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Abstract
The intestinal barrier is a complex and well-controlled physiological construct 
designed to separate luminal contents from the bowel wall. In this review, we 
focus on the intestinal barrier’s relationship with the host’s immune system 
interaction and the external environment, specifically the microbiome. The bowel 
allows the host to obtain nutrients vital to survival while protecting itself from 
harmful pathogens, luminal antigens, or other pro-inflammatory factors. Control 
over barrier function and the luminal milieu is maintained at the biochemical, 
cellular, and immunological level. However, disruption to this highly regulated 
environment can cause disease. Recent advances to the field have progressed the 
mechanistic understanding of compromised intestinal barrier function in the 
context of gastrointestinal pathology. There are numerous examples where bowel 
barrier dysfunction and the resulting interaction between the microbiome and the 
immune system has disease-triggering consequences. The purpose of this review 
is to summarize the clinical relevance of intestinal barrier dysfunction in common 
gastrointestinal and related diseases. This may help highlight the importance of 
restoring barrier function as a therapeutic mechanism of action in gastrointestinal 
pathology.
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Core Tip: Intestinal barrier dysfunction is an underlying pathophysiological feature in 
many gastrointestinal diseases. Understanding barrier dysfunction may help drive a 
deeper understanding of gastrointestinal pathology and identify novel way(s) to 
manage and/or treat disease. Here, we summarize the evidence supporting intestinal 
barrier dysfunction in common immune-mediated gastrointestinal diseases and its 
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INTRODUCTION
The gut contains about 0.2 kg, or approximately 40 trillion cells, of bacteria (commonly 
referred to as the microbiome) and maintains a highly specialized architecture to 
manage the host’s interaction with food-borne and bacterial antigens[1]. While the 
epithelial monolayer and multiprotein junctional complexes [e.g., tight junctions (TJs)] 
comprise the primary physical barrier, other cell types, such as mucin-producing 
Goblet cells and Paneth cells, have antimicrobial functions[2,3]. The bowel’s defense 
system is further supported by proximal lymphoid tissue, which is critical to 
maintaining homeostasis with respect to microorganisms beneficial to the host as well 
as responding to pathogenic invaders. This interconnected system facilitates a robust 
immune response and allows broad coverage over a large surface area. In fact, it is 
estimated that the intestinal lining contains more immune cells and produces more 
antibodies than any other organ[4].

Barrier maintenance is challenged by the rapid turnover of intestinal epithetical 
cells–occurring every 4-5 d[5]. Homeostasis is readily maintained, in part, due to cell 
shedding and stem cell proliferation within the intestinal crypts; however, loss of 
intestinal barrier function may expose antigens of the microbiome to immune cells 
inside luminal epithelium. This can activate an immune response and cause pathology. 
The purpose of this review is to characterize and quantify the clinical relevance of 
impaired intestinal barrier function in common gastrointestinal diseases. Specifically, 
we will review Crohn’s disease (CD), ulcerative colitis (UC), diarrhea-predominant 
irritable bowel syndrome (IBS-D), and an emerging pharmacotherapy-associated 
condition known as immune checkpoint inhibitor-related colitis. In addition to 
reviewing the current state of knowledge, this review may help identify knowledge 
gaps in the understanding of impaired intestinal barrier function and highlight the 
relevance of restoring barrier function as a therapeutic mechanism of action.

CLINICAL ASSESSMENT OF BOWEL PERMEABILITY
Functional in vivo assessment of bowel permeability relies on the measurement of 
orally administered sugars, or some other indigestible probe, that reflects non-
mediated absorption through the paracellular and/or transcellular route. Selection of 
an appropriate test probe involves knowledge of the molecules’ properties, route(s) of 
permeation, and potential confounding variables-which have been described 
elsewhere[6]. A summary of clinically available probes is listed in Table 1.

Lactulose/mannitol
The lactulose/mannitol (L/M) test is the most widely used method to evaluate small 
intestinal permeability in vivo. The basis for a two-sugar test relies on the para- and 
transcellular absorption pathways of lactulose and mannitol. Mannitol is a 
monosaccharide approximately 6.5 Å in molecular diameter and is readily absorbed by 
passive diffusion through the membrane of bowel epithelium (transcellular transport). 
In contrast, the larger disaccharide lactulose (9.5 Å) is minimally absorbed because of 
its size; however in abnormal situations (e.g. pathology) lactulose can fit through 
intercellular spaces and becomes absorbed via the paracellular route (Figure 1)[7-9]. 
Following absorption into the blood stream, both sugars are then renally secreted by 
glomerular filtration without active re-absorption and are thus readily measurable in 
blood and urine. Because of the paracellular vs transcellular absorption pattern of 
lactulose and mannitol, the L/M ratio is small (or close to zero) under normal 
physiological conditions. In disease, alterations to lactulose and/or mannitol excretion 
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Table 1 Functional probes used to clinically assess bowel permeability in humans

Functional probe Proposed test site Sample site Ref.
51Cr-EDTA Whole intestine Urine Bjarnason et al[14], 1983

Lactulose/mannitol1 Small intestine Plasma/urine Rao et al[11], 2011

PEG400 Whole intestine Urine Ma et al[132], 1990

Sucralose2 Colon Urine Anderson et al[133], 2004

Sucrose2 Gastroduodenal Urine Meddings et al[134], 1993

1Cellobiose and L-rhamnose have been used as alternatives to lactulose and mannitol, respectively.
2Usually in combination with lactulose/mannitol. 51Cr-EDTA: Chromium-51-ethylenediaminetetra-acetate.

Figure 1  Absorption pathways of lactulose and mannitol.

are thought to reflect pathological features of leakiness (lactulose) normalized to 
surface area (mannitol)[10]. Hence, the L/M ratio is higher under pathological 
conditions due to increased paracellular absorption of lactulose. Both sugars cannot be 
metabolized by bacteria in the small bowel (but are by colonic bacteria) and are 
unaffected by differences in liver metabolism, which ensure its integrity is maintained 
for measurement[6]. The L/M test consists of concomitant oral administration of 
lactulose and mannitol (dissolved in water) followed by timed blood or urine 
collection (up to 24 h). Urinary excretion from 0 to approximately 5 h reflects small 
intestine permeability, although methodological enhancements of the L/M tests 
suggest that shorter time frames (e.g., 0-2 h) may be ideal[11]. L/M can also be measured 
in serum to reduce complications of timed urine collections. For example, one dual 
sugar test was shown to have similar results when analyzing either serum or urine[12]. 
The serum-based test was simpler because it required less sample volume, needed a 
short waiting time after sugar ingestion (1 h compared to 5 h for urine collection), and 
was more cost-effective to analyze than urine[12]. The L/M test has also shown intra-
individual and analytical repeatability, making it a simple and reliable measurement 
method[13].

The primary results of the test are expressed as lactulose-to-mannitol ratio (e.g. 
lymphocyte-to-monocyte ratio (LMR) in urine: %lactulose/%mannitol where “%” 
represents the percentage of the ingested dose) with a higher LMR indicating 
increased small intestine permeability. Other sugars have been investigated (e.g. L-
arabinose, L-rhamnose, raffinose) but there appears to be no widely-accepted practical 
benefit over L/M[6].

Chromium-51-ethylenediaminetetra-acetate 
Chromium-51-ethylenediaminetetra-acetate (51Cr-EDTA) is a radiolabeled form of the 
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indigestible EDTA. 51Cr-EDTA is orally administered and transverses the lumen 
paracellularly, similar to large sugars, where it is readily excreted in urine[14]. 51Cr-
EDTA is believed to cross both the small and large intestine, in contrast to lactulose 
and mannitol, which predominately transverses the small intestine only[15]. Moreover, 
when combined with a sugar probe to correct for small intestinal absorption, 51Cr-
EDTA allows assessment of colonic permeability because it is not metabolized by the 
microbiome of the colon. Routine usefulness of the test, however, appears to be limited 
by reliability and practicality (e.g., up to 24 h urine collection, requires gamma counter, 
short shelf-life of 51Cr)[6,14].

Confocal laser endomicroscopy
Confocal laser endomicroscopy is an in vivo real-time imaging method that can detect 
and quantify mucosal abnormalities at the microscopic level following administration 
of a contrast agent. It has several clinical applications such as in the identification of 
dysplasias/neoplasias, diagnostic work-up of Inflammatory bowel disease (IBD), and 
other surgical use cases. Confocal laser endomicroscopy has been also experimentally 
applied to assess intestinal permeability[16,17]. The main advantage is that it can quantify 
permeability at specific intestinal site(s), which may be cross-referenced with 
histological or endoscopic findings. However, the technique remains experimental and 
there appears to be no well-validated methodology or robust reproducible findings in 
the literature[18]. Technical and analytical challenges may have also contributed to its 
lack of wide spread acceptance.

IBD
IBD is a group of chronic gastrointestinal disorders primarily consisting of CD and 
UC. Genetic susceptibility and environmental triggers underly the etiology of 
pathology which converge to activate an immune response associated with 
compromised intestinal barrier[19-21]. For example, nucleotide-binding oligomerization 
domain 2 (NOD2), expressed in ileal Paneth cells, is induced in response to the 
presence of bacterial components and activates an innate immune response; genetic 
analysis has confirmed the relationship between mutations in NOD2 and CD and it is 
estimated that 30%-50% of CD patients in the Western hemisphere harbor one mutant 
allele of NOD2[22-24]. Two pathogenic alleles increases the risk of CD by 20-40 times[23,24]. 
These data suggest that certain susceptibility factors may contribute to 
dysfunctional/overactive innate and adaptive immune pathways that may not be able 
to self-regulate as it would under normal or homeostatic conditions. Substantial data 
implicate abnormal bowel barrier function as an underlying pathological feature of 
IBD.

CD
CD is a chronic relapsing-remitting inflammatory disease of the gastrointestinal tract, 
the cause of which remains generally unknown. The disease affects the gastrointestinal 
tract discontinuously from mouth to anus, but most commonly the disease is located 
both in ileum and colon (40%), followed by a disease in the small bowel only (30%), 
and in the colon only (25%). CD can lead to severe disability and significant reduction 
in quality of life[25,26]. Abnormal intestinal barrier function has been a well-established 
pathological feature of CD for nearly 40 years[27-31]. Impaired intestinal function may be 
multifactorial but structural barrier damage appears to be an characteristic 
pathological feature (Table 2).

The intestinal barrier, as it relates to bowel epithelial function, consists of a 
polarized monolayer of epithelial columnar cells connected by TJs, an intercellular 
feature designed to create separation between gut and lumen. Four groups of proteins 
comprise TJs: Occludin tricellulin, junctional adhesion molecule, and claudins[32-35]; The 
latter appear to have a particular crucial role in barrier function including seal or pore-
forming properties and may act as paracellular channels for small ions[36-39]. The 
relevance of TJ abnormalities in CD has been demonstrated in sigmoid colon biopsies, 
which revealed a reduction in the number of TJ strands, reduced depth of TJ 
meshwork, and strand breaks[40]. Expression of sealing claudin-3, -5 and -8 and 
occludin were diminished, indicating altered TJ structure[40-42]. The pore-forming 
claudin 2 also appears to be upregulated[40,43]. These data were generated from patients 
with mild-to-moderate CD, suggesting that impaired TJ structure may characteristic 
that occurs early in disease progression. This is consistent with the hypothesis that 
permeability abnormalities are a primary disorder, as evidenced by healthy first-
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Table 2 Clinical intestinal permeability function in gastrointestinal diseases

Disease Disease activity Functional probe Intestinal permeability change Ref.

Not reported C/M ↑ Secondulfo et al[135], 2001

Not reported 51Cr-EDTA ↑ Jenkins et al[136], 1987

Low activity and high activity Iohexol Low activity: ↑; high activity: ↑ Gerova et al[55], 2011

Low activity and high activity L/M Low activity: ↑; high activity: ↑ Benjamin et al[57], 2008

Remission, low activity, and 
high activity 

L/M Remission: ↔; low activity: ↑; high 
activity: ↑

Welcker et al[82], 2004

Remission L/M ↑ Wyatt et al[52], 1993

Low activity L/M; L/R; R/M L/M: ↑; L/R: ↑; R/M: ↔ Katz et al[30], 1989

CD

Low activity L/M; L/R; L/PEG; PEG/M; 
PEG/R

↔ Munkholm et al[45], 1994

Not reported 51Cr-EDTA ↑ Jenkins et al[136], 1987

Remission, low activity, and 
high activity

C/M; C/R; L/M; L/R; Remission: ↔ or ↑1; low activity: ↔ 
or ↑1; high activity: ↑

Welcker et al[82], 2004

Low activity and high activity Iohexol Low activity: ↑; high activity: ↑ Gerova et al[55], 2011

Remission L/M; S; Su ↑ Büning et al[83], 2012

UC

Remission L/M/S/Su/E/R ↔2 Wegh et al[81], 2019

51Cr-EDTA ↑ Gecse et al[103], 2012

51Cr-EDTA ↑ Dunlop et al[102], 2006

L/R ↑ Mujagic et al[105], 2014

L/M ↑ Shulman et al[98], 2014

L/M ↑ Vazquez-Roque et al[100], 
2012

L/M ↑ Zhou et al[104], 2009

IBS-D Active

L/R ↑ Zhou et al[137], 2010

1Increased or no change depending on the functional test.
2Study did not include a true (healthy) control arm. 51Cr-EDTA: Chromium-51-ethylenediaminetetra-acetate; C: Cellobiose; CD: Crohn’s disease; E: 
Erythritol; IBS-D: Diarrhea-predominant irritable bowel syndrome; L: Lactulose; M: Mannitol; PEG: PEG400; R: L-rhamnose; S: Sucrose; Su: Sucralose; UC: 
Ulcerative colitis; ↑: Increase; ↔: No change.

degree relatives of CD patients who display detectable permeability defects and who 
also have a higher risk of developing CD compared to healthy non-relatives[44-47]. 
Zeissig et al[40] (2007) also discovered that epithelial apoptosis was increased in mild-to-
moderate CD, a feature previously thought to be specific to UC[40]. These data implicate 
that both changes to TJ structure and epithelial apoptosis may serve as a mechanistic 
explanation(s) consistent with barrier dysfunction. This hypothesis is also consistent 
with less pronounced changes to TJ structure and epithelial apoptosis in patients in 
remission, suggesting that epithelial structure may correlate with clinical symptoms, 
although permeability alterations have been observed in areas evident of lesions in 
addition to areas absent of macroscopic injury[48,49].

Increased intestinal permeability in patients with CD is well-recognized and has 
also been shown to associate with symptomatic status in patients with IBD. In one 
prospective study, patients with symptomatic IBD had a significantly higher median 
Confocal Leak Score (CLS) (19.0) than patients with asymptomatic IBD (7.3; P < 0.001) 
or control subjects (5.9, P < 0.001)[50]; no differences in CLS were found between control 
subjects and asymptomatic IBD patients, suggesting that low barrier function may be a 
causative mechanism underlying IBD symptoms. This was confirmed on a symptom 
level when regression analysis revealed that every increase in CLS of 1.9 correlated 
with an additional diarrheal motion per day[50]. Other studies have found a 
relationship between increased intestinal permeability in clinically inactive patients 
and also demonstrated a correlation with pending disease relapse[51,52]. Wyatt et al[52] 
(1993) prospectively followed 72 CD patients in symptomatic remission and following 
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a L/M test, discovered the permeability index (PI) was significantly higher in patients 
than in controls at baseline (0.046 vs 0.018, respectively)[52]. After one year, the relapse 
rate was 70% in CD patients who had an abnormal PI compared to 17% of patients 
who had a normal PI. The sensitivity of the PI as predictor of relapse was 81% and 
specificity was 73%. Other studies are consistent with these findings and have 
estimated relative risk of relapse within 1 or 2 years in patients with elevated intestinal 
permeability to be approximately 3-18[7,17,51,53]. This may be explained, in part, by the 
association between increased intestinal permeability, inflammation, and disease 
activity (i.e. Crohn’s disease activity index)[54,55]. In addition, increased epithelial gaps 
as measured by confocal laser endomicroscopy appear to predict hospitalization or 
surgery in patients with IBD[56]. These data point to elevated bowel permeability that 
may allow for a greater probability of interaction between certain pathogens of the 
microbiome with the epithelial immune system of the bowel.

Elevated intestinal permeability may also indicate greater disease involvement. For 
example, more patients with ileo-colonic disease (57.8%) had an abnormal PI as 
measured by L/M compared to 26.7% and 15.6% of patients with colonic and small 
intestinal disease, respectively[57]. The authors also found that patients with stricturing 
disease had a significantly elevated LMR compared to patients with non-fistulizing 
non-stricturing disease. These data highlight the clinical relevance of intestinal 
permeability measures in the context of disease involvement, symptoms of the IBD 
disease, and as trigger for relapse that may suggest restoring barrier function may be a 
useful approach to maintain remission[7,52,53,58,59]. It should be noted that not all studies 
have found intestinal permeability abnormalities in CD[45]. Although the reasons for 
this observation are not clear, differences in study design, study population, selected 
probe, sample size, and analytical methods, among others, may contribute to 
conflicting literature reports.

As noted earlier, increased intestinal permeability may or may not occur in the 
presence of histological findings. Protein antigen uptake in macroscopically normal 
segments of distal ileum of patients with CD was reported to be increased despite 
being histologically unaffected[60]. Early histological lesions appear to occur in the 
follicle-associated epithelium (FAE) of lymphoid follicles and Payer’s Patches located 
in the mucosa, which can occur even in the presence of normal overlying 
epithelium[61,62]. Indeed, Keita et al[63] (2008) discovered enhanced intercellular and 
transcellular uptake of E. Coli across FAE in ileal CD, but not UC, indicating defective 
barrier function at immunological inductive sites[63]. This appears to be related to 
microtubule-, microfilament-dependent internalization and transcytosis of bacteria 
associated with enterocyte cytoskeletal changes under conditions of stress–further 
linking structural changes to increased permeability[64]. In vivo studies support bacterial 
translocation secondary to increased paracellular permeability as the mechanistic basis 
for chronicity and/or acute relapses in IBD[65]. These examples may help explain the 
relevance of barrier function and associated functional tests in the absence of 
endoscopic and/or histological findings.

Most available treatments in CD aim to control symptoms (e.g., thiopurines, and 
steroids) or reduce the immune response, for example by inhibiting tumor necrosis 
factor-α (TNF-α) (e.g. infliximab, adalimumab, golimumab, and certolizumab 
pegol)[66]. Although anti-TNF-α agents have proven clinically beneficial, approximately 
1 in 3 do not respond to induction therapy, and of those who do respond, 
approximately 1 in 3 become secondary non-responders during maintenance 
therapy[67-71]. Anti-TNF-α agents are also associated with several side effects (e.g. risk of 
infection, malignancies, skin lesions, immune reactions, peri-operative complications, 
and decreased fertility)[72-75]. Persistent diarrhea in patients with CD despite mucosal 
healing (Mayo scores of 0-1 or segmental endoscopic severity CD scores of 0-5) is not 
uncommon suggesting that achieving mucosal healing alone through conventional 
management may be insufficient in some patients. This may warrant developing 
therapies targeted to intestinal barrier dysfunction and dysbiosis[76]. We suggest that 
next generation treatments for CD should focus on restoring bowel barrier function as 
a way to induce and maintain remission which may also prevent some of the side 
effects of long-term general immunosuppressive therapy.

UC
Similar to CD, the pathogenesis of UC appears to be related to both genetic and 
environmental susceptibility factors. UC differs in that it continuously affects the colon 
and perirectal region with shallow and indiscrete ulcers associated with inflammation 
limited to the mucosa. Structural characterization of the epithelia in UC appears less 
robust compared to the available evidence available in CD; however, some notable 
defects have been reported. Freeze-fracture electron microscopy revealed epithelial cell 
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TJ strand count was reduced by approximately 30% in UC biopsies compared to 
controls[77]. This paralleled the authors findings that found a 50% and 80% reduction in 
total and epithelial wall resistance, respectively, using alternating current impedance 
analysis, which indicates a leak-flux imbalance that may help explain diarrhea in 
UC[77]. Similar studies corroborate these reports and also suggest that apoptotic foci are 
a source of epithelial leaks that appear more pronounced with increasing 
inflammation[78]. Indeed, Th2 cytokines, e.g., interleukin (IL)-13, have been shown to be 
important effector molecules relevant to epithelial dysfunction that affect tight 
junctions and cellular apoptosis[79]. Cytokine-mediated altered expression of TJs 
appears to occur at the signal transduction level[80].

In contrast to CD, patients with UC and in remission generally do not always 
appear to have notable permeability defects (Table 2). Wegh et al[81] (2019) reported that 
when using a 5-sugar test, intestinal permeability in patients with UC in clinical 
remission was not different compared to historic values (e.g., lactulose/rhamnose 
approximately 0.02-0.06), although the study did not include a true control arm[81]. 
Urinary sucrose excretion and sucralose/erythritol ratio also appeared normal. This 
was consistent with normal or slightly abnormal inflammatory markers in the study 
population, suggesting that functional permeability tests may have little relevance in 
subclinical disease particularly in the absence of abnormal biomarkers. Similar 
findings were observed by Welcker et al[82] (2004) when using multiple functional 
probes[82]. In a larger study including patients with UC in remission and healthy first 
degree relatives however, an elevated LMR was observed significantly more often in 
UC patients in remission (28.1%) compared with healthy controls (6.1%; P < 0.001)[83]. 
This is somewhat paradoxical as UC affects the colon, and gastroduodenal and colonic 
permeability were found to be normal using sucrose and sucralose as functional 
markers, respectively. However, healthy first degree relatives also had an higher 
prevalence of elevated LMR compared to controls (20% vs 6.1%, respectively, P = 0.01), 
possibly indicating that abnormal permeability may be a risk factor rather than a 
reliable marker of disease, at least in patients in remission[83].

Despite histological and in vitro evidence indicating colonic barrier abnormalities, 
clinical data that reliably demonstrate altered barrier function in active UC appears 
less clear compared to CD. This may be related to the observation that intestinal 
permeability is in UC less prevalent than in CD[55]. Welcker et al[82] (2004) for example 
reported increased permeability in patients with low and high activity UC[82]. 
However, the interpretation of this evidence is potentially limited by the use of 
multiple functional tests (multiplicity) and low sample size (e.g., n = 4 in patients with 
highly active UC). Further research is needed to clarify the magnitude, clinical 
relevance, and true anatomical location(s) of impaired barrier function, particularly in 
active UC.

The therapeutic goals of UC are similar to CD: Induce and maintain remission. 
Biologic agents including anti-TNF-α agents, Janus kinase inhibitors, IL-12/IL-23 
inhibitors, and integrin receptor antagonists are considered when conventional 
therapies (e.g. aminosalicylates, oral immunomodulators, and corticosteroids) are 
inadequate. Because these agents are immune-targeting, they carry traditional down 
side risks of potentially long-term immunosuppression and can have notable 
contraindications (e.g. in patients with advanced heart failure or neurological 
conditions)[84].

IBS
IBS is primarily characterized by recurring abdominal pain and bowel movement 
changes without discernable gross pathology[85]. Patients experience mixed symptoms 
such as pain, bloating, abnormal stools, and dyspepsia and are categorized by stool 
pattern: Diarrhea predominant (IBS-D), constipation predominant (IBS-C), or mixed 
(IBS-M). IBS is highly prevalent (global prevalence: Approximately 10%) and 
negatively affects quality of life, work productivity, and can even cause severe 
disability[86-88].

The pathophysiology of IBS appears multifactorial. Historically, environmental and 
psychosocial triggers, genetic modifiers, intestinal dysmotility, microbiota 
disturbances, and bile acid malabsorption, among others, had been proposed[89-93]. 
However, more recently IBS is thought to be a disease of the gut-brain axis with the 
trigger being an interaction between the microbiome and certain immune cells[94]. Mast 
cells, for example, have been shown to correlate with intestinal permeability in 
patients with IBS-D and are a key mediator of downstream inflammation that are also 
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linked to symptoms such as pain[95,96]. Emerging evidence continues to support mast 
cells as central to the initiation and symptomatic presentation of IBS.

Gastroenteritis (especially related to Campylobacter jejuni infection) has been shown 
to precede or cause IBS symptoms, particularly in IBS-D, suggesting that alterations to 
the intestinal milieu and subsequent immune stimulation may be a primary driver 
contributing to IBS-D pathology[91,97]. Spiller et al[97] (2000) was among the first to report 
increased gut permeability (approximately 4-fold increase in LMR compared to 
controls) in a small cohort of patients with post-dysenteric IBS[97]; immunohistology 
also revealed elevated CD3, CD4, and CD8 lymphocyte counts in the lamina propria, 
consistent with the known relationship between the immune system and gut 
permeability. Subsequent studies have confirmed these observations[91,98-100]. Thus, 
impaired intestinal barrier function and subsequent microbial infiltration have become 
central to the proposed gut disease model in certain forms of IBS[101]. The pathogenesis 
of IBS also appears to link a relationship between the microbiome, gut, and brain, as 
neural networks have been shown to be influenced by the composition of the gut 
microbiome[94]; therefore the gut-brain axis is highly relevant in the pathophysiology of 
IBS.

IBS-D 
Increased intestinal permeability appears greatest in IBS-D. Dunlop et al[102] (2006) 
showed that proximal small intestinal permeability, as measured by 51Cr-EDTA, was 
significantly higher in patients with postinfectious IBS-D compared to patients with 
IBS-C and healthy control subjects[102]. Patients with IBS-D but without a history of 
acute gastroenteritis had the highest median excretion of 51Cr-EDTA in the study, 
further implicating the diarrhea-predominant phenotype with impaired intestinal 
barrier function; colonic permeability has been shown to correlate with stool 
frequency, suggesting site-specific defects in barrier function may be related to disease 
severity[103]. Similar observations have been reported in the literature[104,105]. IBS-C was 
not included in this review because intestinal permeability appears to be normal in 
this patient population[106].

The relationship between intestinal permeability and symptoms was evaluated by 
Gecse et al[103] (2012) who used 51Cr-EDTA as an intestinal permeability probe in 
patients with IBS-D[103]. The number of stools per week was significantly correlated 
with permeability (Pearson r = 0.62; P = 0.0057). Interestingly, 51Cr-EDTA excretion 
was only elevated compared to control when measured between 5 and 24 h after 
ingestion, suggesting that colonic, but not small intestine, permeability may explain 
the study findings and indicates that site-specific permeability may be a feature of IBS-
D[103]. 51Cr-EDTA excretion was similar to patients with UC, suggesting that impaired 
bowel function in IBS-D may be more similar to IBD than IBS-C. It should also be 
noted that molecular markers of impaired intestinal barrier function help further 
establish the mechanistic association with IBS-D. These data indicate a strong link 
between intestinal barrier dysfunction, IBS-D, and disease severity. This shows that 
there is a good correlation between IBS-typical symptoms and the degree of increased 
bowel permeability. These data also indicate that the pathophysiology of IBS-D seems 
to differ from IBS-C.

Other measures of symptomatic disease severity, including visceral and thermal 
hypersensitivity to pain [visual analog score (VAS) and bowel severity (FBDSI score)], 
have been shown to correlate with intestinal permeability. Zhou et al[104] (2009) 
reported that IBS-D patients with a LMR of ≥ 0.07 had significantly higher VAS 
intensity ratings to nociceptive and thermal pain than those IBS patients and controls 
with a LMR of < 0.07[104]. The authors used nociceptive and thermal stimuli in areas 
apart from the gut because many patients with IBS frequently complain of pain in 
body regions somatotopically distinct from the gut. The authors hypothesized their 
findings may be related to sensitization of the myenteric plexus and the common 
spinal segments of the central nervous system, thus establishing a quantitative link 
between bowel permeability and pain symptoms. If true, restoring bowel permeability 
may also have an effect on pain.

In total, these data suggest that a therapy designed to restore intestinal barrier 
dysfunction may be a promising therapeutic approach in IBS-D. Similar to other 
gastrointestinal diseases discussed in this review, notable architectural defects in the 
intestinal architecture have been reported in IBS-D including decreased expression of 
transmembrane (e.g., occludin and claudin-1) and intercellular TJs (e.g. ZO-1)[107-109]. It 
should be noted that mood disorders are also correlated with IBS; epidemiological 
evidence indicates that mood disorders develop after IBS in approximately 50% of 
patients, implicating gut mechanisms as drivers of non-gastrointestinal symptoms. 
Interestingly, one study found that the LMR correlated with IBS, interference with 
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activities and work and retrospectively measured anxiety and depression[98]. If true, 
correcting intestinal pathology (e.g., intestinal barrier dysfunction) could also have a 
significant impact on mood disorders secondary to IBS[93,110,111].

Alosetron (5-HT3 receptor antagonist), rifaximin (antibacterial), and eluxadoline 
(mu-opioid receptor agonist) are among the few drugs with marketing authorization 
for IBS-D in the United States market. Alosetron was removed from the market from 
2000-2002 due to safety reasons but subsequently re-introduced with a more restrictive 
label. The efficacy of approved agents also appears limited. For example, a meta-
analysis of five rifaximin trials indicated a small improvement in global IBS symptoms 
when patients were treated with rifaximin (42.2%) compared to placebo (32.4%)[112]. 
Other agents commonly used include antidiarrheals (e.g., loperamide), bile acid 
sequestrants (e.g. cholestyramine), antispasmodics (e.g., dicyclomine), and 
antidepressants (tricyclic agents, e.g., amitriptyline)[113]. Nonpharmacological 
interventions such as probiotics and diet modification are also considered[114,115]. The 
lack of robust, and well-controlled randomized trials makes it difficult to precisely 
quantify the efficacy and safety of all available options; however, consensus opinion 
and available data indicate that most patients do not achieve complete symptom 
relief[113,116]. Given the newly established pathophysiologic relationship between the 
microbiome and interactions with certain immune cells, it seems promising to develop 
interventions that repair and maintain bowel permeability as next generation 
treatments for IBS-D.

IMMUNE CHECKPOINT INHIBITOR COLITIS
Immune checkpoint inhibitors (ICIs) are a class of monoclonal antibodies designed to 
interrupt critical signaling pathways between T cells and antigen-presenting cells. At 
least 6 approved ICIs have proven clinically effective across more than several dozen 
oncology indications. Despite their robust efficacy, ICIs are associated with a wide 
range of toxicities. The most common type of adverse events is a group of immune-
mediated conditions including colitis, hepatitis, and thyroiditis, and generally appear 
early following treatment initiation. As these conditions resemble autoimmune 
diseases, this seems to suggest an abnormal or exaggerated immune response, possibly 
in relation to antigen exposure, such as the microbiome. Among immune-mediated 
diseases, gastrointestinal toxicity (ICI colitis) is the most common adverse event 
associated with ICI therapy that occurs usually in 6-8 wk after initiation of 
treatment[117]. Diarrhea and colitis occurs in up to approximately 54% and 22% of 
patients treated with anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA4) 
therapy, respectively[118]. programmed cell death protein 1 (PD-1)/programmed cell 
death 1 ligand 1 (PD-L1) inhibitors appear to have lower rates of diarrhea and colitis 
(up to 30% and 7% respectively), although the incidence of these toxicities is high in 
anti-CTLA4 and anti PD-1/PD-L1 combination therapy (45%), with approximately 
10% of cases reported as grade 3 or higher[117,118].

The endoscopic and histologic features of ICI-related colitis appear to resemble 
IBD[117,119,120]. For example, in 39 patients with ipilimumab-induced colitis, immune 
infiltrate was highly prevalent: Neutrophilic infiltrate occurred in 46% of patients, 
lymphocytic infiltrate in 15% of patients and a mixed neutrophilic–lymphocytic 
infiltrate 38% of patients[120]. Edema, erythema, erosions and ulceration are also 
common endoscopic features. The same study by Marthey et al[120] (2016) found that 
97% patients with ipilimumab-induced colitis had erythema or ulceration in the 
sigmoid colon or rectum and 66% had extensive colitis[120]. The pathogenesis of ICI-
related colitis, therefore, appears to relate to colonic inflammation although the precise 
mechanism(s) are not well characterized. Given clinicopathological similarities IBD, it 
is reasonable to hypothesize that impaired bowel barrier function may play a role in 
the development of colitis. This is supported by a retrospective study that found pre-
existing IBD increases the risk of gastrointestinal adverse events following ICI 
therapy[121]. Samaan et al[117] (2018) proposed several barrier function-related 
etiopathogenic hypotheses including pre-existing intestinal dysbiosis or epithelial 
stress/mucositis secondary to chemotherapy[117]. Thus, normalizing bowel barrier 
function may be a promising therapeutic mechanism to treat or even prevent ICI-
related colitis.
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NON-GASTROINTESTINAL DISEASES
While the relationship between impaired bowel barrier function and bowel pathology 
appears self-evident, increasing evidence has also revealed a connection between the 
bowel and the brain–colloquially referred to as the gut-brain axis. This axis consists of 
complex, bidirectional pathways relevant to normal gastrointestinal functions (e.g. 
satiation), but also to higher executive functions (e.g. decision making) and emotions (
e.g. fear and stress)[122]. Communication between the bowel and the brain is regulated 
at the neuronal, endocrine, and immunological level. Hence, as the lumen interfaces 
with the microbial environment, including signaling molecules such as quorum-
sensing molecules and bile acids within the lumen, communication to the brain can 
reflect interaction(s) between the host and the microbiome[123]. Substantial nonclinical 
and clinical evidence has revealed a well-documented connection between impaired 
bowel barrier function, microbial dysbiosis, and neurological diseases[123,124]. For 
example, a recent nationwide longitudinal study revealed the hazard ratio of 
developing dementia among patients with IBD was 2.54[125]. In Parkinson’s disease, 
there is increasing evidence that pathogenic microbial peptides are able to access the 
enteric nervous system and/or systemic circulation via a highly permeable bowel wall, 
which could act as a disease trigger or driver of neuronal destruction, possibly by way 
of retrograde axonal and transneuronal transport of α-synuclein via the vagus 
nerve[126]. Increased bacteria/endotoxin exposure has been shown to correlate with 
sigmoid mucosa α-synuclein in Parkinson’s disease, consistent with findings of 
increased intestinal permeability in patients with Parkinson’s disease[127]. Altered 
intestinal permeability has been linked to other extraintestinal disease such as 
nonalcoholic fatty liver disease, type 1 diabetes, arthritis, and other autoimmune 
diseases[128-131]. This may imply that restoring intestinal barrier function may have 
therapeutic benefits beyond bowel pathology alone.

CONCLUSION
Multiple genetic, environmental, and host-related risk factors play a pivotal role in the 
development of gastrointestinal pathology, yet the initiation of pathology coupled 
with the complex interplay between the microbiome and host makes the precise 
pathophysiology of disease difficult to assess at the individual level. Impaired 
intestinal barrier function appears to be a central characteristic of common 
gastrointestinal diseases as summarized in this review. The field of gastroenterology 
continues to evolve as a more precise characterization of intestinal barrier function in 
the context of gastrointestinal disease is uncovered. This will improve our ability to 
understand the complex role of intestinal barrier abnormalities and design therapeutic 
interventions to restore barrier function. Novel therapies may be developed to target 
bowel permeability which address a primary disease trigger without the side effects of 
traditional long-term immunosuppressive therapy.
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