active Crohn's disease and rats with TNBS colitis. 
Inhibitionn of Rho in TNBS rats reduced colonic inflammation 106. Authors linked the effect to 
inin vitro inhibition of NFkB activation and consequentially reduced TNF-a production by 
LPMC,, however inhibition of Rho activation may have led to reduced intestinal permeability. 
Hence,, enhanced barrier permeability in IBD has been shown to involve disruption of tight 
junctionn structures and may relate to activation of Rho GTP-ase. It remains to be determined 
whetherr enhanced MLC phosphorylation is a causative factor in the development of Crohn's 
diseasee by increasing intestinal permeability and could therefore be a mechanistic target for 
therapeuticc intervention. 

2.22.2 IFN- ysignaling pathways during epithelial barrier disruption 
Inn chapter 5, we describe IFN-y to specifically target tight junction proteins via distinct 
mechanisms,, thereby increasing epithelial permeability. Figure 2 represents current status of 
explorationn of the mechanisms and signaling pathways that regulate barrier maintenance and 
IFN-yy mediated barrier disruption, including observations from our own lab. In chapter 6, the 
signalingg pathways that are involved in regulation of barrier maintenance and IFN-y mediated 
barrierr defects were explored. The most startling observation, studying the effects of signal 
transductionn inhibitors, was that JNK MAPK inhibition resulted in profound increase in basal 
resistancee and ameliorated IFN-y induced permeability; p38 and ERK MAPK were less or 
nonn effective respectively. JNK is known to be activated in the mucosa of IBD patients and 
mucosall  healing in Crohn's patients treated with a JNK/p38 inhibitor improved 107108. These 
effectss involved reduced activation of mucosal immune cells but could also have caused 
decreasedd intestinal permeability, thereby reducing mucosal antigenic exposure. Studies 
exploringg JNK activation in the mucosal epithelium of IBD patients may provide further 
insightt in the feasibility of the use of JNK inhibitors for diseases involving intestinal barrier 
disfunction.. Indeed, JNK activation was found to enhance vascular permeability this process 
wass mediated via redistribution of tight junction proteins 109. In our in vitro model serum 
derivedd growth factors may have stimulated JNK activation under basal culture conditions, 
explainingg the enhancement of basal resistance by JNK inhibition no. Since JNK inhibition 
enhancess barrier integrity without affecting claudin-2 and occludin expression (data not 
shown),, and JNK is under regulation of Rho GTP-ase, we speculated that JNK inhibition may 
reducee basal and IFN-y induced MLC phosphorylation, resulting in relaxation of the peri-
junctionall  actomyosin ring thus tightening the junctional complex. Alternatively, JNK 
inhibitionn may have resorted in recovery of altered tight junction protein redistribution (like 
inn the vascular endothelium). In a porcine ischaemic-reperfusion model, JNK inhibition also 
enhancedd epithelial barrier integrity which was associated with induction of COX-2 in 
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Figuree 2 IFN-y mediated barrier disruption correlated with reduced claudin-2 and occludin expression. Serine 
proteasess were involved in claudin-2 turnover under basal conditions and IFN-y enhances the protease activity 
resultingg in increased cleavage and diminished claudin-2 expression. Serine proteases did not reduce occludin 
expression,, de novo protein synthesis is required for IFN-y to affect occludin Recent studies have provided 
evidencee for a role of MLC in the regulation of barrier maintenance, physiological opening of tight junctions and 
IFN-yy mediated barrier disruption. PKC and small protein GTP-ases (e.g. Rho) are known to regulate MLC 
phosphorylation.. We observed JNK MAPK inhibition to enhance basal TER, revealing a role for JNK in barrier 
maintenance,, whereas PI3K, PKC and p38/ERK MAPK were not effective or less involved. In contrast, PI3K 
wass identified to regulate IFN-y mediated barrier disruption. Of the other pathways ERK MAPK was not 
effectivee and whether p38/JNK MAPK and PKC interfered with IFN-y signaling remains unclear since these 
inhibitorss also affected basal TER. STAT1 was activated after IFN-y exposure but because STAT1 inhibitors are 
unavailablee up to date the role for STAT1 in IFN-y mediated barrier disruption remains to be elucidated. 
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thee epithelium m . Hence, another explanation might be that COX-2 derived PG contributed 
too enhanced barrier integrity. 

Thee PI3K signaling pathway is known to be involved in immune mediated mediated barrier 
disruptionn 112>113, Interestingly, natural occurring food flavonols exert their effects via 
inhibitionn of several signal transduction cascades and may be potential therapeutic candidates 
too ameliorate intestinal barrier disruption. PI3K indeed partially inhibited IFN-y mediated 
barrierr disruption and similar results were obtained using quercetin which is known to have 
PI3KK inhibitory capacities. Structure equivalents of the flavonol quercetin were found to 
amelioratee macroscopic damage and inflammation in TNBS colitis " . However, these 
effectss were marginal. Although quercetin was only partially effective it still is an interesting 
candidatee for nutritional intervention when used in combination with compounds that inhibit 
JNKK and MLC activation. Typically PKC inhibition aggravated IFN-y mediated barrier 
disruption.. Activation of PKC was shown to decrease MLC phosphorylation. Thus, inhibition 
off  PKC in synergism with IFN-y exposure may have induced MLC phosphorylation 9511?. 
Thiss proposed mechanism remains speculative so far because PKC is also known to regulate 
redistributionn of tight junction proteins 90!18119. None of the inhibitors of PI3K, MAPK and 
PKCC used in this study could totally abrogate IFN-y signaling pathways resulting in barrier 
disruption.. The intriguing question remains whether total blockade of STAT1 activation by 
IFN-yy can prevent barrier disruption. This can only be solved when specific pharmacological 
STT ATI inhibitors become available. McKay et al.112 did use STAT1 transcription factor 
decoys,, however these were found to be only partially effective in transcription blockade. 

Conclusions Conclusions 
Applicationn of the coculture model to study immune mediated barrier disruption and 
epitheliall  mucin expression revealed that myofibroblasts protect barrier integrity under pro-
inflammatoryy conditions and contribute to epithelial mucin expression. These effects involve 
myofibroblastt derived soluble factors including growth factors and prostaglandins. 
Myofibroblastss provide an interesting target for nutritional intervention since they support 
epitheliall  function and should not be neglected when studying intestinal barrier integrity and 
epitheliall  mucin expression. Myofibroblasts enhanced epithelial mucin expression via the 
secretionn of prostaglandins. We observed PGEt to be more effective in enhancing epithelial 
mucinn expression than PGE2. Growth factors (KGF) and bacterial fermentation products were 
foundd to selectively enhance myofibroblast derived PGEi secretion, hereby supporting a 
mucoprotectivee PG profile. In general, nutrients that stimulate bacterial fermentation, or 
enhancee mucosal KGF or PGEi secretion may provide optimal conditions for intestinal 
barrierr maintenance, in particular regarding mucin expression. 
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Ourr studies on IFN-y mediated barrier disruption have shown that besides decreased occludin 
expression,, claudin-2 expression is reduced most probably due to enhanced protease activity 
resultingg in cleavage of claudin-2. Both selective preservation of claudin-2 (by serine 
proteasee inhibition) or occludin (by inhibition of de novo protein synthesis) abrogated IFN-
yy mediated barrier disruption. Hence, functional involvement of claudin-2 and occludin in 
barrierr maintenance was revealed. Identification of the protease enhancing claudin-2 turnover 
underr pro-inflammatory conditions may provide an essential target for intervention since 
serinee protease inhibition could totally overcome IFN-y mediated barrier disruption. Another 
findingfinding of particular scientific interest was that JNK MAPK inhibition resulted in profound 
increasee in basal barrier resistance and reduced IFN-y mediated permeability, implying that 
JNKK is involved in homeostatic regulation of epithelial barrier function. Whether JNK 
activationn is enhanced in the epithelium of patients with disturbed barrier function and by 
whatt mechanism JNK exerts its effect remains topic for further investigation. We therefore 
wouldd like to encourage the exploration of signaling pathways regulating epithelial barrier 
functionn since this may result in the identification of new targets for nutritional intervention 
inn diseases involving increased intestinal permeability. 

References s 
1.. Sanders, S. E., Madara, J. L., McGuirk, D. K., Gelman, D. S. & Colgan, S. P. Assessment of 

inflammatoryy events in epithelial permeability: a rapid screening method using fluorescein dextrans. 
EpithelialEpithelial Cell Biol 4, 25-34 (1995). 

2.. Berin, M. C, Yang, P. C, Ciok, L„  Waserman, S. & Perdue, M. H. Role for IL-4 in macromolecular 
transportt across human intestinal epithelium. Am J Physiol 276, CI046-52 (1999). 

3.. Berin, M. C. et al. Rapid transepithelial antigen transport in rat jejunum: impact of sensitization and the 
hypersensitivityy reaction [see comments]. Gastroenterology 113, 856-64 (1997). 

4.. Rescigno, M. et al. Dendritic cells express tight junction proteins and penetrate gut epithelial 
monolayerss to sample bacteria. Nat Immunol 2, 361-7. (2001). 

5.. Schmitz, H. et al. Tumor necrosis factor-alpha (TNFalpha) regulates the epithelial barrier in the human 
intestinall  cell line HT-29/B6. J Cell Sci 112, 137-46 (1999). 

6.. Sakaguchi, T., Kohier, H., Gu, X., McCormick, B. A. & Reinecker, H. C. Shigella flexneri regulates 
tightt junction-associated proteins in human intestinal epithelial cells. Cell Microbiol 4, 367-81. (2002). 

7.. Mankertz, J. et al. Expression from the human occludin promoter is affected by tumor necrosis factor 
(alpha)) and interferon (gamma). J Cell Sci 113, 2085-2090 (2000). 

8.. Planchon, S. M , Martins, C. A., Guerrant, R. L. & Roche, J. K. Regulation of intestinal epithelial 
barrierr function by TGF-beta 1. Evidence for its role in abrogating the effect of a T cell cytokine. J 
ImmunolImmunol 153, 5730-9 (1994). 

9.. McKay, D. M. & Singh, P. K. Superantigen activation of immune cells evokes epithelial (T84) 
transportt and barrier abnormalities via IFN-gamma and TNF alpha: inhibition of increased 
permeability,, but not diminished secretory responses by TGF-beta2. J Immunol 159, 2382-90 (1997). 

10.. Sugi, K., Musch, M. W., Field, M. & Chang, E. B. Inhibition of Na(+),K(+)-ATPase by Interferon 
gammaa Down-regulates Intestinal Epithelial Transport and Barrier Function. Gastroenterology 120, 
1393-403.(2001). . 

11.. Fish, S. M., Proujansky, R. & Reenstra, W. W. Synergistic effects of interferon gamma and tumour 
necrosiss factor alpha on T84 cell function. Gut 45, 191-198 (1999). 

12.. Madara, J. L. & Stafford, J. Interferon-gamma directly affects barrier function of cultured intestinal 
epitheliall  monolayers. J Clin Invest 83, 724-7 (1989). 

115 5 



ChapterChapter 7 

13.. Adams, R. B., Planchon, S. M. & Roche, J. K. IFN-gamma modulation of epithelial barrier function. 
Timee course, reversibility, and site of cytokine binding. J Immunol 150, 2356-63 (1993). 

14.. Youakim, A. & Ahdieh, M. Interferon-gamma decreases barrier function in T84 cells by reducing ZO-
11 levels and disrupting apical actin. Am J Physiol 276, G1279-88 (1999). 

15.. Planchon, S., Fiocchi, C., Takafuji, V. & Roche, J. K. Transforming growth factor-betal preserves 
epitheliall  barrier function: identification of receptors, biochemical intermediates, and cytokine 
antagonists.. J Cell Physiol 181, 55-66 (1999). 

16.. Niv, Y., Byrd, J. C, Ho, S. B., Dahiya, R. & Kim, Y. S. Mucin synthesis and secretion in relation to 
spontaneouss differentiation of colon cancer cells in vitro. Int J Cancer 50, 147-52 (1992). 

17.. Lesuffleur, T., Barbat, A., Dussaulx, E. & Zweibaum, A. Growth adaptation to methotrexate of HT-29 
humann colon carcinoma cells is associated with their ability to differentiate into columnar absorptive 
andd mucus-secreting cells. Cancer Res 50, 6334-43 (1990). 

18.. van Klinken, B. J. et al. The human intestinal cell lines Caco-2 and LS174T as models to study cell-
typee specific mucin expression. Glycoconj J13, 757-68 (1996). 

19.. McCool, D. J., Marcon, M. A., Forstner, J. F. & Forstner, G. G. The T84 human colonic 
adenocarcinomaa cell line produces mucin in culture and releases it in response to various 
secretagogues.. Biochem J 267, 491-500 (1990). 

20.. Wright, D. H., Ford-Hutchinson, A. W., Chadee, K. & Metters, K. M. The human prostanoid DP 
receptorr stimulates mucin secretion in LS174T cells. Br J Pharmacol 131, 1537-45. (2000). 

21.. Kitamura, H. et al. Alteration in mucin gene expression and biological properties of HT29 colon cancer 
celll  subpopulations. Eur J Cancer 32A, 1788-96 (1996). 

22.. Lesuffleur, T. et al. Differential expression of the human mucin genes MUC1 to MUC5 in relation to 
growthh and differentiation of different mucus-secreting HT- 29 cell subpopulations. / Cell Sci 106, 
771-833 (1993). 

23.. McCool, D. J., Forstner, J. F. & Forstner, G. G. Regulated and unregulated pathways for MUC2 mucin 
secretionn in human colonic LS180 adenocarcinoma cells are distinct. Biochem J 312, 125-33 (1995). 

24.. Axelsson, M. A., Asker, N. & Hansson, G. C. O-glycosylated MUC2 monomer and dimer from LS 
174TT cells are water- soluble, whereas larger MUC2 species formed early during biosynthesis are 
insolublee and contain nonreducible intermolecular bonds. J Biol Chem ITS, 18864-70 (1998). 

25.. Gambus, G. et al. Detection of the MUC2 apomucin tandem repeat with a mouse monoclonal antibody. 
GastroenterologyGastroenterology 104, 93-102 (1993). 

26.. Halttunen, T., Marttinen, A., Rantala, I., Kainulainen, H. & Maki, M. Fibroblasts and transforming 
growthh factor beta induce organization and differentiation of T84 human epithelial cells. 
GastroenterologyGastroenterology 111, 1252-62(1996). 

27.. Kedinger, M., Simon-Assmann, P., Bouziges, F. & Haffen, K. Epithelial-mesenchymal interactions in 
intestinall  epithelial differentiation. Scand J Gastroenterol Suppl 151, 62-9 (1988). 

28.. McKaig, B. C, Makh, S. S., Hawkey, C. J., Podolsky, D. K. & Mahida, Y. R. Normal human colonic 
subepitheliall  myofibroblasts enhance epithelial migration (restitution) via TGF-beta3. Am J Physiol 
276,, G1087-93 (1999). 

29.. Powell, D. W. et al. Myofibroblasts. I. Paracrine cells important in health and disease. Am J Physiol 
277,, CI-9 (1999). 

30.. Powell, D. W. et al. Myofibroblasts. II . Intestinal subepithelial myofibroblasts. Am J Physiol 277, 
CII  83-201 (1999). 

31.. Cario, E., Goebell, H. & Dignass, A. U. Factor XII I modulates intestinal epithelial wound healing in 
vitroo [In Process Citation]. Scand J Gastroenterol 34, 485-90 (1999). 

32.. Beltinger, J. et al. Human colonic subepithelial myofibroblasts modulate transepithelial resistance and 
secretoryy response. Am J Physiol 277, C271-9 (1999). 

33.. Berschneider, H. M. & Powell, D. W. Fibroblasts modulate intestinal secretory responses to 
inflammatoryy mediators. J Clin Invest 89, 484-9 (1992). 

34.. Valentich, J. D., Popov, V., Saada, J. I. & Powell, D. W. Phenotypic characterization of an intestinal 
subepitheliall  myofibroblast cell line. Am J Physiol 111, C1513-24 (1997). 

35.. Egger, B. et al. Keratinocyte growth factor promotes healing of left-sided colon anastomoses. Am J 
SurgSurg 176,18-24(1998). 

36.. Zeeh, J. M. et al. Keratinocyte growth factor ameliorates mucosal injury in an experimental model of 
colitiss in rats. Gastroenterology 110, 1077-83 (1996). 

37.. Iwakiri, D. & Podolsky, D. K. Keratinocyte Growth Factor Promotes Goblet Cell Differentiation 
Throughh Regulation of Goblet Cell Silencer Inhibitor. Gastroenterology 120, 1372-1380. (2001). 

116 6 



SummarizingSummarizing discussion 

38.. Housley, R. M. et al. Keratinocyte growth factor induces proliferation of hepatocytes and epithelial 
cellss throughout the rat gastrointestinal tract. J Clin Invest 94,1764-77. (1994). 

39.. Halm, D. R. & Halm, S. T. Secretagogue response of goblet cells and columnar cells in human colonic 
crypts.. Am J Physiol 277, C501-22. (1999). 

40.. Mahida, Y. R. et al. Adult human colonic subepithelial myofibroblasts express extracellular matrix 
proteinss and cyclooxygenase-1 and -2. Am J Physiol 273, G1341-8 (1997). 

41.. Hinterleitner, T. A., Saada, J. I„  Berschneider, H. M , Powell, D. W. & Valentich, J. D. IL-1 stimulates 
intestinall  myofibroblast COX gene expression and augments activation of CI- secretion in T84 cells. 
AmAm J Physiol 271, CI262-8 (1996). 

42.. Jeffers, M. et al. A novel human fibroblast growth factor treats experimental intestinal inflammation. 
GastroenterologyGastroenterology 123, 1151-62.(2002). 

43.. Han, D. S. et al. Keratinocyte growth factor-2 (FGF-10) promotes healing of experimental small 
intestinall  ulceration in rats. Am J Physiol Gastrointest Liver Physiol 279, G1011-22. (2000). 

44.. Miceli, R. et al. Efficacy of keratinocyte growth factor-2 in dextran sulfate sodium-induced murine 
colitis.. J Pharmacol Exp Ther 290,464-71. (1999). 

45.. Prince, L. S., Karp, P. H., Moninger, T. O. & Welsh, M. J. KGF alters gene expression in human 
airwayy epithelia: potential regulation of the inflammatory response. Physiol Genomics 6, 81-9. (2001). 

46.. Beck, P. L. & Podolsky, D. K. Growth factors in inflammatory bowel disease. Inflamm Bowel Dis 5, 
44-60(1999). . 

47.. Alderson, R. et al. In vitro and in vivo effects of repifermin (keratinocyte growth factor-2, KGF-2) on 
humann carcinoma cells. Cancer Chemother Pharmacol 50,202-12. (2002). 

48.. van Tol, E. A. et al. Bacterial cell wall polymers promote intestinal fibrosis by direct stimulation of 
myofibroblasts.. Am J Physiol 277, G245-55 (1999). 

49.. Border W, R. E. Transforming growthfactor b in disease: the dark side of tissue repair. J. Clin. Invest. 
90,1-7(1992). . 

50.. Mourelle, M. et al. Stimulation of transforming growth factor betal by enteric bacteria in the 
pathogenesiss of rat intestinal fibrosis. Gastroenterology 114, 519-26 (1998). 

51.. Sandborn, W. J. et al. Repifermin (keratinocyte growth factor-2) for the treatment of active ulcerative 
colitis:: a randomized, double-blind, placebo-controlled, dose-escalation trial. Aliment Pharmacol Ther 
17,, 1355-64. (2003). 

52.. Finch, P. W., Pricolo, V., Wu, A. & Finkelstein, S. D. Increased expression of keratinocyte growth 
factorr messenger RNA associated with inflammatory bowel disease. Gastroenterology 110, 441-51. 
(1996). . 

53.. Bajaj-Elliott, M., Breese, E., Poulsom, R., Fairclough, P. D. & MacDonald, T. T. Keratinocyte growth 
factorr in inflammatory bowel disease. Increased mRNA transcripts in ulcerative colitis compared with 
Crohn'ss disease in biopsies and isolated mucosal myofibroblasts. Am J Pathol 151, 1469-76 (1997). 

54.. Finch, P. W. & Cheng, A. L. Analysis of the cellular basis of keratinocyte growth factor overexpression 
inn inflammatory bowel disease. Gut 45, 848-55 (1999). 

55.. Blikslager, A. T., Roberts, M. C, Young, K. M , Rhoads, J. M. & Argenzio, R. A. Genistein augments 
prostaglandin-inducedd recovery of barrier function in ischemia-injured porcine ileum. Am J Physiol 
GastrointestGastrointest Liver Physiol 278, G207-16. (2000). 

56.. Blikslager, A. T. et al. Recovery of ischaemic injured porcine ileum: evidence for a contributory role of 
COX-11 and COX-2. Gut 50, 615-23. (2002). 

57.. Barrera, S., Lai, J., Fiocchi, C. & Roche, J. K. Regulation by prostaglandin E2 of interleukin release by 
TT lymphocytes in mucosa. J Cell Physiol 166, 130-7 (1996). 

58.. Wallace, J. L. & Chin, B. C. Inflammatory mediators in gastrointestinal defense and injury. Proc Soc 
ExpExp Biol Med 214, 192-203 (1997). 

59.. McCain, K., Yursik, B., Halim, S. & Roche, J. K. Peri-epithelial origin of prostanoids in the human 
colon.. J Cell Physiol 194, 176-85. (2003). 

60.. Kabashima, K. et al. The prostaglandin receptor EP4 suppresses colitis, mucosal damage and CD4 cell 
activationn in the gut. / Clin Invest 109, 883-93. (2002). 

61.. Plaisancie, P. et al. Effects of neurotransmitters, gut hormones, and inflammatory mediators on mucus 
dischargee in rat colon. Am J Physiol 275, G1073-84 (1998). 

62.. Belley, A. & Chadee, K. Prostaglandin E(2) Stimulates Rat and Human Colonic Mucin Exocytosis Via 
thee EP(4) Receptor. Gastroenterology 117, 1352-1362 (1999). 

63.. Kim, E. C. et al. Cytokine-mediated PGE2 expression in human colonic fibroblasts. Am J Physiol 275, 
C988-94.. (1998). 

117 7 



ChapterChapter 7 

64.. Singer, II et al. Cyclooxygenase 2 is induced in colonic epithelial cells in inflammatory bowel disease. 
GastroenterologyGastroenterology 115, 297-306. (1998). 

65.. Scheppach, W. Effects of short chain fatty acids on gut morphology and function. Gut 35, S35-8. 
(1994). . 

66.. Awad, A. B., Kamei, A., Horvath, P. J. & Fink, C. S. Prostaglandin synthesis in human cancer cells: 
influencee of fatty acids and butyrate. Prostaglandins Leukot Essent Fatty Acids 53, 87-93. (1995). 

67.. Finnie, I. A., Dwarakanath, A. D., Taylor, B. A. & Rhodes, J. M. Colonic mucin synthesis is increased 
byy sodium butyrate. Gut 36,93-9 (1995). 

68.. Shimotoyodome, A., Meguro, S., Hase, T., Tokimitsu, I. & Sakata, T. Short chain fatty acids but not 
lactatee or succinate stimulate mucus release in the rat colon. Comp Biochem Physiol A Mol Integr 
PhysiolPhysiol 125, 525-531 (2000). 

69.. Fan, Y. Y. & Chapkin, R. S. Importance of dietary gamma-linolenic acid in human health and nutrition. 
JNutrJNutr 128, 1411-4.(1998). 

70.. Leandro, G. et al. Prevention of acute NSAID-related gastroduodenal damage: a meta- analysis of 
controlledd clinical trials. Dig Dis Sci 46, 1924-36. (2001). 

71.. Bardhan, K. D. et al. The prevention and healing of acute non-steroidal anti-inflammatory drug-
associatedd gastroduodenal mucosal damage by misoprostol. Br J J Rheumatol 32,990-5. (1993). 

72.. Grazioli, I. et al. Multicenter study of the safety/efficacy of misoprostol in the prevention and treatment 
off  NSAID-induced gastroduodenal lesions. Clin Exp Rheumatol 11, 289-94. (1993). 

73.. Gold, M. S., Zhang, L., Wrigley, D. L. & Traub, R. J. Prostaglandin E(2) modulates TTX-R I(Na) in rat 
colonicc sensory neurons. J Neurophysiol 88, 1512-22. (2002). 

74.. Flower, R. J. The development of COX2 inhibitors. Nat Rev Drug Discov 2, 179-91. (2003). 
75.. Hawkey, C. J. COX-2 inhibitors. Lancet 353, 307-14. (1999). 
76.. Berg, D. J. et al. Rapid development of colitis in NSAID-treated IL-10-deficient mice. 

GastroenterologyGastroenterology 123, 1527-42. (2002). 
77.. Sigthorsson, G. et al. COX-1 and 2, intestinal integrity, and pathogenesis of nonsteroidal anti-

inflammatoryy drug enteropathy in mice. Gastroenterology 122, 1913-23. (2002). 
78.. Morteau, O. et al. Impaired mucosal defense to acute colonic injury in mice lacking cyclooxygenase-1 

orr cyclooxygenase-2. ƒ Clin Invest 105,469-78. (2000). 
79.. Johnson, M. M. et al. Dietary supplementation with gamma-linolenic acid alters fatty acid content and 

eicosanoidd production in healthy humans. J Nutr 127, 1435-44. (1997). 
80.. Darlington, L. G. & Stone, T. W. Antioxidants and fatty acids in the amelioration of rheumatoid 

arthritiss and related disorders. Br J Nutr 85, 251-69. (2001). 
81.. Turner, J. R. et al. Physiological regulation of epithelial tight junctions is associated with myosin light-

chainn phosphorylation. Am J Physiol 273, CI378-85. (1997). 
82.. Colgan, S. P., Parkos, C. A., Delp, C, Arnaout, M. A. & Madara, J. L. Neutrophil migration across 

culturedd intestinal epithelial monolayers is modulated by epithelial exposure to IFN-gamma in a highly 
polarizedd fashion. J Cell Biol 120,785-98 (1993). 

83.. Kucharzik, T., Walsh, S. V., Chen, J., Parkos, C. A. & Nusrat, A. Neutrophil transmigration in 
inflammatoryy bowel disease is associated with differential expression of epithelial intercellular junction 
proteins.. Am J Pathol 159, 2001-9. (2001). 

84.. Marin, M. L., Greenstein, A. J., Geiler, S. A„  Gordon, R. E. & Aufses, A. H. A freeze fracture study of 
Crohn'ss disease of the terminal ileum: changes in epithelial tight junction organization. Am J 
GastroenterolGastroenterol 78, 537-47. (1983). 

85.. Schmitz, H. et al. Altered tight junction structure contributes to the impaired epithelial barrier function 
inn ulcerative colitis. Gastroenterology 116, 301-9. (1999). 

86.. Gassier, N. et al. Inflammatory bowel disease is associated with changes of enterocytic junctions. Am J 
PhysiolPhysiol Gastrointest Liver Physiol 281, G216-28. (2001). 

87.. Reimund, J. M. et al. Increased production of tumour necrosis factor-alpha interleukin-1 beta, and 
interleukin-66 by morphologically normal intestinal biopsies from patients with Crohn's disease. Gut 39, 
684-9.(1996). . 

88.. Parronchi, P. et al. Type 1 T-helper cell predominance and interleukin-12 expression in the gut of 
patientss with Crohn's disease. Am J Pathol 150, 823-32. (1997). 

89.. Fais, S. et al. Interferon expression in Crohn's disease patients: increased interferon-gamma and -alpha 
mRNAA in the intestinal lamina propria mononuclear cells. J Interferon Res 14, 235-8 (1994). 

118 8 



SummarizingSummarizing discussion 

90.. Clarke, H., Soler, A. P. & Mullin, J. M. Protein kinase C activation leads to dephosphorylation of 
occludinn and tight junction permeability increase in LLC-PK1 epithelial cell sheets. / Celt Sci 113, 
3187-96.. (2000). 

91.. Sonoda, N. et al. Clostridium perfringens enterotoxin fragment removes specific claudins from tight 
junctionn strands: Evidence for direct involvement of claudins in tight junction barrier. J Cell Biol 147, 
195-204.(1999). . 

92.. Van Itallie, C, Rahner, C. & Anderson, J. M. Regulated expression of claudin-4 decreases paracellular 
conductancee through a selective decrease in sodium permeability. J Clin Invest 107, 1319-27. (2001). 

93.. Furuse, M., Furuse, K., Sasaki, H. & Tsukita, S. Conversion of Zonulae Occludentes from Tight to 
Leakyy Strand Type by Introducing Claudin-2 into Madin-Darby Canine Kidney I Cells. J Cell Biol 153, 
263-72.. (2001). 

94.. Alexander, J. S. & Elrod, J. W. Extracellular matrix, junctional integrity and matrix metalloproteinase 
interactionss in endothelial permeability regulation. JAnat 200,561-74. (2002). 

95.. Zolotarevsky, Y. et al. A membrane-permeant peptide that inhibits MLC kinase restores barrier 
functionn in in vitro models of intestinal disease. Gastroenterology 123, 163-72. (2002). 

96.. Ferrier, L., Nicolas, C, Fioramonti, J. & Bueno, L. A pivotal role of IFN-gamma and myosin light 
chainn kinase in stress-induced impairment of the colonic epithelial barrier in mice. Gastroenterology 
124,, A-315. (2003). 

97.. Hecht, G. et al. Expression of the catalytic domain of myosin light chain kinase increases paracellular 
permeability.. Am J Physiol 271, C1678-84. (1996). 

98.. Hopkins, A. M., Walsh, S. V., Verkade, P., Boquet, P. & Nusrat, A. Constitutive activation of Rho 
proteinss by CNF-1 influences tight junction structure and epithelial barrier function. J Cell Sci 116, 
725-42.. (2003). 

99.. Smitham, J. E. & Barrett, K. E. Differential effects of apical and basolateral uridine triphosphate on 
intestinall  epithelial chloride secretion. Am J Physiol Cell Physiol 280, C1431-9. (2001). 

100.. Walsh, S. V. et al. Rho kinase regulates tight junction function and is necessary for tight junction 
assemblyy in polarized intestinal epithelia. Gastroenterology 121, 566-79. (2001). 

101.. Hirase, T. et al. Regulation of tight junction permeability and occludin phosphorylation by Rhoa-
pl60ROCK-dependentt and -independent mechanisms. J Biol Chem 276, 10423-31. (2001). 

102.. Jou, T. S., Schneeberger, E. E. & Nelson, W. J. Structural and functional regulation of tight junctions 
byy RhoA and Racl small GTPases. J Cell Biol 142,101-15. (1998). 

103.. Gopalakrishnan, S., Raman, N., Atkinson, S. J. & Marrs, J. A. Rho GTPase signaling regulates tight 
junctionn assembly and protects tight junctions during ATP depletion. Am J Physiol 275, C798-809. 
(1998). . 

104.. Nusrat, A. et al. Rho protein regulates tight junctions and perijunctional actin organization in polarized 
epithelia.. Proc Natl Acad Sci USA 92, 10629-33. (1995). 

105.. Amano, M. et al. Phosphorylation and activation of myosin by Rho-associated kinase (Rho- kinase). J 
BiolBiol Chem 271, 20246-9. (1996). 

106.. Segain, J. P. et al. Rho kinase blockade prevents inflammation via nuclear factor kappa B inhibition: 
evidencee in Crohn's disease and experimental colitis. Gastroenterology 124, 1180-7. (2003). 

107.. Hommes, D. et al. Inhibition of stress-activated MAP kinases induces clinical improvement in 
moderatee to severe Crohn's disease. Gastroenterology 122, 7-14. (2002). 

108.. Waetzig, G. H., Seegert, D., Rosenstiel, P., Nikolaus, S. & Schreiber, S. p38 mitogen-activated protein 
kinasee is activated and linked to TNF-alpha signaling in inflammatory bowel disease. J Immunol 168, 
5342-51.(2002). . 

109.. Pedram, A., Razandi, M. & Levin, E. R. Deciphering vascular endothelial cell growth factor/vascular 
permeabilityy factor signaling to vascular permeability. Inhibition by atrial natriuretic peptide. J Biol 
ChemChem 277,44385-98. (2002). 

110.. Manning, A. M. & Davis, R. J. Targeting JNK for therapeutic benefit: from junk to gold? Nat Rev Drug 
DiscovDiscov 2, 554-65. (2003). 

111.. Shifflett, D. E., Jones, S. L., Young, K. M. & Blikslager, A. T. The role of mitogen activated protein 
kinasee (MAPK) pathways in recovery of ischemic-injured porcine ileum. Gastroenterology 124, A-317. 
(2003). . 

112.. McKay, D. M., Botelho, F., Ceponis, P. J. & Richards, C. D. Superantigen immune stimulation 
activatess epithelial STAT-1 and PI 3-K: PI 3-K regulation of permeability. Am J Physiol Gastrointest 
LiverLiver Physiol 279, G1094-103. (2000). 

119 9 



ChapterChapter 7 

113.. Ceponis, P. J., Botelho, F., Richards, C. D. & McKay, D. M. Interleukins 4 and 13 increase intestinal 
epitheliall  permeability by a phosphatidylinositol 3-kinase pathway. Lack of evidence for STAT 6 
involvement.. J Biol Chem 275, 29132-7. (2000). 

114.. Sanchez de Medina, F., Galvez, J., Romero, J. A. & Zarzuelo, A. Effect of quercitrin on acute and 
chronicc experimental colitis in the rat. J Pharmacol Exp Ther 278, 771-9. (1996). 

115.. Sanchez de Medina, F., Vera, B., Galvez, J. & Zarzuelo, A. Effect of quercitrin on the early stages of 
haptenn induced colonic inflammation in the rat. Life Sci 70, 3097-108. (2002). 

116.. Ocete, M. A. et al. Effects of morin on an experimental model of acute colitis in rats. Pharmacology 57, 
261-70.. (1998). 

117.. Turner, J. R. et al. PKC-dependent regulation of transepithelial resistance: roles of MLC and MLC 
kinase.. Am J Physiol 277, C554-62. (1999). 

118.. Chen, M. L., Pothoulakis, C. & LaMont, J. T. Protein kinase C signaling regulates ZO-1 translocation 
andd increased paracellular flux of T84 colonocytes exposed to Clostridium difficil e toxin A. J Biol 
ChemChem 111, 4247-54. (2002). 

119.. Mullin, J. M. et al. Overexpression of protein kinase C-delta increases tight junction permeability in 
LLC-PK11 epithelia. Am J Physiol 275, C544-54. (1998). 

120 0 


