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Abstract

The mechanisms underlying diarrhea-predominant irritable bowel syndrome (IBS-D) are poorly 

understood, but increased intestinal permeability is thought to contribute to symptoms. A recent 

clinical trial of gluten-free diet (GFD) demonstrated symptomatic improvement, relative to gluten-

containing diet (GCD), that was associated with reduced intestinal permeability in non-celiac 

disease IBS-D patients. The aim of this study was to characterize intestinal epithelial tight junction 

composition in IBS-D before and after dietary gluten challenge. Biopsies from 27 IBS-D patients 

(13 GFD; 14 GCD) were examined by H&E staining and semi-quantitative immunohistochemistry 

for phosphorylated myosin II regulatory light chain (MLC), MLC kinase, claudin-2, claudin-8, and 

claudin-15. Diet-induced changes were assessed and correlated with urinary mannitol excretion 

(after oral administration). In the small intestine, epithelial MLC phosphorylation was increased or 

decreased by GCD or GFD, respectively, and this correlated with increased intestinal permeability 

(P < 0.03). Colonocyte expression of the paracellular Na+ channel claudin-15 was also markedly 

augmented following GCD challenge (P < 0.05). Conversely, colonic claudin-2 expression 

correlated with reduced intestinal permeability (P < 0.03). Claudin-8 expression was not affected 

by dietary challenge. These data show that alterations in MLC phosphorylation and claudin-15 and 

claudin-2 expression are associated with gluten-induced symptomatology and intestinal 

permeability changes in IBS-D. The results provide new insight into IBS-D mechanisms and can 

explain permeability responses to gluten challenge in these patients.
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Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal disorder characterized 

by abdominal discomfort and altered stool form or frequency.1 The overall incidence of IBS 

in western populations is estimated to be 20%, and appears to be increasing.2, 3 Therapeutic 

options are limited, particularly for patients with diarrhea-predominant IBS (IBS-D), which, 

in part, reflects our limited understanding of IBS pathogenesis.4 It is likely, however, that 

multiple mechanisms, including accelerated colonic transit, increased ion secretion, 

inadequate absorption, low-level immune activation, and increased intestinal permeability all 

contribute to loose stools in IBS-D.4–6

Several factors, including variable symptomatology and disease duration, have made it 

difficult to interpret results from studies comparing normal subjects to IBS-D patients. For 

example, it is impossible to know if differences between normal subjects and patients reflect 

primary pathogenic mechanisms, secondary changes that contribute to disease, or adaptive, 

i.e. homeostatic, compensatory responses that may modify disease severity. This inability to 

differentiate between adaptive and maladaptive, i.e. pathogenic, changes in IBS-D is a major 

obstacle to identification of effective therapies.

We took advantage of mucosal biopsies collected during a previous clinical trial that 

randomized IBS-D patients for challenge with gluten-free diet (GFD) or gluten-containing 

diet (GCD).5 GFD was an effective therapy, as it reduced both numbers of bowel movements 

and intestinal permeability, as assessed by urinary mannitol recovery, relative to subjects 

challenged with GCD. Duodenal and rectosigmoid mucosal biopsies were collected in a 

subset of patients, and small intestinal permeability was measured in each patient before and 

after the dietary intervention. This approach obviated uncertainties associated with 

comparisons between patients and healthy subjects and also controlled for inter-individual 

variation by allowing each patient to be their own reference.

While the previous study was highly informative, it did not comprehensively evaluate 

molecular aspects of barrier regulation in the biopsies obtained. Specifically, the previous 

study assessed ZO-1, occludin, and claudin-1 mRNA expression in small bowel and colon 

biopsies and identified increases in colonic, but not small bowel RNA expression. This was 

not, however, confirmed by immunohistochemistry in the case of ZO-1, and neither 

immunohistochemistry nor other measures of protein expression were used to determine if 

changes in occludin and claudin-1 mRNA expression reflected changes in protein 

expression. Further, the relevance of in vivo occludin downregulation is controversial.7–9 

Finally, while correlative studies have been reported, no published data have assessed the 

impact of ZO-1 or claudin-1 downregulation on intestinal barrier function in vivo, making it 

difficult to understand changes previously reported in IBS.

Here, we focused on three claudin proteins known to be important to intestinal physiology 

and barrier function, claudins-2, 8, and 15, as well as the myosin light chain kinase 
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(MLCK)-myosin II regulatory light chain (MLC) pathway. Each of these has been 

demonstrated to regulate paracellular permeability in response to physiological and 

pathophysiological stimuli.10–15 Our data show that small intestinal epithelial MLCK 

activity, measured as MLC phosphorylation, was upregulated in response to GCD challenge 

and, conversely, downregulated in response to GFD. Neither expression nor localization of 

claudins 2, 8, or 15 within small intestinal epithelia were affected by dietary challenge. 

Within colonic epithelia, the paracellular Na+ channel claudin-15 was markedly upregulated 

following GCD challenge, but MLCK expression and activity were unchanged and neither 

claudin-2 nor -8 expression were affected. These data suggest that the MLCK-MLC 

pathway, which has been shown to regulate tight junction permeability in response to both 

physiological and pathophysiological stimuli, contributes to IBS-D symptomatology. 

Changes in claudin-15 expression can be interpreted as adaptive based on the recognition 

that paracellular Na+ efflux into the lumen supports ongoing transepithelial Na+ and nutrient 

absorption,12, 16 which in turn provides a driving force for water absorption.17

Materials and Methods

Study design and demographics

This study was conducted using biopsies obtained during a double-blind, randomized 

controlled clinical trial of gluten-free diet (GFD) in IBS-D.18 The inclusion criteria required 

that all participants had symptoms consistent with Rome II criteria, which were confirmed 

using a validated questionnaire; that psychological health was intact, as assessed using 

hospital anxiety and depression inventory; and that all participants were ingesting the gluten 

prior to the participation of the study. Exclusion criteria were: (1) evidence of celiac disease 

based on evaluation of biopsies or serologies; prior history of a positive response to gluten 

restriction; gluten exclusion prior to the start of the study; use of tobacco products within the 

previous 6 months; NSAID or aspirin use within the previous week; use of medications 

within the previous 2 days that affect gastrointestinal motility or increase the risk of 

gastrointestinal bleeding.

In the previous study 28 patients, who were equally randomized to the GFD or gluten-

containing diet (GCD), underwent duodenal and colonic biopsies before and after the 4 

week dietary intervention. The randomization sequence was generated by computer and 

including matching the participants on criteria including age, gender, and body mass index. 

One set of post-intervention biopsies for a subject who received GFD was inadequate, 

leaving a total of 27 subjects (13 GFD and 14 GCD) for analysis. All subjects also 

underwent intestinal permeability testing, based on urinary recovery of orally-administered 

mannitol between 2 and 8 hrs after ingestion,18, 19 All investigators were blinded to 

individual patient allocation until all data were collected. The study was approved by Mayo 

Clinic Institutional Review Board and registered at Clinicaltrials.gov, NCT01094041.

This investigation takes advantage of permeability and clinical data as well as biopsies 

collected from the 55 patients during the prior study. Immunohistochemical analyses 

reported here were performed following the previous report based on increased 

understanding of the mechanisms underlying intestinal barrier regulation.
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Immunohistochemistry

Immunohistochemical staining was performed on pre-diet and post-dietary intervention 

specimens from small bowel and colon. Briefly, following de-paraffinization samples were 

rehydrated and antigen was retrieved by boiling in pH 6.0 retrieval solution (Dako, 

Denmark) for 20 minutes. Endogenous peroxidase was quenched by immersion in 3% 

H2O2-methanol solution, and non-specific binding sites were blocked using 5% goat serum 

in PBS solution with 0.025% triton X-100 (Sigma, St. Louis, MO). Primary antibodies 

dilutions were determined empirically in preliminary experiments. For these specimens, 

antibodies and concentrations were: rabbit polyclonal anti-claudin-2 (ab53032, 20 µg/ml, 

Abcam, Cambridge, MA), rabbit polyclonal anti-claudin-8 (NBP1-59157, 10 µg/ml, Novus 

Biologicals, Littleton, CO), rabbit polyclonal anti-claudin-15 (NBP2-13842, 10 µg/ml, 

Novus Biologicals), mouse monoclonal anti-myosin light chain kinase (clone K36, 10 

µg/ml, Sigma, St. Louis, MO), mouse monoclonal anti-Ser19-phosphorylated myosin light 

chain MLC (3675, 2 µg/ml, Cell Signaling, Danvers, MA). After incubation overnight at 

4°C, slides were washed with 0.05% tween-20 in TBS. HRP-conjugated, mouse- and rabbit-

specific secondary antibodies were included in EnVision kits (Dako), which were also used 

to for final detection. Staining conditions were optimized and validated using human and 

mouse control tissues with known changes in protein expression or, in the case of myosin 

light chain, phosphorylation, as previously described.20, 21 In addition, internal controls as 

well as positive and negative controls were included with each staining run.

Microscopic evaluation

H&E-stained slides were evaluated by a subspecialty-trained, gastrointestinal surgical 

pathologist (JRT) to exclude patients with non-IBS diagnoses. Immunohistochemical stain 

intensity was graded on a 6 point scale based on intensity, with 0 indicating no staining and 

6 indicating maximal stain. Scores from at least three separate foci per biopsy were averaged 

to obtain final scores for each case. The scoring system and staining technique were 

validated using specimens with known changes in protein expression or myosin light chain 

phosphorylation. Slides were reviewed by in a blinded manner, with a subset reviewed 

independently by a second observer to validate reproducibility.

All biopsy specimens evaluated included full length villus (duodenum) or intact surface 

(colon) epithelium with foci of well-oriented villi and crypts that were suitable for blinded, 

semi-quantitative evaluation. For each biopsy, five separate 40× fields were examined and 

scored independently using a six point scale. The final score for each biopsy represented the 

aggregate median score.

Statistical analysis

For MLCK, phosphorylated myosin light chain, claudin-2, claudin-8, and claudin-15 

staining the Mann-Whitney rank sum test was used after verifying that the scores were 

normally distributed. The unpaired t test was employed to analyze mannitol excretion 

between GFD and GCD groups before and after diet challenge. For correlation analysis, the 

Spearman correlation coefficient (Rho) was determined using the difference between pre- 

and post-challenge staining scores and the difference between pre- and post-challenge 

mannitol excretion, i.e. urinary recovery, in each subject.
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Results

Myosin light chain kinase and myosin II regulatory light chain phosphorylation

Phosphorylated myosin II regulatory light chain (MLC) and myosin light chain kinase 

(MLCK) expression were detected primarily in the subapical cytoplasm just beneath the 

brush border, and at lateral membranes, consistent with previous work20, 22. As reported 

previously, MLCK expression and MLC phosphorylation were prominent in villus 

enterocytes and surface colonocytes, relative to crypt epithelia (Fig. 1A, Suppl. Figs. 1, 2)23. 

Also consistent with previous studies in IBD and mouse models, changes in MLCK 

expression and MLC phosphorylation were prominent in villus enterocytes and surface 

colonocytes20, 24. It is, therefore, not surprising that MLCK expression and MLC 

phosphorylation were limited in crypt epithelium and not different between groups in this 

study. Our analyses were thus focused on villus and surface enterocytes and colonocytes, 

respectively. Overall expression of MLCK prior to dietary challenge was similar in GFD and 

GCD groups, although there was significant heterogeneity within the overall population.

One exceptional feature of this study was that all subjects were IBS-D patients. This 

removed baseline differences between normal subjects and IBS-D patients from the analysis, 

and therefore eliminated the possibility that any observed differences reflected secondary 

changes that were not specific for IBS-D. Nevertheless, when changes in protein expression 

and MLC phosphorylation were assessed as group data, similar to previous studies 

comparing IBS-D patients and healthy controls, effects were limited and were not 

significantly different between GFD and GCD groups for either small bowel or colon 

biopsies.

Importantly, the present study design allowed each subject to serve as their own control, 

thereby limiting the impact of inter-individual variation due to unrelated factors. When data 

were re-analyzed based on the changes in MLC phosphorylation before and after dietary 

challenge, it became clear that small intestinal epithelial MLC phosphorylation was 

significantly decreased after GFD and, conversely, increased after GCD (Fig. 1B, P = 0.05). 

Morphologically, the increased in MLC phosphorylation were most recognizable as 

enhanced staining at lateral membranes and within the perijunctional actomyosin ring. 

Notably, these changes were more subtle than those previously reported in association with 

active inflammatory bowel disease (IBD),20 consistent with the more limited changes in 

intestinal permeability reported in diarrhea-predominant irritable bowel syndrome (IBS-

D)19, 25 relative to IBD. Colonic epithelial MLCK expression and MLC phosphorylation 

were unaffected by dietary intervention.

Claudins

Claudins are a large family of tetra-spanning tight junction proteins. Some claudins, e.g. 

claudin-2 and claudin-15, are known to form paracellular channels that allow transepithelial 

flux of ions and small solutes.26–29 Expression of other claudins, e.g. claudin-4 and 

claudin-8, reduces paracellular permeability, suggesting that they form the paracellular seal 

or, alternatively, regulate function of channel-forming claudins.30–35 While changes in 

claudin-4 expression have not been associated with disease,35, 36 increased claudin-2 
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expression21, 35–38 and reduced claudin-836 expression have been reported in human and 

experimental inflammatory bowel disease. We therefore assessed claudin-2 and claudin-8 

expression in this study group. Studies in knockout mice have shown that claudin-15, which 

forms a paracellular cation channel, can compensate for loss of claudin-2 

expression.12, 16, 39 Despite these and other data indicating that function of claudin-15 is 

important,13, 40–43 it has not been previously assessed in human disease. We therefore 

focused our analysis on claudins 2, 8, and 15 (Suppl. Figs. 1, 2).

Claudin-2

The paracellular cation and water channel claudin-2 was primarily detected at cell 

membranes at sites corresponding to the apical junctional complex. Faint cytoplasmic 

staining was also observed. In all biopsies, expression was greatest in crypt regions, 

consistent with previous studies of claudin-2 expression in rodent and human intestinal 

mucosae.37, 44 Claudin-2 expression in small intestinal and colonic mucosae was not 

significantly affected by GFD or GCD, either when group expression data or individual 

changes were compared.

Claudin-8

Claudin-8 was detected within the cytoplasm and at apical cell junctions throughout the 

vertical axis. Neither small intestinal nor colonic claudin-8 expression was significantly 

affected by GFD or GCD. As with claudin-2, this was true whether group expression data or 

individual changes were analysed.

Claudin-15

The paracellular cation channel claudin-15 was present within the cytoplasm and at cell 

membranes near the apical junctional complex (Fig. 2A). Expression was detected 

throughout the vertical axis, i.e. from crypt to villus or surface epithelium. Small intestinal 

claudin-15 expression was not significantly affected by GCD or GFD. In contrast, colonic 

claudin-15 expression was markedly altered after dietary gluten challenge (Fig 2B, P < 

0.05), with decreased and increased claudin-15 expression after GFD and GCD, respectively.

Functional analyses

To better assess the relationships between immunohistochemical markers of intestinal barrier 

function and measured small intestinal barrier function, we correlated changes in staining 

parameters with changes in urinary mannitol recovery. We focused on small intestinal barrier 

function because previous work has most consistently linked this, rather than colonic barrier 

function, to IBS-D5. Importantly, mannitol is small and likely to reflect changes in tight 

junction pore pathway permeability rather than epithelial damage.45

As with previous analyses, mannitol recovery varied widely within and between groups.5, 19 

It is, therefore, not surprising that neither GFD nor GCD impacted intestinal permeability, 

measured as urinary mannitol recovery, when group data were compared. However, when 

changes in urinary mannitol recovery were assessed, GFD decreased and GCD increased 

recovery by an average of 2.7 mg and 16.4 mg, respectively. Nevertheless, a high degree of 

interindividual variability prevented this from achieving statistical significance (p=0.07).
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To more directly probe a potential link between GCD, MLC phosphorylation, and increased 

urinary mannitol recovery, the GCD-induced changes in each of these parameters were 

correlated. In GCD-challenged subjects, increased small intestinal epithelial MLC 

phosphorylation correlated positively with increased mannitol excretion (Fig. 3, R = 0.54, P 

< 0.03).

Claudin-2 is well-recognized as forming a paracellular channel that transports small cations, 

i.e. Na+, and water.28, 46, 47 It is less well-recognized that claudin-2- and claudin-15-

mediated efflux of Na+ from the lamina propria to the lumen allows the Na+ recycling that is 

necessary to support Na+-dependent ion and nutrient transport. Thus, perhaps 

counterintuitively, increased claudin-2 or claudin-15 expression can increase intestinal 

absorption of water and nutrients.12, 16, 45, 47, 48 Consistent with this, increased colonic 

claudin-2 expression, particularly within crypts, was significantly associated with decreased 

urinary mannitol recovery in subjects receiving a GFD (Fig. 4, R = 0.55, P < 0.03). 

Correlations between changes in claudin-8 or claudin-15 expression were small or not 

significantly correlated with urinary mannitol recovery.

Discussion

This study follows a previous clinical trial of gluten-free diet (GFD) in patients with diarrhea 

predominant irritable bowel syndrome (IBS-D).18 In that study, challenge with GCD 

resulted in greater numbers of bowel movements and increased small intestinal permeability, 

as assessed by urinary mannitol recovery, relative to subjects challenged with GFD. Analysis 

of biopsies taken before and after dietary challenge failed to detect changes in mucosal 

histology, including numbers of intraepithelial lymphocytes, intramucosal mast cells, or 

epithelial damage18. Thus, paracellular permeability, which is primarily a function of tight 

junction permeability, was considered the most likely explanation for increased mannitol 

flux. Consistent with this, in vitro analyses of cytokine production by peripheral blood 

mononuclear cells from the IBS-D patients studied here showed modest increases in IL-10, 

GM-CSF, TNF expression in response to gluten, relative to rice18.

The previous clinical trial of GCD compared to GFD did detect modest changes in tight 

junction protein mRNA content within mucosal biopsies18. It was not, however, clear if this 

reflected alterations in expression by epithelial or other cell types within the mucosa. For 

example, intraepithelial γδ T lymphocytes have been shown to express occludin, which 

regulates their intraepithelial migration49, 50. While small changes observed might be 

meaningful, immunohistochemical analyses failed to demonstrate changes in epithelial ZO-1 

expression or distribution18. Nevertheless, other studies have reported reduced claudin-1 

protein and mRNA expression in IBS-D patients, relative to healthy controls51. This is 

consistent with the previous report of increased claudin-1 mRNA expression in association 

with reduced symptoms following GFD in the patients studied here18. However, neither 

expression nor distribution of occludin or claudin-1 proteins were analyzed in response to 

GCD or GFD challenge18. Further, other studies have described increased claudin-1 

expression in IBS with constipation (IBS-C)52, which we have recently found to lack 

changes in paracellular permeability (manuscript in preparation, Grover, M. et al.). Thus, 

even though mucosal claudin-1 expression is likely reduced in IBS-D patients relative to 
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healthy controls as well as following challenge with GCD, relative to challenge with GFD, 

the impact on paracellular permeability remains unknown. The relevance of the small 

changes in claudin-1 expression observed is also called into question by the lack of reports 

suggesting any effect of an ~30% reduction in claudin-1 expression, even though complete 

knockout or nearly complete knockdown of claudin-1 expression has been associated with 

defective epidermal barrier function in mice53 and reduced intestinal epithelial barrier 

function in vitro,54 respectively, Further, given the low level of claudin-1 expression within 

the intestine44 and other studies that failed to detect altered claudin-1 expression in IBS-D 

patients,55 it is unlikely that changes in claudin-1 expression can explain barrier loss 

associated with IBS-D. Rather, reduced claudin-1 expression may be a marker of overall 

epithelial health, as it can be restored by ex vivo culture with glutamine.56 Similarly, modest 

reductions in occludin and ZO-1 expression are also unlikely to explain observed 

permeability changes given the normal intestinal barrier function of occludin knockout 

mice8, 9 and the functional redundancy between ZO-1 and ZO-2.57, 58 Finally, while many 

studies have confirmed the presence of intestinal barrier defects in IBS-D patients,25, 51, 59 

the mechanisms underlying such barrier loss remain undefined.

To better characterize the mechanisms responsible for intestinal permeability changes in 

IBS-D patients we appraised biopsies from the carefully characterized group that 

participated in a previous clinical trial assessing responses to GCD versus GFD. This study 

design has the advantage that all subjects were IBS-D patients and that there was a direct, 

timed intervention with biopsies before and after the intervention. In addition, subjects were 

carefully screened to exclude celiac disease as well as other potentially confounding factors, 

e.g. use of nonsteroidal anti-inflammatory drugs.18 Challenge with GFD provided benefit 

relative to challenge with GCD, as measured by clinical features and laboratory data. We 

therefore considered this to be an ideal study set that provided a unique opportunity to 

examine tight junction protein expression and distribution as well as intestinal permeability 

in a site-specific manner. Notably, no patients were on GFD, i.e. they were actively ingesting 

gluten, prior to the beginning of the study and during the pre-dietary intervention stage. One 

might, therefore, ask how they were affected by GCD. The likely explanation is that their 

gluten intake was intermittent and variable, as expected in a normal diet, during the pre-

dietary intervention part of the trial. In contrast, the GCD challenge provided gluten with 

each meal and likely resulted in greater gluten exposure than the patients’ normal diets.

The use of paired biopsies before and after experimental dietary intervention allowed us to 

study tight junction protein expression as a function of diet without confounding factors 

such as inter-individual variability. This approach was particularly powerful because diet 

affected both intestinal permeability and bowel movement frequency. Further, all subjects 

were IBS-D patients, thereby eliminating concerns regarding other potential differences 

between healthy subjects and patients. Finally, the randomization of a single group of IBS-D 

patients to either GFD or GCD arms provides analytical power that is unavailable in 

comparisons between significantly different populations, e.g. healthy and IBS-D subjects. 

Importantly, permeability changes detected were quantitatively small relative to changes 

reported in IBD, consistent with the absence of frank epithelial damage in the patients 

studied here.
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Our observation that no anatomic disease was detectable on traditional hematoxylin and 

eosin-stained sections confirms many previous studies and also demonstrates that 

permeability changes measured here cannot be secondary to epithelial damage, i.e. the 

unrestricted flux pathway.60 We therefore focused on the primary known regulators of tight 

junction barrier function. Myosin light chain kinase- (MLCK-) dependent myosin II 

regulatory light chain (MLC) phosphorylation is now a well-established regulator of tight 

junction permeability in response to both physiological61–65 and pathophysiological17, 20, 24 

stimuli, in both in vitro and in vivo experimental models as well as excised human tissue. 

Increases in tight junction permeability triggered by MLC phosphorylation result in 

enhanced paracellular flux.62, 65–67 Because phosphorylated MLC content reflects the 

balance between kinase and phosphatase activities as well as transcriptional regulation of 

MLCK expression,20, 68, 69 we assessed both MLCK expression and MLC phosphorylation 

in each biopsy.

Small intestinal MLC phosphorylation tended to decrease after challenge with GFD and 

increase after GCD diet. Neither change reached statistical significance, likely due to the 

relatively small sample size of this invasive study. Nevertheless, the changes were reciprocal 

and correlated significantly with mannitol excretion at 2 – 8 hrs, i.e. small intestinal 

permeability. These results provide evidence that this mechanism of tight junction regulation 

is activated during symptomatic in IBS-D and downregulated during symptom abatement. 

Notably, MLCK expression and activation have been shown to be exquisitely sensitive to 

TNF7, 24, 38, 64, 68–70, consistent with previous in vitro analyses of peripheral blood 

mononuclear cells from the IBS-D patients studied here that demonstrated a trend towards 

increased TNF expression in response to gluten, relative to rice18. Such MLCK activation is 

well-recognized to drive occludin internalization7, 24, which unifies our observations with 

previous work that found increases in MLC phosphorylation and cytoplasmic occludin 

staining in IBS-D patients, relative to healthy control subjects55.

To understand the relevance of altered claudin protein expression profiles, it is essential to 

recognize that intestinal paracellular permeability reflects the integrated function of the 

ensemble of claudin proteins expressed. As noted above, modest changes in claudin-1 

expression are unlikely to be critically impact intestinal barrier function. Rather, we focused 

on claudin-2, claudin-15, and claudin-8. Claudin-2 forms a paracellular Na+ and water 

channel28, 29, 71 that increases cation flux across the highly-selective, high capacity pore 

pathway.72, 73 Claudin-2 is typically expressed only in the neonatal period,44 but is 

upregulated in inflammation-associated intestinal diseases, including inflammatory bowel 

disease, and in response to MLCK-driven barrier loss.21, 36–38, 74 Claudin-8 has been 

reported to act as an inhibitor of claudin-2 channel function, thereby reducing intestinal 

permeability.30 Like claudin-2, claudin-15 forms a paracellular Na+ channel that enhances 

pore pathway flux. Notably, claudin-15 is expressed in a pattern that complements that of 

claudin-2, i.e. intestinal epithelial claudin-15 expression increases only after the neonatal 

period44. These and other data12, 16 indicate that claudin-2 and claudin-15 are at least 

partially redundant in terms of function despite markedly different expression patterns 

during development and disease.
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When considered in the context of the functional impact of MLC phosphorylation and 

claudin-2, 8, and 15 expression our data can be unified to provide a potential mechanism for 

increased intestinal permeability and bowel movement number in IBS, as represented by the 

GCD group, relative to health, i.e. the GFD group (Fig. 5). In those challenged with a GCD, 

we detected increased small intestinal MLC phosphorylation, which is known to enhance 

paracellular water efflux.17, 24, 72 Increased colonic claudin-15 expression would be 

expected to compound this problem by allowing Na+ efflux. However, this could also be 

seen as an adaptive response that enhances nutrient and water absorption by allowing 

paracellular Na+ efflux that supports further Na+-dependent transcellular transport. 

Similarly, the correlation between increased colonic claudin-2 expression and reduced 

intestinal permeability in those with challenged with GFD could reflect the ability of 

claudin-2 to promote mucosal to luminal Na+ efflux across crypt epithelium in order to 

support the osmotic gradient that drives luminal to mucosal paracellular water absorption.75 

Together with our demonstration that claudin-15 is expressed in crypt as well as surface and 

villus epithelium while claudin-2 is restricted to crypt epithelium, these observations may 

explain the partially contrasting changes in claudin-2 and claudin-15 expression in response 

to dietary challenges. Finally, it is interesting to note previous studies showing reduced 

JAM-A expression in IBS-D patients76 and a separate report demonstrating increased 

claudin-15 expression in JAM-A knockout mice.77 In vitro studies further suggest that mast 

cell degranulation and tryptase release results in JAM-A and claudin-1 downregulation.76 

These data support the hypothesis that mast cell activity may be responsible for some 

intestinal permeability increases associated with IBS-D, and this topic is deserving of further 

study.

The changes seen after GCD challenge in IBS-D are similar to, though distinct from, 

changes seen in IBD20, 36, 37. Both are associated with increased MLC phosphorylation and 

increased expression of a cation pore-forming claudin (Fig. 5), although some data suggest 

that single-channel conductances across claudin-2 channels29 may be greater than those 

across claudin-15 channels.

We also prevent evidence that, similar to IBD, conductance across the paracellular 

macromolecular flux pathway is increased in IBS-D as a result of increased MLC 

phosphorylation. However, because macromolecular barrier defects associated with IBS-D 

are typically less extensive than those seen in IBD, we hypothesize that the MLC 

phosphorylation in IBS-D may be less than that occurring in IBD and closer to that 

associated with Na+-glucose cotransport.65 Nevertheless, it will be interesting to determine 

if increased MLC phosphorylation in IBS-D is associated with TNFα polymorphisms that 

have also been linked to IBS-D,78 as MLCK is activated by TNFα.24, 64, 68

In conclusion, these data provide evidence that two well-established mechanisms of 

increasing paracellular permeability, i.e. reducing tight junction barrier function, by distinct 

pathways are activated by gluten challenge in IBD patients. Whether other interventions that 

correct barrier loss will have therapeutic benefit remains an important question for future 

studies.
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Figure 1. 
MLC phosphorylation increases after GCD challenge and correlates with increased small 

intestinal permeability. A. MLC phosphorylation is most prominent in villus enterocytes. Bar 

= 50 µm. B. Immunostains showing decreased or increased MLC phosphorylation in small 

intestinal mucosae following challenge with gluten-free or gluten-containing diet (GFD, 

GCD), respectively. MLC phosphorylation within small intestinal epithelium was similar 

prior to dietary challenge. Bar = 25 µm.
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Figure 2. 
Claudin-15 expression increases after GCD challenge. A. Immunostains showing claudin-15 

expression in colonic mucosae before and after challenge with gluten-free or gluten-

containing diet (GFD, GCD). Bar = 25 µm. B. For subjects challenged with GCD, there was 

a significant increase in claudin-15 expression (P < 0.05).
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Figure 3. 
Increased MLC phosphorylation correlates directly with intestinal permeability following 

GCD. For subjects challenged with GCD, there was a direct correlation between the changes 

in MLC phosphorylation and mannitol excretion, a measure of intestinal permeability 

(R=0.54, p<0.03).
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Figure 4. 
Changes in claudin-2 expression correlate inversely with intestinal permeability. A. 
Immunostains showing claudin-2 expression in colonic mucosae from two different subjects 

(#1, #2) before and after challenge with gluten-free diet (GFD). Bar = 25 µm. B. There was 

an inverse correlation between claudin-2 expression and mannitol excretion (R=0.55, 

p<0.03). Points indicating the two subjects shown in A are labeled.
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Figure 5. 
Comparison of alterations in tight junction regulation and net transepithelial transport in 

health, IBS, and IBD. It is possible to explain the pathophysiology observed in IBS and why 

it differs from that in IBD on the basis of the data presented here and published data.
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