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Human Intestinal Barrier: Effects of Stressors, Diet,
Prebiotics, and Probiotics

Michael Camilleri, MD?!

The objectives of this article are to understand the effects of stressors (nonsteroidal antiinflammatory drug, exercise, and
pregnancy) and components in the diet, specifically prebiotics and probiotics, on intestinal barrier function. Stressors
generally reduce barrier function, and these effects can be reversed by supplements such as zinc or glutamine that are
among the substances that enhance the barrier. Other dietary factors in the diet that improve the barrier are vitamins A
and D, tryptophan, cysteine, and fiber; by contrast, ethanol, fructose, and dietary emulsifiers increase permeability.

Effects of prebiotics on barrier function are modest; on the other hand, probiotics exert direct and indirect antagonism of
pathogens, and there are documented effects of diverse probiotic species, especially combination agents, on barrier

function in vitro, in vivo in animal studies, and in human randomized controlled trials conducted in response to stress or
disease. Clinical observations of benefits with combination probiotics in inflammatory diseases have simultaneously not
appraised effects on intestinal permeability. In summary, probiotics and synbiotics enhance intestinal barrier functionin
response to stressor or disease states. Future studies should address the changes in barrier function and microbiota

concomitant with assessment of clinical outcomes.
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INTRODUCTION

The objectives of this article are to understand the effects of
stressors [nonsteroidal antiinflammatory drugs (NSAIDs), exer-
cise, and pregnancy] and components in the diet, specifically
prebiotics and probiotics, on intestinal barrier function. As a
prelude to addressing those objectives, it is relevant to briefly
review components of the intestinal barrier and its defense and to
introduce the measurements of intestinal barrier function that are
commonly used to assess the deleterious and potentially pro-
tective effects of environmental factors of interest.

COMPONENTS OF THE INTESTINAL BARRIER AND
DEFENSE FACTORS
There are several components of the intestinal barrier (1), as
illustrated in Figure 1 (2,3). In the lumen, there is degradation of
bacteria and antigens by bile, gastric acid, and pancreatic juice.
Commensal bacteria inhibit the colonization of pathogens by
production of antimicrobial substances. The microclimate in-
cludes the unstirred water layer, glycocalyx, and mucus layer
preventing bacterial adhesion by immunoglobulin (Ig) A secre-
tion. Epithelial cells are connected by junctional complexes that
not only have the ability to transport luminal content but also
react to noxious stimuli by secretion of chloride and antimicrobial
peptides. The lamina propria includes innate and acquired im-
munity cells secreting Ig and cytokines.

These and other structures present diverse defensive factors in
the barrier. These defensive barriers include the mucus layers (4).

Mucin 2 is the most abundant mucus protein secreted by goblet
cells. There is an inner layer of mucus that is firmly adhered to the
epithelium; in this inner layer, bacteria are sparse, and peptides
with protective, antibacterial functions are secreted by epithelial
Paneth cells and lamina propria plasma cells. In the thicker and
loosely adherent outer layer of mucus, bacteria and their products
are abundant, but these bacteria do not access the epithelium.
This outer layer of mucus is thicker in the colon than that in the
small intestine where it may reach 800 wM (4), which is con-
siderable given that the height of the entire villus ranges from
500-1,600 wM.

Beneath the inner mucus layer, there is the unstirred water
layer. Normal intestinal absorption of nutrients requires efficient
luminal mixing to deliver solute to the brush border. In the ab-
sence of such mixing, which is facilitated by villus contractility,
the buildup of thick unstirred layers over the mucosa has the
potential to markedly retard absorption of rapidly transported
compounds. However, in the normal human jejunal mucosa, it
has been estimated that the unstirred water layer is 35-48 pM
wide (5,6), suggesting it is unlikely that this layer constitutes a
rate-limiting step in absorption of rapidly transported com-
pounds other than lipophilic molecules before the latter undergo
micellar solubilization by bile. On the other hand, in the absence
of villus contractility and stirring, as might occur in patients with
celiac disease who have villus atrophy, the unstirred layer may be
far thicker (average 170 M) and could potentially contribute to
malabsorption (7).
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Figure 1. Components of intestinal barrier. Components in the diet and specific immune mechanisms are involved in maintaining the integrity of the barrier,
for example, through the production of short-chain fatty acids (SCFAs) by the gut microbiota. The SCFA are used by the colonic epithelium as a source of
energy and can, independently, induce immune tolerance through T regulatory (Treg) cells. Other metabolites in diet can activate innate lymphoid cells to
produce IL-22, which, in turn, can enhance the production of mucin and antimicrobial peptides (AMPs) by the intestinal epithelium to fortify gut barrier
function. Plasma cells can also produce and secrete sIgA into the intestinal mucus layer to protect the host from the luminal contents of the intestinal tract.
The intercellular space is sealed by the tight junction, which is a component of the apical junctional complex, the key elements being the zona occludens
(Z0) and zona adherens, each made up of different components. Myosin light chain kinase (MLCK) is associated with the perijunctional actomyosin ring,
and desmosomes reinforce the barrier. In general, diffusion through claudins and occludin is energy independent, whereas Z0O-1 facilitates exchange
energy-dependent mechanisms.(2,3) Left panel is reproduced from Camilleri M, Lyle BJ, Madsen KL, Sonnenburg J, Verbeke K, Wu GD. Role for diet in
normal gut barrier function: Developing guidance within the framework of food labeling regulations. Am J Physiol 2019;317:G17-G39, which is published
under a CC-BY license. Right panel is reprinted by permission from Springer Nature, Nature Reviews Immunology. Intestinal mucosal barrier function in

health and disease. Turner JN. 2009;9:799-809.

Beneath the unstirred water layer, there are the epithelium and
its tight junction complexes, and myofibroblasts immediately
beneath the epithelial basement membrane. The myofibroblasts
play a role in closure of the interepithelial tight junctions and the
paracellular space. The epithelial layer is the subject of many
research studies of permeability, and there is regional variation.
The most permeable region of the gastrointestinal tract is, para-
doxically, the gall bladder, where estimates of pore radius of
12-40A have been reported (8). In the small intestine, the pore
size increases from 4 to 5A at the villus tip to more than 20A at the
base of the crypt. The colon is less permeable than the small
intestine, and in monolayers of colonic epithelial cells, the pore
size radius is estimated at 4.3-4.5A (9).

Intestinal epithelial cells also express transmembrane mucins
that are attached with glycolipids to the apical surface, forming a
glycocalyx that extends up to 1 uM from the cell membrane into
the lumen. Transmembrane mucin MUCI17 is an integral part of
the glycocalyx because it covers the brush border membrane of
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small intestinal enterocytes and the apical membranes of colo-
nocytes (10). MUC17 presents an extended O-glycosylated mu-
cin domain into the intestinal lumen such that the mucin
molecule adopts the bottle-brush-rod-like shape with a total
length of approximately 0.8 M (11), while being anchored to the
apical membrane domain by an interaction with the scaffolding
protein PDZK1 (12).

In addition, in the epithelial cell layer (13), the Paneth cells
produce secretions that contain antibacterial peptides, defensins,
lysozyme, TNFa, phospholipase A2, and a secreted scavenger
receptor cysteine-rich protein that is deleted in malignant brain
tumors 1. The lamina propria harbors cells (innate lymphoid cells
and plasma cells) with immunoregulatory functions such as
synthesis and secretion of antimicrobial proteins and secretory
IgA (sIgA) molecules that provide additional chemical and
physical defense functions in the epithelium. It has also been
demonstrated that antigen passage from the diet, commensal
flora, and potential pathogens through goblet cells or goblet cell-
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associated antigen passages can promote the development of
regulatory T cells, mediated in part by intestinal dendritic cells,
and provides another level of defense in the small bowel and the
colon (14,15). This immune-mediated protective role of goblet
cells complements the protective role played by goblet cells
through the secretion of mucus (16). Finally, the endocrine and
enteric nervous systems induce intestinal propulsive motility to
move any potentially injurious agent or substance in the lumen
from establishing a foothold in the intestinal mucosa.

APPROACHES TO MEASURE

INTESTINAL PERMEABILITY

There are 3 main approaches to measure intestinal permeability,
as described extensively elsewhere (2). Overall, the assessment of
the entire barrier function seems to provide more comprehensive
assessment of the overall barrier integrity or “leakiness.”

The first approach involves urine excretion of probe molecules
in vivo or the appearance in serum of biomarkers such as bacterial
lipopolysaccharide (LPS). Factors that impact the measured ex-
cretion of these probe molecule include the molecular size of the
probe molecule (17), the concentration gradient of the probe
molecule across the barrier, the barrier function, contact time,
location and transit of the probe molecule, the length and surface
area of the gut, and digestion or bacterial degradation of the
molecule (18).

Among the sugar probe molecules, sucrose, mannitol, and
lactulose are extensively degraded by colonic bacteria in contrast
to sucralose (19). This observation suggested that sucralose would
be ideal for measuring colonic permeability. However, several
studies documented sucralose excretion during the first 2 hours
after oral administration in both children and adults, suggesting
small intestinal rather than exclusive colonic absorption (20).

Significant confounders with the use of these saccharides in-
clude the potential for the osmotic load to alter intestinal transit
and, therefore, impact the site of the intestine assessed based on
timed urine collections. Thus, the development of HPLC mass
spectrophotometric assays has advanced the field by reducing the
amount of lactulose administered as the permeability probe
molecule from 10 to 1 g (21). Similarly, the introduction of '*C-
mannitol as a probe addressed the confounding caused by
mannitol (22), which is present in many foods and dermatological
preparations and was identified in baseline measurements before
administration of the sugars for the test.

A final pitfall relates to the significance of ratio measurements
that may be erratic because of the relatively small mass of the
disaccharide (e.g., lactulose and sucralose) compared with the
monosaccharide (e.g., mannitol or rhamnose), which is actually
absorbed and excreted after oral administration. For example, the
median fractional urine recoveries of lactulose in children from
Peru or Zambia with environmental enteropathy were 0.15% and
0.03%, respectively (23); thus, a very small change in the percent
of lactulose excretion has a potentially large impact on the di-
saccharide to monosaccharide excretion ratios.

These methods assess the entire barrier functions of the in-
testine, and the timing of urine excretion of the probe molecules
reflects the region of the gastrointestinal tract that is being
assessed. Thus, urine collections from 0 to 2 hours generally re-
flect small intestinal permeability (21,24), whereas from 8- to 24-
hour urine collections reflect colonic permeability (21).

Other in vivo measurements involve the assay of circulating
levels of markers of mucosal damage such as increase in serum I-

American College of Gastroenterology

Probiotics and Intestinal Barrier

FABP (intestinal fatty acid binding protein), serum zonulin, and
serum LPS. These markers may be most relevant in conditions
that are associated with mucosal damage such as celiac disease,
conditions associated with significant stress such as endurance
exercise, or chronic liver diseases typically in association with
portal hypertension, as reviewed elsewhere (25). However, it is
unclear whether such markers of mucosal damage are sufficiently
sensitive to identify more subtle levels of alterations in barrier
integrity or the potential improvement in barrier function in
association with prebiotics or probiotics.

The second approach to measure mucosal permeability in-
volves in vitro measurement using cell lines or human biopsies.
These measurements include the transepithelial passage of probe
molecules, transepithelial electrical resistance (TEER), or ex-
pression of diverse tight junction proteins (such as claudins,
occludins, and zonula occludens) documented histologically (26).
It is important to note that the estimated molecular diameters of
typical probe molecules, such as dextran 4 kDA or bacterial en-
dotoxins, in these in vitro measurements are 30 or 45.7-62.8A,
respectively. The tissue preparation assessed consists pre-
dominantly of an epithelial layer without several other compo-
nents of the epithelial barrier or components that are relevant for
the passage of the absorbed molecule into the portal circulation,
such as the permeability of end capillaries or the neurohormonal
mechanisms (27,28) that may alter vascular functions (2).

The third approach to measure mucosal permeability involves
in vivo endoscopic measurements using confocal endomicro-
scopy (that identifies increased gaps in the intestinal epithelium
through the visualization during endoscopy of the passage of
fluoroscein administered intravenously) and mucosal impedance
measured with a catheter having with two 360° circumferential
sensors placed 2 mm apart; the catheter is inserted through the
biopsy channel of the endoscope, and measurements are obtained
in all quadrants of the duodenum with a decompressed lumen
after all fluid is aspirated (29,30). The sensors are connected to an
impedance voltage transducer using thin wires, running through
the length of the catheter. The voltage (V) generated by the
transducer produces 10 A current at a frequency of 2 kHz, and
the resistance in current (I) flow between the electrodes provides
impedance measurement is expressed in ohms (R = V/I). These
measurements are generally not applied in large studies.

EFFECTS OF STRESSORS ON HUMAN

INTESTINAL PERMEABILITY

Diseases associated with mucosal inflammation or ulceration
such as celiac or inflammatory bowel diseases clearly alter in-
testinal barrier function. It is relevant to note that some envi-
ronmental stressors also result in dysfunction of the gut mucosal
barrier, as reviewed elsewhere (2). Endurance exercise as ob-
served in marathon runners or in biking challenges is associated
with positive fecal occult blood or bloody diarrhea, increased
intestinal permeability (saccharide tests), or intestinal mucosal
damage (increased serum intestinal fatty acid binding protein [I-
FABP]). Similarly, NSAIDs induce overt enteropathy including
ulceration or diaphragm disease, but more subtle effects are al-
terations in barrier function as measured by **CrEDTA or sac-
charide probes (31,32), and this can be reversed with zinc
supplements (33). A third stressor, pregnancy with or without
obesity, has been associated with elevated serological markers of
increased permeability (e.g., LPS and zonulin). Extensive burns
are also associated with increased intestinal permeability
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(measured by urine saccharide excretion) and intestinal damage
(measured by plasma diamine oxidase), and enteral glutamine
treatment reduces these markers of increased permeability
(34,35). Other forms of stress on intestinal barrier function occur
in extraintestinal diseases, as in chronic liver diseases such as
nonalcoholic fatty liver disease (36).

EFFECTS OF NUTRIENTS AND SUPPLEMENTS ON
INTESTINAL PERMEABILITY OR BARRIER INTEGRITY
A recent literature review (37) has identified dietary factors
(Figure 2) that decrease barrier integrity or increase intestinal
permeability (e.g., emulsifiers, surfactants, and alcohol), and ef-
fects of these dietary items in disease states such as metabolic
syndrome, liver disease or colitis are documented as examples of
barrier dysfunction in the multifactorial diseases. On the other
hand, other dietary factors enhance the barrier (e.g., fiber, short
chain fatty acids, glutamine, and vitamin D) (37).

EFFECTS OF PREBIOTICS, PROBIOTICS, AND
SYNBIOTICS ON INTESTINAL PERMEABILITY
Prebiotics

Prebiotics are nondigestible dietary components that have ben-
eficial effects for the host through effects on colonic bacterial
activity. In obese adults, the prebiotic galactooligosaccharide re-
duced postaspirin excretion of saccharide markers, that is, the
sucralose:lactulose ratios and sucralose excretion alone (38). On
the other hand, there were only marginal effects of prebiotic (8 g
of oligofructose-enriched inulin p.o./d) compared with placebo
(3.3 g maltodextrin p.o./d) on intestinal permeability (lactulose:
mannitol ratio, P = 0.076) of children with type 1 diabetes mel-
litus. The prebiotic arm was associated with a significant increase
in the relative abundance of Bifidobacterium at 3 months; how-
ever, this was no longer present after a 3-month washout period
(39). Similarly, there was no significant decrease in intestinal
permeability with enteral supplementation of a prebiotic mixture
of nonhuman milk galactooligosaccharides, fructooligo-
saccharides, and acidic oligosaccharides compared with placebo
maltodextrin in preterm infants with a gestational age younger
than 32 weeks and/or birth weight <1,500 g who were being fed
breast milk or mixed breast milk/formula feeding between days 3

and 30 of life (40). A fourth experience showed that prebiotic
ingestion did not improve gastrointestinal barrier function
(measured by the lactulose:mannitol ratio) in patients with burn
during 3 weeks after the burn incident (41).

Nonsugar prebiotics are being studied for their potential to
enhance the epithelial barrier function, such as soy protein hy-
drolysates (42). The protective effects of pretreatment with 6 soy
hydrolysates on calcium ionophore A23187-induced reduction in
TEER, Lucifer yellow flux, and tight junction gene expression
were studied in T84 cells. After exposure to barrier disruptors
(A23187, mellitin, and deoxynivalenol) that work through dif-
ferent intracellular pathways, one of the 6 hydrolysates protected
the epithelial cells from a decrease in TEER induced by A23187
and mellitin (but not disruption by DON), and increasing
claudin-1 and decreasing claudin-2 expression. These promising
observations suggest that specific soy hydrolysates may be
designed to strengthen the epithelial barrier.

Synbiotics

Synbiotics are combinations of specific probiotic strain(s) with
the prebiotics that feed them (43). Studies have been conducted
with synbiotics in healthy male subjects who were participating in
physical activity (44). There were no significant changes in in-
testinal permeability measured by the lactulose:mannitol ratio
after 3 weeks of administration of 1 of 2 regimens: a synbiotic
supplement (Gut Balance) including multiple probiotic organ-
isms including several Lactobacillus and Bifidobacterium species,
plus 2 prebiotics (bovine whey-derived lactoferrin and immu-
noglobulins with acacia gum), or the single prebiotic, acacia gum.
However, the synbiotics decreased by approximately 50% (90%
CI, 20%-68%) the circulating levels of an inflammatory cytokine
interleukin (IL)-16 compared with the single prebiotic alone.

A double-blind, parallel-group, randomized, controlled trial
in 20 adults who were administered indomethacin to increase
intestinal permeability were compared with 2-week treatment of
the synbiotic Ecologic 825 with a control supplement (malto-
dextrin). Ecologic 825 contained 1.5 X 10'° CFU multispecies
probiotic mixture [Bifidobacterium bifidum (W23), Bifidobacte-
rium lactis (W51), B. lactis (W52), Lactobacillus acidophilus
(W22), Lactobacillus casei (W56), Lactobacillus paracasei (W20),

Nutrients Fortifying the Intestinal Barrier —> | permeability

Nutrients Damaging the Intestinal Barrier — 4 permeability

Tryptophan

Vitamin D w
Glutamine 4 Glutathione

Ethanol

Bile acids

\ f/l _
!/T-cells

Figure 2. Dietary components that impact the intestinal barrier function (37).
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Lactobacillus plantarum (W62), Lactobacillus salivarius (W24),
and Lactococcus lactis] plus the prebiotic fructooligosaccharide 10
g/d. Urinary sugars and ratios, plasma zonulin, cytokines and
chemokines, and GI symptom scores were not significantly dif-
ferent between the 2 treatments (45).

Probiotics

Probiotics are live microorganisms available in dietary sources
and may exert beneficial effects on the host, such as maintaining
homeostasis in gut mucosa by enhancing integrity of gut barrier,
increasing the production of butyrate, and strengthening the tight
junction proteins (e.g., occludin and claudin 3). The ability of
probiotics to alter intestinal barrier and microbiome has been
recently reviewed (46) and is summarized in this study. First, in a
randomized, crossover study in 7 healthy subjects, intraduodenal
administration of 10'? L. plantarum cells increased duodenal
expression of zona occludens 1 (but not occludin) and increased
toll-like receptor (TLR)-2 signaling compared with a control
buffer (47). In a second study, the probiotic Lactobacillus GG had
a significant effect on gastric but not on intestinal mucosal barrier
alterations induced by indomethacin in humans (48).

Probiotics boost host immunity through 1 or more mecha-
nisms of action (49), ranging from production of organic acids to
reduce intestinal pH, production of enzymes, secretion of mucin,
influencing immune and other host cells directly (e.g. decreasing
inflammation and inducing phagocytosis and antibody re-
sponses), and cross-feeding other commensal microbes, resulting
in stabilization of the commensals and production of antimi-
crobial components.

Specifically, probiotics can antagonize pathogens by direct or
indirect actions as documented by Bron et al. (46): the direct
mechanisms are as follows: First, bacteria compete with enteric
pathogens by competition for carbohydrate substrates depending
on the diet; second, bacteria such as Lactobacillus salivarius
UCC118 produces a bacteriocin in vivo, which protects mice
against foodborne infection by Listeria monocytogenes; third,
Bacteroides species type VI secretion system (T6SS) results in the
exporting of antibacterial proteins; and fourth, probiotics inhibit
colonization of pathogens by competition for common receptors
of adhesion to epithelial cells (46). Several cell surface structures
are involved in mediating the host-probiotic relationship, in-
cluding pili, mucin-binding protein, TLR ligands, lipotechoic
acid, exopolysaccharides, and surface layer-associated pro-
teins (49).

There are also indirect mechanisms whereby probiotics an-
tagonize pathogens. These include the following: First, recogni-
tion of microbe-associated molecular patterns by host pattern
recognition receptors such as TLRs and nucleotide-binding
oligomerization domain-like receptors, which activate immune
defenses and protect against infection. A second indirect mech-
anism is the TLR signaling that induces expression of defensins
(in enterocytes) and antimicrobial factors (in Paneth cells); third,
nucleotide-binding oligomerization domain 2 recognition of
bacterial peptidoglycan induces expression by Paneth cells of
cryptdins (which are disulfide-rich cationic antimicrobial pep-
tides that are defensins active against many Gram-negative and
Gram-positive bacteria, fungi, and enveloped viruses). A fourth
indirect mechanism results from the sensing of commensal mi-
crobes, which stimulates lymphoid cells to secrete IL-22; the latter
signals increase expression of the mucin and antimicrobials, in-
cluding Reg3 proteins, which are mainly expressed throughout
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the small intestine and modulate host defense process through
bactericidal activity. Finally, segmented filamentous bacteria in
the ileum stimulate maturation of B- and T-cells increasing sIgA
and T helper (Ty17) cell differentiation and increasing in-
flammatory cytokines and IL-22.

The evidence that probiotics alter intestinal permeability is
equivocal, and examples from the literature are summarized in
Table 1 (38,50-58). One of the diseases that present increased
mucosal permeability is pouchitis. There are several potential
mechanisms resulting in the change in permeability: one of these
mechanisms is the effect of fecal protease from patients with
active pouchitis; these fecal proteases have been shown to activate
PAR?2 receptors, resulting in disruption of the epithelial barrier
and increasing permeability as shown by the increased fluorescein
isothiocyanate-dextran flux in CaCo, monolayers. Pouchitis also
compromises tight junction proteins such as ZO-1 and occludin.
The proteases in fecal supernatants from patients with pouchitis
have been shown to cleave PAR2 and PAR4 (but not PAR1) in
contrast to the fecal supernatants obtained from healthy controls
or patients with normal pouch (59). This significant disruption of
mucosal permeability in response to inflammatory bowel disease
or stressors such as NSAIDs provides the basis for evaluating the
effects of probiotics on intestinal permeability as exemplified by
several articles in the published literature (Table 1 (38,50-58)).
Table 1 summarizes the effects of probiotics on cellular mono-
layers in vitro or in animal models of disease, and the effects on
intestinal barrier function in vivo in humans based on placebo-
controlled trials.

Clinical trials with probiotics support the efficacy in sup-
pressing inflammation that was believed to be attributable to al-
teration in barrier function (Table 1). However, the absence of
formal measurement of barrier function or permeability in those
trials did not permit a conclusive statement regarding the role of
reduced permeability showing beneficial effects. In addition, a
Cochrane systematic review and meta-analysis evaluated the ef-
fects of probiotics for pouchitis and demonstrated that, compared
with placebo, Lactobacillus GG did not result in clinical im-
provement at 12 weeks, nor did Bifidobacterium longum protect
patients from further episodes of acute pouchitis at 6 months. By
contrast, a specific formulation of VSL#3 was superior to placebo
in maintaining clinical remission at 9-12 months of follow-up
(60). These results from clinical trials seem to be consistent with
experimental data obtained from in vitro or in vivo studies, as
summarized in Table 1 (38,50-58). Although probiotics and
prebiotics have been proposed in the treatment and prevention of
patients with obesity-related nonalcoholic fatty liver disease, their
therapeutic use is not supported by high-quality clinical stud-
ies (61).

CONCLUSIONS

There is continued need for a validated method to measure per-
meability in large studies, in well-phenotyped states of health,
disorder, or disease in vivo to complement the valuable in-
formation obtained from in vitro studies obtained with human
samples such as biopsies and fecal supernatants. It is important to
appreciate the recommendation for caution in attributing disease
states to the leaky gut (25). It is also still relevant to note (62) that
altered permeability may be an epiphenomenon; any in-
flammatory process may impair barrier integrity, and other lu-
minal and systemic factors such as dietary components, bile acids,
allergens, stress, and physical activity can independently
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Table 1. Effects of probiotics on intestinal permeability or clinical effects in diseases associated with increased permeability

Probiotic In vitro Effect In vivo Effect Reference

Effects of probiotics inanimal
or tissue studies

VSL#3 T84 monolayer Increased resistance /L-10 gene- Reduced mannitol flux Madsen et al.
deficient mice (50)
VSL#3 vs commensal £. T84 monolayer with IFN-y Reduced barrier disruption Krishnan
coliand vs heat- measured by TEER and FITC- etal. (51)
inactivated VSL#3 dextran permeability; effect of
VSL#3 reversed by heat-
inactivation
vs#3 vs placebo, healthy DSS colitis in Reduced disease activity; Mennigen
mice decreased Evans blue uptake et al. (52)

and epithelial apoptosis;
increased tight junction
protein expression

Ecologic 825 IPAA (UC) pouchitis biopsies; Reduced horseradish Persborn
Ussing chamber peroxidase fluxand E. coliK12 etal. (53)
commensal passage, but no
effect on paracellular
permeability (*1CrEDTA),
TEER, or chloride secretion

Probiotic Study design # Patients, Rx duration Effect Reference

Human studies with probiotics
including intestinal permeability

or barrier
Viable vs sonicated probiotics DB, PC RCT in critically ill 28 patients; 7 d No significant difference of Alberda et al.
patients intestinal permeability measured  (54)
by lactulose:mannitol ratio
Bifidobacterium adolescentis Obese (BMI 30-40), aspirin 94 patients; 3 wk B. adolescentis IVS-1 but not B. Krumbeck et al.
IVS-1 vs Bifidobacterium challenge, DB, RCT, lactose lactis BB-12 reduced permeability (38)
lactis BB12, + GOS prebiotic, control (SLR); prebiotic GOS also effective
6 Rx arms alone; however, no synergistic
effect
L. plantarum WCFS1, Healthy; indomethacin stressor;  7-d oral Rx with 4-wk washouts Indomethacin increased LRR; no  Mujagic et al.
CIP104448, TIFN101, or DB, PC, 4-way crossover between each difference between baseline and  (55)
placebo on Rx LRR for any treatment vs
placebo;

Integrin pathway and actinin a4
gene upregulated by L. plantarum
TIFN 101;

Claudin 5 gene downregulated by
L. plantarum WCFS1; claudin 19
gene downregulated by L.
plantarum CIP48

Effect of probiotic on human
disease without documented
effect on permeability

Nonpathogenic E. coliNissle Ulcerative colitis; DB, RCT, PG 116 patients: 59 mesalazine, Equivalent results vs mesalazine: Rembacken
1917 57 E coli; 12 mo Time to remission, time to relapse et al. (56)
Combination probiotic, Primary sclerosing cholangitis + 14 pts; 3 month each Rx + 6 strains of viable and freeze-dried Vleggaar et al.
Ecologic 641 IBD, RCT, X-O 1 mo washout bacteria: 4 lactobacilli, 2 (57)

bifidobacteria: Effect on
permeability not studied
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Table 1. (continued)

Probiotics and Intestinal Barrier

Probiotic Study design # Patients, Rx duration Effect Reference
VSL#3 vs placebo Refractory pouchitis, 36 patients: 20 VSL#3, 16 Cumulative remission Mimura et al.
RCT, PC, PG placebo; daily Rx, 1 yr maintenance rate for refractory (58)

pouchitis after 12 mo f/u higher in
VSL#3 group (85%) vs placebo
group (6%) P = 0.0001

BMI = body mass index; DOSS = dioctyl sodium sulfosuccinate; FITC = fluorescein isothiocyanate; GOS = galactooligosaccharide; IBD = inflammatory bowel disease;
IFN = interferon; IPAA = ileal pouch anal anastomosis; PC = placebo control, PG = parallel group; RCT = randomized controlled trial; Rx = treatment; TEER =

transepithelial electrical resistance; UC = ulcerative colitis; X-O = crossover.

influence barrier function. Moreover, experimental animal
models have shown that impaired barrier function (e.g., geneti-
cally determined defects in barrier components) do not, in iso-
lation, lead to the emergence of a disease phenotype. It is also still
not convincingly demonstrated that interventions that restore or
improve barrier function in humans can alter the natural history
of disease.

Although there is evidence that dietary components may in-
crease or decrease permeability and that effects of prebiotics,
synbiotics, and probiotics on intestinal barrier function are
promising, the evidence of efficacy and benefit in disease state is
limited. The role of restoration of intestinal permeability in me-
diating beneficial treatment effects is still incompletely un-
derstood. Nevertheless, the safety of these approaches and the
direct and indirect mechanisms whereby probiotics can counter
pathogens (46) argue for further research, particularly using
probiotics and synbiotics in disease states, and for further docu-
mentation of the role of restoration of the barrier function in
mediating the associated benefits.
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