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Abstract

Defects in intestinal barrier function are associated with diseases of the gastrointestinal (GI) tract. 

There is growing evidence that increases in intestinal permeability plays a pathogenic role in 

diseases, such as inflammatory bowel disease (IBD) and celiac disease, and functional bowel 

disorders, such as irritable bowel syndrome (IBS). This review takes a unique translational 

approach to discuss the physiological and pathophysiological mechanisms involved in the 

regulation of intestinal barrier function in IBS. The review summarizes the components of the 

intestinal barrier including the tight junction complex within the epithelium, and the methods used 

to assess gut permeability both in vitro and in vivo. Throughout the review, the authors have 

attempted to critically review the latest research from both experimental animal models and human 

studies to appraise whether intestinal barrier dysfunction is a primary cause of functional GI 

disorders, such as IBS....
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INTRODUCTION

The ability of the intestinal epithelium to function as a barrier between the external 

environment and the closely regulated internal milieu is essential for human health. 

Increased gut permeability is associated with several different human diseases, including 

inflammatory bowel disease (IBD), celiac disease, and irritable bowel syndrome (IBS). 

However, whether this increase in gut permeability is an epiphenomenon, an early 

manifestation of disease, or a critical step in disease pathogenesis remains unknown and has 

been the subject of much debate. The overall objective of this review is to provide a critical 

analysis on intestinal barrier function and its role in IBS.

Intestinal permeability: basic physiology

Several components form the multilayered intestinal barrier.1 In the lumen, there is 

degradation of bacteria and antigens by gastric acid and pancreatic juice; in addition, 

commensal bacteria inhibit the colonization of pathogens by production of antimicrobial 

substances. Next, the microclimate close to the epithelium consists of the unstirred water 

layer, glycocalyx, and mucus layer that prevent bacterial adhesion and contains 

antimicrobial products secreted by Paneth cells and secretory IgA from the enterocytes.2–6 

Below the unstirred water layer, glycocalyx, and mucus layer, there are epithelial cells 

separated by junctions that represent homo- and heterotypic binding of extra-cellular 

domains of tight junction proteins.

Several types of proteins contribute to the development of tight junctions (Fig. 1)

1. Integral membrane proteins include the claudin family of proteins that form the 

actual paracellular pore within the tight junction and are associated with other 

transmembrane proteins called occludins.

2. Junctional complex proteins: zonula occludens (ZO)-1 and other cytoplasmic 

proteins, such as ZO-2 and ZO-3 attach to this complex.

3. Cell cytoskeleton structures: microtubules, intermediate- and microfilaments.

Occludin and ZO-1 interact directly with actin.7,8 Claudin-1, 3, 4, 5, and 8 strengthen the 

barrier, whereas claudin-2, 7, 10, and 12 weaken it. Claudin-2 is a prototype channel 

forming, tight junction protein responsible for specific paracellular transfer of solutes across 

epithelium, selective for small cations, but nearly impermeable to anions and uncharged 

solutes of any size. Interestingly, claudin-2 is not expressed in a human colon carcinoma cell 

line (Caco-2). This cell line, when cultured under specific conditions, resembles the 

enterocytes lining the small intestine and has been used as a model system to study intestinal 

epithelial permeability.9 Claudin-5, a tight junction protein found in all endothelia and in 

some epithelia (e.g. kidney tubule), is a barrier builder. Claudin-8 is another barrier builder 

that is relevant to the permeability in the colon and is regulated by Na+ uptake in surface 

epithelial cells of the human colon.10 Also relevant to the barrier properties are adherens 

junctions (or zonula adherens, intermediate junction, or ‘belt desmosome’) that are defined 

as a cell junction where the cytoplasmic face is linked to the actin cytoskeleton.11 At the 

basal pole of the intercellular space, desmosomes are formed by interactions between 

desmoglein, desmocollin, desmoplakin, and keratin filaments.11 Passive permeability 
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(relevant for the passage of larger hydrophilic compounds) is only one of several passage 

routes across the epithelium. Other routes are: transcellular route (lipophilic and small 

hydrophilic compounds); transcellular route via aqueous pores (small hydrophilic 

compounds); active carrier-mediated absorption (nutrients, electrolytes, and some exogenous 

substances, such as peptidomimetic antiobiotics); and endocytosis, followed by transcytosis 

and exocytosis (larger peptides, proteins, and particles).1 Thus, solute and particulate matter 

moves across the intestinal epithelium in a regulated manner either between epithelial cells 

via the tight junction region or across the apical membrane of epithelial cells. Far from being 

a static region, tight junctions are continually being monitored and regulated by both intra- 

and extracellular signals. Signaling molecules that control the assembly and disassembly of 

tight junctions through phosphorylation and dephosphorylation reactions include myosin 

light chain kinase, Rho GTPases, protein kinase C, and mitogen-activated protein kinases. 

For example, zonulin is known to be an important regulator of tight junction permeability 

being released by luminal factors including food and bacterial toxins to act on apical 

receptors to increase permeability and facilitate absorption.12

Relative permeability of the GI tract

Studies of transepithelial resistance in the rat show that the colon is less permeable than the 

small bowel; in fact the colon has strong expression of the barrier claudins-1, 3, 4, 5, and 8. 

In the colon, the claudins mediating permeability are claudins-2, 7, and 12.13 Within the 

small intestinal mucosa, there are different permeation characteristics in the villi and crypts. 

Arrieta et al. reported that the pore size at the villus tip is 4–5 Å, at the villus base 10–15 Å, 

and at the crypt base >20 Å.14 These pore sizes would allow passage of mannitol (~ 3 Å) at 

the villus tip, and solvent drag may occur in this part of the villus given the distribution of 

the sodium-glucose transporter (SGLT1) in the top half of the villi. Moreover, permeability 

probe molecules, lactulose (~6 Å), and 51Cr-EDTA (5.3 Å) are able to pass through the 

barrier at the base of the villi where solvent drag does not occur as there is no SGLT1. 

Finally, the probe molecule, inulin (18 Å), can be absorbed at the base of crypts.

Measuring intestinal permeability

Permeability and the factors controlling it can be assessed in vitro in several ways15–19, and 

was reviewed recently by Shen and colleagues20 including: (i) measurements of 

transepithelial resistance and or assessment of macromolecular flux across isolated segments 

of GI tissue or colonic biopsies in Ussing chambers, (ii) assessing the effects of human 

biopsy extracts or fecal supernatants on permeability to fluorescein isothiocyanate (FITC)-

dextran in confluent monolayers of Caco-2 cells, (iii) morphological measurements of the 

tight junction components, such as myosin light chain kinase and ZO-1 proteins in mucosal 

biopsies, (iv) measurement of dilution potentials, and (v) polyethylene glycol (PEG) 

profiling to assess pore pathways (high capacity size and charge selective route) vs leak 

pathways (low capacity paracellular route).

In patients, the typical measurement of intestinal permeability involves oral ingestion of 

probe molecules, which are not metabolized, but excreted in urine where they can be readily 

measured. Thus, the factors that determine the excretion of the probe molecules are the size 

and charge of the molecule and gut metabolic and renal factors. The molecular size of probe 
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molecules for in vivo measurements has typically ranged from around 150–3350 Da, with 

most of the probes around 150–500 Da.21 Although molecular size is a major determinant of 

intestinal permeability, molecular structure and diameter are also important. For example, 

PEG 400 (a polydisperse of molecules ranging from ~290 to 520 Da) has a higher 

absorption profile than mannitol whose molecular weight is 182 Da.22 Typically, sucrose is 

used as a probe for gastric permeability, mannitol as a marker of small bowel permeability 

(proportional to surface area), lactulose as a marker of damaged small bowel permeability, 

and sucralose as a marker of colonic permeability.14,23 The gut factors that influence the 

measurement of permeability are: concentration gradient across the barrier, the barrier 

function or permeability, contact time, location of the probes (and therefore the transit 

profile of the probe molecules), the surface area of the small and large intestine, and the 

potential for degradation of the molecules by digestion or bacterial degradation. Bacterial 

degradation of sugars by colonic bacteria was investigated in vitro.23 In these experiments, 

aliquots containing all probes were incubated overnight with an aliquot of colonic contents. 

Sucralose does not undergo bacterial degradation, whereas mannitol and lactulose undergo 

approximately the same amount (average ~75%) of bacterial degradation overnight, leading 

to the use of sucralose as a marker of colonic permeability. Typically, studies using a nutrient 

test meal have assumed that the L: M excretion ratio from the 0 to 6 h urine collection 

reflects permeability of the small intestine. In other studies, urine collections during 0–3, 3–

5, and 5–24 h were chosen to reflect the mucosal permeability of the proximal small 

intestine, distal small intestine, and large intestine, respectively. Recent studies that 

administered sugars orally without additional nutrient found that the optimal time for urine 

collections that combine residence of the probe molecules in the small bowel is 0–2 h for 

small bowel and 8–24 h for colonic permeability.24 Rao and coworkers have shown that 

individual sugar excretion profiles reflect the greater small bowel compared with colonic 

permeability; in contrast, the L: M ratios were higher in the 8–24 h collections attributed to 

colonic permeability compared with 0–2 and 2–4 h urine collections (Table 1).24

Potential neuroimmune modulation of intestinal mucosal barrier function

Extrinsic vagal and/or sympathetic efferents or enteric nerves influence the mucosal barrier 

through direct effects via acetylcholine or vasoactive intestinal polypeptide on epithelial 

cells, tight junction protein expression, or through interaction with immune (e.g. mast or 

plasma) cells. During stress and inflammation mast cell mediators, such as TNF-α, tryptase 

[via protease-activated receptor type 2 (PAR-2)], nerve growth factor (NGF), and 

interleukins may affect paracellular permeability (by altering expression of claudins in the 

tight junctions) or the transcellular uptake route (by increasing macropinocytosis), thereby 

disrupting the barrier to antigens and bacteria.14,25–27 The release of serine proteases from 

mast cells results in the activation of PAR-2 on epithelial cells;28 further, activation of 

PAR-2 has been linked with tight junction disassembly and increased permeability.29

Gut permeability and microflora

In a strain and dose-dependent manner, microbes have been shown to directly alter tight 

junction protein expression and/or localization in both in vivo and in vitro models.30–32 Gut 

permeability can be modulated directly by microbes through the release of soluble peptides 

or toxins,30,33 by cellular structural components34 or by metabolites.35–37 The short chain 
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fatty acids, acetate36 and butyrate37 have been shown to have a direct role in the 

enhancement of intestinal epithelial barrier function and subsequent protection against 

pathogens. Microbes can also alter epithelial permeability indirectly through effects on host 

immune cells and the release of cytokines, which can both reduce (i.e. TNFα, IFNγ) or 

enhance (i.e. TGFβ, IL-10) barrier function.14 Manipulation of the gut microflora with 

probiotics, antibiotics, or microbial products results in both an attenuation of disease and a 

restoration of normal gut permeability; thus it is challenging to differentiate whether a 

restoration of gut permeability occurs as a result of an improvement of disease, or if a direct 

effect on gut permeability results in attenuation of disease.30,38,39

Intestinal permeability in animal models

In an attempt to answer the question of whether small intestinal permeability can be an 

initiating factor in colonic disease, studies were carried out using an antagonist to zonulin in 

the IL-10−/− mouse.40 Zonulin receptors only exist in the small intestine; thus, effects of the 

antagonist can only be a result of events occurring in the small intestine. In these studies, 

small intestinal permeability was initially reduced in IL-10−/− mice by the zonulin antagonist 

and development of inflammation was subsequently attenuated, indicating that therapy 

aimed at reducing small intestinal permeability can have effects on disease in distal organs 

possibly via an altered immune response.40 Animal models have shown that alterations in 

intestinal permeability can occur owing to a number of factors as shown in Table 2. Overall, 

the use of animal models to investigate the role of increased gut permeability in disease 

processes has clearly demonstrated that in many situations, an increase in small intestinal 

permeability precedes the development of colonic disease, and that treatment of the 

permeability defect can prevent, or attenuate, disease. However, studies have also 

demonstrated that abnormal small intestinal permeability is not necessarily sufficient to 

induce disease and that other defects in either intestinal homeostasis or immune function 

must be present.41

Another potential mechanism of barrier dysfunction is an increase in epithelial cell 

shedding. Epithelial cell shedding occurs along the entire villus in the small intestine; 

increases in cell shedding may contribute to increased gut permeability.42 In the IL-10−/− 

mouse, there is a 2-fold increase in the density of epithelial gaps compared with wild-type 

mice, and this correlates with the increased intestinal permeability of IL-10−/− mice.43 

Furthermore, in several mouse models, TNFα was shown to increase epithelial cell 

shedding, along with enhancing gut permeability.44 Host-microbial interactions can involve 

toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD), and 

nucleotide leucine-rich repeat (NLR) containing proteins. Toll-like receptors detect 

numerous microbe-associated molecular patterns (MAMPs), including lipopolysaccharide 

(LPS) by TLR4; lipoproteins and lipoteichoic acids by TLR2; flagellin by TLR5; CpG DNA 

by TLR9; dsRNA by TLR3; and ssRNA by TLR7. Activation of TLR2 helps maintain gut 

barrier function through effects on ZO-1 and signaling between PI3Kinase-AkT and PKC 

isoforms via MyD88.39 In addition, activation of the PI3K-Akt pathway also results in a 

reduction in pro-inflammatory signaling through the MAPK-NF-κB pathway.34 In contrast 

to the protective effects of TLR2 signaling, activation of TLR4 can directly increase 
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paracellular permeability, whereas TLR2 activation can protect against a TLR-4 induced 

increase in epithelial permeability.45

Intestinal permeability in functional GI disorders

There are several lines of evidence that support a link between abnormal intestinal 

permeability and functional GI disorders, such as irritable bowel syndrome (IBS)

A. Infection—Infectious gastroenteritis increases gut permeability46 so it was no surprise 

that serial measurements of small intestinal permeability using the urinary L: M excretion 

ratio showed substantially increased values 6 and 12 weeks after Campylobacter jejuni 
gastroenteritis. However, the fact that it remained elevated in individuals with post infective 

IBS (PI-IBS) 4 months to 4 years after their initial infection was unexpected.47 This same 

study also showed that the acute increases in inflammatory cells, particularly T lymphocytes 

and macrophages persisted in a subgroup of patients whose symptoms continued 12 months 

after the initial infection. The persistent increase in small intestinal permeability after gastro-

enteritis was confirmed when the water supply of Walkerton, Ontario, Canada was 

contaminated with Escherichia coli 0147 and C. jejuni. Over 2300 residents developed acute 

bacterial gastroenteritis, and 24 months after the infection, 35% of those with PI-IBS had 

urine L: M excretion ratios >0.02 compared with 13% of those who were infected, but did 

not develop IBS.48 These and other studies suggested the hypothesis that delayed recovery 

from the inflammatory response was a factor in predisposing to PI-IBS.

B. Genetic predisposition—This hypothesis was pursued using a candidate gene 

approach examining 51 genes regulating the response to bacteria, inflammation, and 

permeability. They identified four single nucleotide polymorphisms (SNPs) in three genes, 

which increased the risk of PI-IBS, two in toll-like receptor (TLR)-9, and one each in 

interleukin (IL)-6 and cadherin 1 (CDH1).49 TLR-9 is a pattern recognition receptor, which 

is expressed intracellularly and recognizes unmethylated CpG sequences in bacterial and 

viral DNA, initiating a pro-inflammatory response producing cytokines, such as IL-1 and 

IL-12. IL-6 is a pro-inflammatory cytokine, activated by infection and stress, whereas 

CDH-1 is a cell-cell adhesion glycoprotein that may also control tight junction formation 

and hence influence permeability. Two further SNPs (rs12597188 and rs10431923), 

identified in the fine mapping of CDH1 locus, have also been associated with Crohn’s 

disease and abnormal permeability.50 These findings support the concept that a genetically 

determined over exuberant production of inflammatory mediators or abnormal tight 

junctions might contribute to the persistent increase in gut permeability seen in PI-IBS. 

More recently, an over-expression of TNFSF15 mRNA has been identified after C. jejuni 
infection and in IBS with diarrhea (IBS)-D.51 Zucchelli and colleagues in 201152 

independently identified TNFSF15 as linked to IBS. In both studies, a SNP linked to an 

increased risk of Crohn’s disease and resulting in over-expression of TNFSF15 was more 

common in IBS than controls. However, the relationship of this risk allele to intestinal 

permeability has not yet been demonstrated.

C. Stress—Although infection is the most obvious cause of increased permeability, there 

are numerous animal studies showing that stress may also be a factor. Stress appears to act 
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via mast cells, whose products stimulate T lymphocytes to produce inflammatory cytokines 

including interferon-γ that leads, after a delay of about 48 h, to an increase in colonic 

permeability.53

Evidence for increased permeability in IBS patients

Several studies have shown increased gut permeability in IBS. Studies using the urine 

excretion of 50Cr-EDTA taken with a 200 kcal nutrient test meal showed elevations in both 

0–6 h and 6–24 h urinary collections, which approximate to small and large bowel 

permeability in both PI-IBS and IBS with constipation (IBS-C).54 Another study using the 

ratio of PEG 3500–400 urine excretions showed increases in both IBS-D and IBS-C.55 

Using intestinal biopsies placed directly in mini-Ussing chambers, Piche and colleagues15 

demonstrated that the paracellular permeability to FITC sulfonic acid was significantly 

increased regardless of IBS subtype in a small sample (12 IBS patients). They also showed a 

reduction in a tight junction protein ZO-1 mRNA, but no difference in occludin. Caco-2 

monolayers provide a more convenient model for studying the effect of supernatant from 

IBS biopsies. This technique was used in 39 subjects to show that, in most patients with IBS, 

supernatant obtained from incubated biopsies (regardless of IBS clinical subtype) increases 

the permeability of the Caco-2 monolayer. Interestingly, the effect on permeability in this 

model correlated positively with pain scores.15 The increase in gut permeability caused by 

the IBS supernatant was neither blocked by histamine receptor antagonists nor mimicked by 

histamine. The role of other mast cell mediators, such as proteases and TNF, was not 

defined. Other studies to investigate novel approaches to treat barrier dysfunction in IBS 

have shown that probiotics can enhance barrier function56,57 and the anti-inflammatory 

agent, mesalazine, showed decreased mast cell numbers in IBS in a small pilot study.58

More recently, the role of proteasome degradation of tight junctions proteins has been 

examined in IBS. There was increased trypsin-like proteasome activity and this was 

associated with increased expression of 20S proteasome subunits, both constitutive and 

inducible (β1, β1i, β2, and β2i). Furthermore, the degradation of occludin was increased in 

IBS.59 A subsequent study from the same group showed decreased ZO-1 and occludin 

protein levels in IBS as a whole. The occludin decrease was only seen in IBS-D but not IBS-

C.60 Of particular interest was the disruption of the normal apical expression of claudin-1, 

occludin, and ZO-1 that was irregularly distributed in the IBS patients. Multivariate analysis 

showed only occludin expression was negatively correlated with severity of abdominal 

pain.60 The mechanism underlying increased occludin degradation remains unclear, but 

increased proteasome activity is a feature of human mucosal immune activation61 which 

many other studies suggest plays a role in IBS.

Following several animal studies showing that acute stress increases mast cell numbers and 

gut permeability, studies in humans have demonstrated that acute pain stress, induced by 

immersing the hand in ice cold water, activates mast cells increasing the release of 

histamine, tryptase, and prostaglandin D2 into jejunal perfusates.62 Chronic psychological 

stress might well account for the increased mast cells recorded in the colon of patients with 

IBS who are often anxious or depressed.63 A recent study showed that mast cell numbers in 

the colon of IBS patients correlated (r = 0.64) with fatigue, a common non-colonic feature of 
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IBS.64 Increased mast cells have also been found in the terminal ileum of patients with PI-

IBS65, whereas others have found increased mast cell numbers in duodenal biopsies.66,67 

Human mast cells express corticotrophin releasing factor (CRF) receptors subtype 1 and 2, 

and working with mini-Ussing chambers, it has been shown that human colonic mucosal 

permeability to horseradish peroxidase was increased by CRF, an effect blocked by a mast 

cell stabilizer.68 The potential implication of this increase in permeability is to allow access 

of bacterial antigens to TLR that activate the innate immune system. This hypothesis is 

supported by the finding of increased colonic mucosal expression of human defensin 2 

(HD2) and increased levels of HD2 in the stool of patients with IBS.69 Recent studies 

suggest that increased permeability as measured by L: M ratio is associated with increased 

severity of pain.70 Possible mediators include inflammatory cytokines, mast cell tryptase or 

serotonin, but defining their precise role requires further studies with specific antagonists. In 

summary, both GI infection and chronic psychological stress in susceptible individual 

appears to be able to decrease epithelial barrier function. The associated immune activation 

may well contribute to the elevated cytokines, fatigue, and non-GI symptoms that are 

characteristic of IBS. Mast cell activation releases tryptase, and may act via PAR-2 receptors 

on enteric nerves to contribute to abdominal pain.

Glutamine and intestinal permeability

Previous studies have established that deficiencies in glutamine may lead to increased 

epithelial permeability. Glutamine is a major energy source for rapidly dividing mucosal 

cells of the GI tract. The major utilization of glutamine is in the human GI tract and 

depletion of intestinal glutamine results in epithelial atrophy of intestinal cells and a 

subsequent increase in permeability of the intestinal barrier. On the other hand, 

supplementation with glutamine can restore intestinal membrane permeability71,72, and 

decrease bacterial translocation and intestinal permeability after intestinal injury.73 In IBD 

and in patients with advanced esophageal cancer undergoing radiochemotherapy, glutamine 

supplementation has been shown to decrease intestinal permeability and improve GI 

function.74,75 The administration of glutamine may also provide clinical benefit to critically 

ill patients who develop increased intestinal permeability that leads to septicemia of enteric 

origin.72

Glutamine synthetase (GS) is a key intestinal enzyme that catalyzes the conversion of 

glutamate and ammonia to glutamine. It plays a major role in ammonia detoxification, cell 

signaling, inter-organ nitrogen flux, and acid-base homeostasis. As a result of the multiple 

functions and importance of glutamine synthetase in cellular metabolism, both synthesis and 

catalytic activities are highly regulated. Glutamine synthetase is an important enzyme that 

has been shown to be important for cell proliferation in rat intestinal crypt cells. Inhibition of 

glutamine synthetase has been shown to decrease proliferation of cultured rat intestinal 

cells.76 Mucosal epithelial cells lining the GI tract have a relatively small free glutamine 

pool and rely on glutamine synthetase to maintain adequate levels of intestinal glutamine. 

Decreased levels of intestinal glutamine synthetase present in certain conditions may lead to 

decreased levels of glutamine resulting in a shortage of the energy supply for intestinal 

epithelial cells, resulting in increased intestinal permeability. Thus, in conditions in which 
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there are decreased levels of intestinal glutamine synthetase present, this may also lead to 

decreased glutamine and increased intestinal permeability.

Interestingly, decreased glutamine synthetase has recently been demonstrated in IBS patients 

with increased intestinal permeability associated with altered microRNA (miRNA) 

expression.16,70 miRNAs are small, endogenous, approximately 21–23 nucleotide long, non-

coding RNAs that were first identified in 1993, and have the capacity for gene 

regulation.77,78 miRNAs are now recognized as regulators of biological function processes, 

such as differentiation, proliferation, cellular development, apoptosis, and metabolism. 

Unique miRNAs are cleaved from 70- to 100-nucleotide hairpin pre-miRNA precursors 

which then bind to the three prime untranslated region (3′-UTR) of target mRNAs through 

partial sequence complementarity blocking translation and also causing some degree of 

mRNA degradation. Thus, miRNAs have specific cellular functions that occur through 

altered pairing with target mRNAs of protein coding genes.77,78

miRNAs have been shown to impact a number of chronic diseases and may be involved in 

regulating disease activity in specific GI disorders. One study evaluated patients with both 

active and inactive ulcerative colitis.79 They found differential expression of specific 

miRNAs present in active ulcerative colitis. A study evaluated miR-510 in IBS-D patients 

and found an unique miRNA that targeted the serotonin receptor gene, HTR3E, in IBS 

patients.80 In an extensive study profiling all available miRNAs to identify all possible 

miRNAs that might have potential functional regulation properties in IBS patient’s17 

intestinal biopsies from a subset of IBS-D, who had increased intestinal permeability 

revealed an up-regulation of miR-29a supporting a potential role for miR-29a in regulating 

intestinal permeability in IBS-D patients. The results also confirmed that intestinal 

glutamine synthetase is a target of miR-29a.17 Thus, it was concluded that altered miR-29a 

expression may regulate intestinal permeability in IBS patients through glutamine dependent 

mechanisms based on the functional interaction between miR29a and the GLUL gene.17 In 
vitro cell culture data also confirmed that miR-29a modulates colon and small intestinal cell 

permeability. In addition, miR-29a is also predicted to target claudin-1, an important 

mucosal tight junction protein that regulates paracellular permeability to pathogens and ions. 

As miRNAs have multiple targets, miR-29a may be involved in the regulation of intestinal 

permeability in some IBS patients through multiple target genes. The above study evaluated 

IBS patients with increased intestinal permeability also had reduced levels of intestinal 

glutamine synthetase activity that was functionally associated with increased miR-29a 

expression.17 Therefore, miR-29a appears to play a key role in directly modulating intestinal 

permeability through glutamine dependent signaling pathways that down regulate glutamine 

synthetase expression and lead to increased intestinal permeability.

SUMMARY AND CONCLUSION

In summary, our understanding of intestinal permeability and the mechanisms that regulate 

barrier function have increased significantly over the past few years. However, future 

exploration in experimental models and translational research in human tissue samples are 

required to enhance our understanding of the relationship between the immune system, 

inflammation, intestinal microbial flora, and the intestinal barrier. An important finding in 
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experimental models is that increases in gut permeability occur before the development of 

colonic disease. Therefore, if specific agent(s) that prevent intestinal barrier dysfunction and 

reduce intestinal permeability are identified, they may serve as novel future therapeutic 

approaches to treat IBS. It is our belief that future research should focus on ways of 

enhancing gut barrier function that might well include probiotics and/or gut-selective anti-

inflammatory agents.
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Abbreviations

ACh acetylcholine

CDH-1 cadherin-1

Cr-EDTA chromium ethylenediaminetetracetic acid

CRF corticotrophin releasing factor

ENaC epithelial sodium channel

FITC fluorescein isothiocyanate

GI gastrointestinal

IBD inflammatory bowel disease

IBS irritable bowel syndrome

IFN interferon

IL interleukin

LPS lipopolysaccharide

LR leucine rich

MAMP microbe-associated molecular patterns

miRNA microribonucleic acid

NGF nerve growth factor

NOD nucleotide-binding oligomerization domain

PAR protease activated receptor

PEG polyethylene glycol

PI-IBS post infectious irritable bowel syndrome
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SEM standard error of the mean

SGLT-1 sodium glucose transporter

SNP single nucleotide polymorphism

TLR toll-like receptors

TNF tumor necrosis factor

UTR untranslated region

VIP vasoactive intestinal polypeptide

ZO zonula occludens
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Figure 1. 
Plasma membranes of adjacent cells fuse at tight junctions (reproduced from Turner).11
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Table 2

Mechanisms of altered intestinal permeability

Mechanism References

Alterations in tight junction protein expression or localization Chen et al.82

Abnormal regulation of tight junction function Su et al.41

Dysbiosis in microbial flora resulting in the lack of signals to maintain barrier function Bansal et al.,36 Fukuda et al.,37 

Hamer et al.37

Dysbiosis resulting in an increase in signals that break the barrier Fasano et al.33

Presence of active inflammation and increased presence of pro-inflammatory cytokines and oxidative 
species

Arrieta et al.14

Increased density of epithelial gaps caused by increased cell shedding Liu et al.43
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