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Altered intestinal permeability plays a role in many pathological conditions.
Intestinal permeability is a component of the intestinal barrier. This barrier is a
dynamic interface between the body and the food and pathogens that enter the gas-
trointestinal tract. Therefore, dietary components can directly affect this interface,
and many metabolites produced by the host enzymes or the gut microbiota can act
as signaling molecules or exert direct effects on this barrier. Our aim was to exam-
ine the effects of diet components on the intestinal barrier in health and disease
states. Herein, we conducted an in-depth PubMed search based on specific key
words (diet, permeability, barrier, health, disease, and disorder), as well as cross
references from those articles. The normal intestinal barrier consists of multiple
components in the lumen, epithelial cell layer and the lamina propria. Diverse
methods are available to measure intestinal permeability. We focus predominantly
on human in vivo studies, and the literature is reviewed to identify dietary factors
that decrease (e.g., emulsifiers, surfactants, and alcohol) or increase (e.g., fiber,
short-chain fatty acids, glutamine, and vitamin D) barrier integrity. Effects 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.
Effects of diet on intestinal barrier function are associated with precise mecha-
nisms in some instances; further research of those mechanisms has potential to

clarify the role of dietary interventions in treating diverse pathologic states.

diet; food; gut barrier; nutrition; microbiota

INTRODUCTION

Food entering the gastrointestinal tract provides nutrition to
the organism. In addition, there are many metabolites produced
by enzymatic conversion of nutrients, either by the host
enzymes or by the gut microbiota, or by stimulating release of
nonenzymatic molecules that influence diverse functions,
including alterations in the intestinal barrier. The metabolites
produced in the lumen may enter the bloodstream and reach suf-
ficient concentrations to affect the functions of body organs
(51). These interactions between diet, digestion, microbiota, and
the intestinal barrier may impact gut homeostasis (56); indeed,
disruption of the intestinal barrier and increased intestinal per-
meability may play a role in many pathological or inflammatory
states, such as obesity and diabetes (26), rheumatoid arthritis
(66), and ulcerative colitis (46). On the other hand, many dis-
ease states associated with mucosal injury, such as celiac dis-
ease or inflammatory bowel disease, as well as irritable bowel
syndrome, with immune activation but modest levels of inflam-
mation and no morphological evidence of loss of mucosal integ-
rity (26, 27), are all reported to be associated with increased
intestinal permeability. Given these observations suggesting
that loss of barrier function may be an integral part of disease
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pathogenesis, it is relevant to appraise the effects of nutritional
components on gut barrier function.

Diet is a crucial regulatory factor for the gut microbiota, pro-
viding a source of energy. Diverse disease states have been asso-
ciated with alterations in intestinal barrier function and
alterations in gut microbiota (26). Having a better understanding
of the diet-microbiota-permeability correlations may shed light
on many aspects of existing pathological conditions (179).
However, as reviewed elsewhere, alterations in both barrier
function and changes in microbiota have only rarely been docu-
mented in the same patients or disease models in the reports
available in the literature to date (26). Therefore, although
beyond the scope of the current article, the additional role of the
microbiota and their products must also be considered as poten-
tial modulators of barrier function (56).

The normal intestinal barrier allows absorption of benefi-
cial dietary elements, while preventing the passage of harm-
ful ingested substances, particularly, pathogens or toxins.
Disruption of the barrier function may lead to pathological

states (17).
Several nuclear receptors are involved in signaling path-

ways for dietary metabolites and include farnesoid X recep-
tor (FXR), aryl hydrocarbon receptor (AHR), pregnane X
receptor (PXR), and specific G protein-coupled receptors
(GPCRs) (27, 175).
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There are diverse mechanisms that may lead to the effects of diet
on gut permeability: alterations in microbiota composition, expres-
sion of tight junction (TJ) proteins and/or epithelial cell transporters
and ion channels, and activation of receptors when dietary factors or
their metabolites act as ligands or signaling molecules (45).

In this review, we discuss the effects of various nutrients in
the diet on the intestinal barrier function, focusing mostly on in
vivo animal and human gastrointestinal tract. Many nutrients
may affect intestinal permeability only in pathological states,
and further studies are needed to assess whether these nutrients
can affect permeability in the healthy state as well. An outline
and summary of the topic covered appear in Table 1.

To facilitate understanding, the methods used to assess the
effects of diet on barrier function, we briefly define intestinal
barrier and intestinal permeability, and describe methods to
assess permeability.

METHOD OF LITERATURE SEARCH

A literature search was conducted by a librarian, with key words: gut
barrier function, barrier function, gut permeability, intestinal barrier, in-
testinal permeability, food, diet, dietary factors, nutrients, fiber, amino

acids, proteins, sugar, fat, emulsifiers, alcohol. The search was con-
ducted for all literature published after 2010. In addition, the cross
references from those articles were reviewed.

INTESTINAL BARRIER: DEFINITIONS AND STRUCTURE

Intestinal permeability is a vital component of the intestinal
barrier. This barrier is a dynamic structure that interacts with
external factors (54). The intestine is one of the largest interfa-
ces between what is outside the human body and the inside. In
particular, the small intestine is the main locus of barrier vulner-
ability, due to its massive surface area, resulting from the villous
architecture, the higher permeability,of the enterocyte layer [av
erage 8 Angstrom (A), being 4-5 A at villus tip to over 20, A
at base of the crypt] relative to the stomach and colon (3 A)
and the availability of food, contaminants, and digestive
products before absorption in the small bowel. The intestinal
barrier has multiple layers to enforce defense mechanisms
against external intruders (88). The major component of the in-
testinal barrier is the epithelial layer, but before the intruders
reach the intestinal epithelium, there are three layers of defense.
In the lumen, secretions from the stomach, pancreas, and

Table 1. Effects of ingested components with reported effects on barrier function in vivo (human or animal studies)

Dietary Component

Effects on Barrier Function

References

Fiber: inulin, pectin, fructo-
oligosaccharides

Vitamins and minerals: vitamins A and D,
zinc

Others: polyphenols, flavonones, and
anthocyanins

Probiotics

Synbiotics: probiotics and prebiotics

Prebiotics

Arabinoxylans
Macronutrients
Protein

Gluten

Sulfur-containing amino acids: cysteine
and methionine

Other amino acids
Glutamine

L-Tryptophan
Arginine

Sugars
Glucose
Fructose
Fat
Fat-restricted diets

Alcohol

Intraluminal emulsifiers
Endogenous bile acids
Dietary emulsifiers

Receptors associated with intraluminal factors

Aryl hydrocarbon receptor
Pregnane X receptor

NAFLD, environmental enteropathy, obesity/metabolic syndrome, dextran
sulfate colitis

Vitamin D receptor knockout and DSS-induced colitis in mice; vitamin A
or zinc deficiency in children

Exercise-related oxidative stress and inflammation

Obesity; primary sclerosing cholangitis and IBD

Indomethacin-induced increased permeability; obesity

Nonobese diabetic mice; Western diet-induced increased intestinal perme-
ability in mice; aspirin-induced intestinal permeability in humans; chil-
dren with Type 1 diabetes mellitus; preterm infants; burns

Overweight and obesity

Protein-restricted diet or dexamethasone-induced permeability in chickens;

dietary meat and fish (and fat) in epidemiological studies of IBD
Mice with DSS-induced colitis; human nonceliac gluten sensitivity and
IBS-D
Rats infected with Salmonella enteritidis; ischemia-reperfusion injury in
rats; high-fat diet with methionine restriction in mice

Glutamine: mice with activity-based anorexia; malnourished children;
Crohn’s disease; burn patients; acute pancreatitis

Tryptophan: colitis in mice

Arginine: intestinal injury induced by heat stress; ischemia-reperfusion;
methotrexate; NASH or intestinal obstruction in rodents; mouse colitis

Hyperglycemia in mice and obese humans
Human inflammation; alcoholic liver disease; NAFLD/NASH

Polyunsaturated fat intake and ulcerative colitis (epidemiology)
Obesity and hepatic steatosis
Alcohol abuse and alcoholic liver disease

Detergent effects in mammalian colon
Mouse colon permeability and inflammatory changes

Anti-inflammatory in diverse animal models of immune diseases
DSS-colitis in mice; metabolic syndrome-obesity; T2DM; RYGB

(42,74, 96, 162)

(36,94, 127, 166, 172)

(75)

(98, 115)
(57, 186)

(21, 37,72, 98, 126, 184)

(143)
(11,78)
(117, 145, 174)

(159, 169, 193)

(9, 14, 81, 101, 132)

o)
(7,95, 148, 157, 171,
176, 190)

(165)
(55, 167, 197)

(70)
(16, 48)
(18,91)

(124)
(34

(64)
(32,717,779, 168)

DSS, dioctyl sodium sulfosuccinate; IBD, inflammatory bowel disease; IBS-D, diarrhea-predominant irritable bowel syndrome; NAFLD, nonalcoholic fatty

liver disease; RYGB, Roux-en Y gastric bypass; T2DM, Type 2 diabetes mellitus.
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gallbladder help destroy bacteria or antigens entering the body.
The “commensal bacteria” that colonize the lumen prevent the
growth of other pathogens (135). A “microclimate” consisting
of unstirred water, glycocalyx, mucus, products of Paneth cells,
such as lysozymes, o-defensins, and secretory IgA (secreted by
plasma cells in the lamina propria) provides defense against
bacteria and precludes adhesion of bacteria to the epithelial
layer underneath (88).

There are two mucus layers in the intestinal barrier: an
outer layer that is thick and loose and has numerous bacteria
trapped in it and an inner layer that is firm with scant bacteria
under physiological conditions (135). Under the microcli-
mate, there is the “intestinal epithelium,” which consists of
epithelial cells that are linked by junctional complexes (88).
These cells secrete chloride in response to harmful stimuli
and also antimicrobial peptides. The last layer of the intesti-
nal barrier is the lamina propria with its immune cells, sub-
mucosal neurons that may influence the TJs between
epithelial cells (121), myofibroblasts that reside immediately
beneath the epithelial basement membrane and play a role in
closure of the interepithelial TJs and the paracellular space
(19), and enteroendocrine cells that produce bioactive sub-
stances (peptides, amines) that alter epithelial functions, such
as secretions that can “flush” away the intruders (88).

Epithelial cells are an extremely important component of the
intestinal barrier; they are continually undergoing cell death and
renewal, being constantly replaced from the pluripotent stem
cells located at the base of the crypts. Various lineages of epi-
thelial cells allow for the diverse functions of epithelial cells in
the intestinal barrier; this topic is further reviewed by Peterson
and Artis (134). Nevertheless, this constant death and renewal
of epithelial cells emphasizes the concept that there is more to
the barrier than the epithelial layer.

Epithelial cells are linked by intercellular junctions, tight
junctions, and adherence junctions, which together constitute
the apical junctional complex (26). The literature has docu-
mented intercellular pore pathways (that allow passage of small
molecules, ions, and water), leak pathways (that permit passage
of macromolecules, bacterial products, and food antigens) and,
finally, apoptosis of epithelial cells that provides “unrestricted”
access for intraluminal content (17, 125).

ASSESSMENT OF INTESTINAL BARRIER FUNCTION IN VIVO

There are various methods to assess permeability. The most
commonly used methods involve the use of probe molecules.
However, the literature includes other methods, and these will
be briefly described to facilitate the subsequent discussion. It
should be noted that the methods that assess the permeability in
vivo do not represent the same functions in permeability by in
vitro measurements, such as Ussing chambers, which lack con-
tribution from neural input or vascular permeability and Caco2
monolayers, which consist exclusively of epithelial cells.

Orally Ingested Probe Molecules

This is the most commonly used method to assess permeabil-
ity; it measures permeability indirectly by the urinary excretion
of orally administered probe molecules. These molecules pass
through the intestinal barrier via paracellular pathways without
being digested and, after circulating in the blood, are excreted in
the urine without reabsorption in the kidneys. Saccharides are
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the most frequently used probes and include sucrose, mannitol,
rhamnose, lactulose, and sucralose (estimated molecular diame-

ters 6-10 A) (27). Sometimes, all saccharide markers are used
together to appraise pan-gastrointestinal permeability. Although
it was originally thought that sucrose was a marker for gastric
permeability and sucralose for colonic permeability (particu-
larly, because it is not metabolized by colonic bacteria), it was
subsequently shown in children and in adults that sucralose is
also absorbed in the small intestine and is not exclusively a
marker of colonic permeability (6, 114).

There are important precautions to be taken when using these
probes because of environmental contamination with mannitol
or sucralose. Nonsaccharide probe molecules are polyethylene
glycol 400 (PEG) and radioactive chromium complexed with
ethylene diamine tetracetic acid (*'Cr-labeled EDTA). In gen-
eral, these tests lack complete standardized and validated nor-
mal values from healthy volunteers (26).

Other in vivo tests of permeability involve administration of
probe molecules, such as fluorescein isothiocyanate linked to
dextran 4000 [FITC-dextran 4 kDa (estimated molecular diame-
ter 30 A)] (27), followed by measurement of “serum” appear-
ance of the probe molecule. The molecular weight and
estimated or observed molecular diameters of all these probe
molecules are summarized elsewhere (26). Lucifer yellow (LY)
i§ a fluorescent marker (457.25 Da, estimated diameter 11

A) used to appraise paracellular permeability (199).

Circulating Endotoxins

Endotoxins are lipopolysaccharides (LPSs) that are abundant in
the outer membrane of gram-negafive bacteria. Their estimated
molecular diameters are 45.7-62.8 A (27). Almost 70% of the gut
bacteria are gram negative, and these result in the production of
endotoxins in the gut. Alterations in the intestinal barrier may lead
to entry of these endotoxins into the bloodstream. Lipid-A is a
major component of LPS; it activates proinflammatory mecha-
nisms and induces oxidative stress. Toll-like receptor-4 (TLR-4) is
a receptor that binds to lipid-A; this receptor is available on diverse
cells, including immune cells, and plays a major role in connecting
gut bacteria, endotoxins, and inflammatory pathways (22).

Endotoxins are recognized as a causative factor for inflamma-
tion in animal studies of obesity and may contribute to nonalco-
holic steatohepatitis (NASH) (32). It has been proposed that a
low-grade level of systemic inflammation in diabetes and obe-
sity is attributable to LPS (28). In physiological states, there is a
low-grade endotoxemia during different times of the day, and
this is increased with a high-fat diet (HFD) (131). Dietary
changes may exacerbate this endotoxemia and lead to inflamma-
tion and further pathological conditions in the body (28).

Serum Zonulin Levels

Zonulin is a protein that modulates the TJ structure. In a
cross-sectional study of nonpregnant women, higher zonulin
levels were associ-ated with higher inflammatory markers (se-
rum C-reactive protein and IL-6). Significant associations
between serum zonulin levels and body mass index (BMI),
waist and hip measurements, and fat mass were proposed (118).

Endoscopy

Two methods can be applied for endoscopic measurements
and are reviewed elsewhere: first, confocal endomicroscopy,
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which evaluates leaking of intravenously administered fluores-
cein into the gut lumen, while conducting an endoscopy; and
second, endoscopic mucosal impedance performed with a cathe-
ter passed through the endoscope and placed in contact with du-
odenal mucosa (26).

ASSESSMENT OF INTESTINAL BARRIER FUNCTION IN VITRO

In vitro measurements include measurements that assess per-
meability based on tissue biopsies, either by measuring the
movement of probe molecules in Ussing chambers or by assess-
ing protein expression of TJ morphologically (by immunohisto-
chemistry) or by quantitative assays such as Q-PCR. Some of
the differences between in vitro and in vivo measurements and
their potential impact on the interpretation of intestinal barrier
function are reviewed elsewhere (26).

EFFECTS OF DIET COMPONENTS ON BARRIER FUNCTION

Here, we discuss the chemical nature of dietary factors, the
rationale or mechanism believed to mediate the effect on the
barrier, as well as results of studies of dietary factors (beneficial
or possibly deleterious) in healthy or nonhealthy human gastro-
intestinal tract. A summary of the effects of all nutrients on the
intestinal barrier is discussed in the Table 2.

Fiber

Multiple definitions and categories of dietary fiber have been
proposed; however, there is no consensus between different refer-
ences. According to the CODEX Alimentarius Commission
(CACQ) (89), dietary fiber is defined as ‘““carbohydrate (CHO) poly-
mers with 10 or more monomeric units, which are not hydrolyzed
by the endogenous enzymes in the small intestine of humans.”
Fiber may be soluble or insoluble, and microbiota can potentially
ferment both groups (92). Insoluble fiber increases stool bulk,
whereas soluble fiber undergoes fermentation by gut microbiota to
metabolites, including short-chain fatty acids (SCFAs) (111). The
term, microbiota-accessible carbohydrates (MACs) refers to the
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dietary carbohy-drates that cannot be digested by human digestive
enzymes and will later be fermented by microbiota (27, 151).
Consumption of fiber may be one of the few dietary interventions
with evidence of reinforcement of the intestinal barrier in health
(27). Dietary fiber may influence the intestinal barrier by altering
the gut microbiota and/or the mucus layer integrity and the fermen-
tation products (Fig. 1).

Mucus layer integrity may be altered by dietary fiber. The
outer mucus layer interacts with gut microbiota and is degraded
to glycans that are foraged by microbiota (83, 160). In vivo stud-
ies in mice revealed that glycan-consuming microbiota use the
glycans of the mucus layer, as part of their diet in the absence of
enough amounts of dietary fiber (152, 160). Thus, availability of
dietary fiber can modify the mucus layer by changing the func-
tion of the microbiota (160).

Fermentation products (mainly SCFAs) support host cellular
metabolism and gut immune system colonocytes, neutrophils,
and T cells (129), which are components of the intestinal barrier
function. The SCFAs acetate, propionate, and butyrate enter
colonocytes via simple diffusion or via facilitated diffusion by
solute transporters, SLC16al, or SLC5a8. Butyrate provides
energy for the colonocytes. Acetate and propionate enter the
bloodstream and go through metabolic pathways to generate
energy in organs, including liver and muscles. SCFAs regulate
neuroimmune functions, including direct enhancement of regu-
latory T-cell (Treg) differentiation and function (150), and pro-
duction of chemokines and cytokines (93), leading to additional
protective effects to the intestinal barrier. Dysfunctional Treg
may lead to abnormal immune responses, especially through T-
helper 17 cell (Th17) cells (27) and cytokine production, leading
to inflammation (63). Th17 cells play a major role in inflamma-
tory bowel disease (IBD) (63).

Butyrate can improve the paracellular permeability of 3-kDa
molecule regulating hypoxia-inducible factor-1 (HIF-1), which
modulates the efficiency of epithelial TJ] CLDNI1 (gene coding
for claudin-1) (90, 141) and decreases intestinal permeability at
concentrations of 2 and 4 mM in a monolayer model (181).
Studies using the Caco-2 cell monolayer model in vitro have

Table 2. Proposed mechanisms of the effects of diet on permeability

Nutrient Effect on Permeability Proposed Mechanisms
SCFAs l TATP, Treg regulation, cytokine production, HIF-1 regulation, relocation of ZO-1, and occludin
Vitamin D l Regulation of innate and adaptive immunity, TEzrin, altered villous morphology
Vitamin A l 1 Mucus and defensin production, TTLRs
Zinc ! |Phosphorylated occludin and claudin-1, fclaudin-2
Anthocyanins l 1 GLP-2 and MUC-2
Cysteine l T GSH
Methionine l 10ccludin, ZO-1 and claudin-3
Glutamine ! TATP, TERK1/2, and JNK, growth factors EGF, TGF, and IGF-1 pathways
Tryptophan l AHR and PXR pathways
Arginine l NOS pathway
Gluten 1 Binding to CXCR3
Glucose 1 Altering AJ proteins
Fructose 1 |ATP
Bile acids 1 TGRS and FXR pathways
Fat 1 Change the microbiota composition
Ethanol 1 Direct damage to epithelia, altering TJ proteins
Emulsifiers i Change the microbiota composition

|, Decrease; 1, Increase; AJ, adherens junction; AHR, aryl hydrocarbon receptor; ATP, adenosine triphosphate; CXCR3, chemokine receptor CXCR3; EGF,
epithelial growth factor; ERK1/2, extracellular signal-regulated protein kinase; FXR, Farnesoid X receptor; GLP-2, glucagon-like peptide-2; GSH, glutathione;
HIF-1, hypoxia-inducible factor-1; IGF-1, insulin-like growth factor; JNK, c-Jun NH,-terminal kinases; MUC-2, gene coding for mucin-2 protein; NOS, nitric
oxide synthase; PXR, pregnane X receptor; SCFA, short-chain fatty acid; TGF, transforming growth factor; TGRS, Takeda G protein-coupled receptor 5; TJ,
tight junction; TLR, Toll-like receptor; Treg, regulatory T cells; ZO, zonula occludens.
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shown that butyrate enhances transepithelial electrical resistance  industry (194). In a human placebo-controlled trial (163), urinary
(TEER) and affects the relocation of zonula occludens-1 (ZO-1)  excretion of °'Cr-labeled EDTA did not change after taking FOS.

and occludin. Effects of butyrate on other TJ proteins require

Disease states. Dietary fiber and its components have been

further study. Paradoxically, there is evidence that 8 mM butyr-  investigated in the following disease states:

ate is detrimental for barrier function in a monolayer preparation
in the presence of inflammatory mediators, TNF-o0 and inter-
feron (IFN)-y (170).

Healthy state. Inulin is an oligosaccharide or polysaccharide
(based on its chain length) that is present in plant sources such
as wheat, barley, and garlic (116). In a study performed in
healthy male volunteers (140), participants who took inulin for
8 wk had significantly lower lactulose/mannitol (L/M) ratio and
serum zonulin levels. Inulin also induced higher levels of muco-
sal GLP-2, a 33-amino acid peptide released from the mucosal
enteroendocrine L-cells of the intestine. GLP-2 has a trophic
role within the intestine, inducing cellular proliferation, as well
as being protective during inflammatory states (195) (Fig. 1).

Pectin is a polysaccharide available in plant cell walls, such as
citrus peel or apples. In the upper gastrointestinal tract, pectin is re-
sistant to digestion and hydrolysis. Because of its complex struc-
ture, pectin serves as a substrate for fermentation by the microbiota
in both the proximal and distal colon, resulting in the production of
SCFAs by colonic bacteria (187). In experimental studies using
cell lines, pectin protected the intestinal barrier, as shown by
TEER measurement (178). Pectin also prevented inflammation in
doxorubicin-induced ileitis in mice in vivo (142). However, in a
randomized, controlled trial conducted in healthy young and el-
derly participants who received pectin for 4 wk, a pan-gastrointes-
tinal permeability test with sugars showed no significant effects of
pectin (187). Therefore, it is unclear whether pectin actually
changes human intestinal barrier function.

Fructo-oligosaccharides (FOS) are carbohydrates derived from
sucrose that are used as a new form of sweetener in the food

Nonalcoholic Fatty Liver Disease: A randomized, controlled
trial of the effects of dietary fiber on nonalcoholic fatty liver dis-
ease (NAFLD) patients used the serum zonulin level as a marker
for intestinal permeability. Zonulin levels decreased signifi-
cantly after increased intake of dietary fiber. This implies a
change in intestinal permeability after fiber intake, and it coin-
cided with improvement in the steatosis demonstrated by reduc-
tion in liver enzymes and improved Hamaguchi scores (96).
Environmental enteropathy: In developing countries, starting
complementary feeding (when breast milk alone is no longer
sufficient to meet the nutritional requirements of infants) is asso-
ciated with multiple episodes of enteric infections. These infec-
tions may lead to intestinal barrier damage and chronic immune
activation, thus causing a condition called environmental enter-
opathy (EE). EE is associated with impaired growth in children.
In a cohort study of healthy newborns done in Brazil (42), lower
energy intake, and dietary fiber were linked with intestinal bar-
rier dysfunction, measured by urinary L/M ratio, and higher in-
testinal inflammation, respectively. These findings suggest that
dietary intake from complementary feeding is associated with
decreased intestinal barrier function and EE in children, but do
not necessarily prove the benefit of fiber on intestinal permeabil-
ity (P = 0.40).

Obesity/metabolic syndrome: In a study comparing two groups
of lean and obese women, intestinal permeability was assessed
by urinary L/M ratio. Although mannitol and lactulose urinary
excretions were both higher in obese individuals, a statistically
significant difference in L/M ratio was not found. In a further
analysis, higher urinary lactulose excretion was associated with
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more urinary mannitol, higher weight, BMI, waist, and abdomi-
nal measurements and body fat. Dividing the groups based on L/
M ratio median did not yield any significant difference between
the aforementioned anthropometric measurements, but higher
L/M ratio was associated with higher homeostatic model assess-
ment, insulin and low-density lipoprotein/high-density lipopro-
tein (HDL) levels, and lower HDL levels.

Colitis: In a dextran sulfate sodium (DSS)-induced colitis model
in mice (74), fermentable fiber was introduced to the diet in the
form of guar gum (GG) that contains galactomannan. In the
group with induced colitis, GG had a protective effect on TJ pro-
teins and suppressed the colitis. In a separate study in mice (58),
the chemotherapeutic agent, 5-fluoro-uracil (5-FU), increased
intestinal permeability. Administration of butyrate reduced in-
testinal permeability and intestinal damage. Although there are
studies of the effects of fiber in different forms of colitis, such
as radiation-induced gastrointestinal toxicity following pelvic
radiotherapy (182), and in patients with IBD (5), none of the
studies evaluated barrier function, except for one that showed
no increased mucin gene expression in response to butyrate
enemas (68).

Vitamins and Minerals

Fat-soluble vitamins affect several components of the muco-
sal barrier: epithelial integrity, innate and adaptive immune sys-
tems, and gut microbiota. Epithelial cells and several types of
immune cells in the gastrointestinal tract express vitamin D and
vitamin A receptors. In vitro studies show that vitamin A and
vitamin D modify the expression of TJ molecules. Intestinal epi-
thelial cell lines treated with vitamin A or D have shown
increased TEER, with upregulation of ZO-1, occluding, and
several claudins (94, 99). Deletion of vitamin D receptors
(VDR) in knockout (KO) mice increased the susceptibility to
DSS-induced colitis, with increased colonic permeability to
ions, as demonstrated by reduced TEER (94), and increased par-
acellular permeability to 4 kDa dextran (127). The regulation of
innate and adaptive immunity mediated by vitamin A and
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vitamin D and the stimulation of antibacterial peptides occur at
different levels of the mucosal barrier of the gastrointestinal
tract. While acknowledging the importance of the immune
mechanisms to barrier function, a detailed description of the
multitude of effects of vitamin A and D on these immune func-
tions is beyond the scope of the current article, and the reader is
referred to a recent scholarly narrative review on this topic (56).

As described above, it seems reasonable to postulate that vita-
mins may help reduce the increased intestinal permeability
described in other pathological functional gastrointestinal disor-
ders, celiac disease, and liver disease, among others. However,
this does not appear to have been investigated in published con-
trolled clinical studies.

Vitamin D

Vitamin D regulates calcium homeostasis in the body. In
addition, it can affect other tissues, including the intestine
(Fig. 2).

Healthy state. The potential association between vitamin D
deficiency and intestinal barrier function has been tested in ex-
perimental animals. In a study (100) conducted in VDR KO
mice compared with wild-type mice, longer microvilli were
observed in the duodenal mucosa, and higher messenger RNA
and protein expression of ezrin (involved in the regulation of
microvillus morphogenesis) were observed. Although there was
reduced expression of claudin-2, serum FITC-dextran levels and
morphology of the TJs did not show any significant difference
in intestinal permeability. On the other hand, another mouse
study of the effect of vitamin D-deficient diet during pregnancy
on the offspring (192) demonstrated no change in villous mor-
phology. Serum levels of FITC-dextran 4 kDa during 4 h after
oral administration were twofold higher, and claudin-1 protein
expression was decreased.

Disease state. In a mouse model of DSS-induced colitis, the
severity of colitis was greater in VDR KO mice, which also had
disrupted TJs and desmosomes in comparison to VDR-positive
mice (198). There was also severe disruption in epithelial
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of vitamins A and D, zinc and anthocyanins on TJ
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activation.
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junctions and lowering of TEER; increased intestinal permeabil-
ity was also observed with small interfering (si)RNA-induced
knockdown of the vitamin D receptor. Administration of vitamin
D to mice in another DSS-colitis model (172), improved colitis
symptoms, sustained the expression of TJ proteins (expression of
Z0-1, occluding, and claudin-1), and improved barrier function
(e.g., decreased the FITC-dextran permeability and the circulating
levels of LPS). Short-term treatment with 2,000 international
units (IU)/day of vitamin D or placebo for 3 mo in patients with
Crohn’s disease (136) has shown that vitamin D may improve
gastroduodenal permeability (sucrose excretion) relative to the
deterioration observed on placebo; however, there was no signifi-
cant improvement in small intestinal or colonic permeability with
vitamin D treatment for 3 mo.

Vitamin A

Vitamin A deficiency has been associated with altered mucus
production, downregulated defensin-6, and upregulated TLR in
rats, thereby, damaging both humoral and cellular immunity in
the mucosa and increasing susceptibility to intestinal infection
4) (Fig. 2).

Healthy state. A randomized, controlled trial of 4 month’s
duration (109) conducted in children compared the effects of
vitamin A treatment with placebo and documented no differen-
ces in L/M ratio, although the vitamin A-treated group had sig-
nificantly lower urinary lactulose and mannitol excretion at the
end of the 4-mo study. This was associated with lower preva-
lence of parasitic and Giardia infections, although the relation-
ship between reduced infections and changes in barrier function
is unclear. In a cross-sectional study (36) of Brazilian children,
higher intestinal permeability (L/M ratio) was documented in
children with vitamin A deficiency.

In vitamin A-deficient Gambian and Indian children, vitamin
A supplementation improved the intestinal barrier function,
assessed by the L/M ratio test, although this was still not normal
when compared with healthy infants in the United Kingdom
(166).

Zinc

There are two types of zinc transporters conserved in mam-
mals: /) Zrt-/Irt-like protein (ZIP) zinc transporters [SLC30A],
which increase the cytoplasmic zinc level by zinc import. ZIP14
is a member of this family of proteins. 2) ZnTs (zinc transport-
ers, SLC39A) decrease the cytoplasmic zinc level by zinc
export.

Healthy state. A study (67) of ZIP14 KO mice showed
increased intestinal permeability by serum FITC-dextran
4,000 Da levels and endotoxins, reduced expression of phos-
phorylated occludin and claudin-1, and increased claudin-2.
These findings suggest a role for zinc in maintaining intestinal
barrier function. In fact, coadministration of vitamin A and
zinc (36) normalized intestinal permeability and restored lin-
ear growth in a cross-sectional sample of 75 children in north-
eastern Brazil (Fig. 2).

Polyphenols

Polyphenols are secondary metabolites available in plants in
which they have many functions, such as being involved in
defense mechanisms (60). They are abundant in many fruits,
vegetables, and wine. Flavonoids are derivatives of polyphenols.
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Some subgroups of flavonoids include anthocyanins and flavo-
nones (Fig. 2).

Healthy State. A polyphenolic extract obtained from
Portuguese red wine (123), (which includes catechins, oligo-
meric procyanidins, flavonols, anthocyanins, phenolic acid, and
tannins) decreased the paracellular permeability across a HT-29
colon epithelial cell monolayer by promoting a significant
increase of the messenger RNA (mRNA) of key barrier-forming
TJ proteins (occludin, claudin-5, and ZO-1), and reducing clau-
din-2 mRNA, which would lead to a channel-forming TJ protein
that increases permeability.

Flavonones

Flavonones are various aromatic, colorless ketones derived
from flavone that often occur in plants as glycosides. Total phe-
nolic extracts of Citrus aurantium L. (TPE-CA) are rich in die-
tary flavanones. In mice treated with antibiotics, TPE-CA
counteracted most of the dysbiosis, reshaped intestinal perme-
ability (upregulation of ZO-1 and occluding-associated pro-
teins), and reduced serum endotoxin. Interestingly, there was
also stimulation of FXR, resulting in reduced hepatic synthesis
of bile acids (110). More trials in humans are needed to further
assess the effects of citrus flavanones. In vitro studies in Caco-2
cell monolayers have shown improved intestinal barrier function
(increase in TEER and a decrease in FITC-dextran flux) and
increased TJ proteins after administration of citrus flavanones
(hesperetin and naringenin) (155).

Anthocyanins

Anthocyanin pigments are a subfamily of flavonoids that are
responsible for colors in fruits; they play a major role in the anti-
oxidant function of fruits, such as berries and grapes (52).

Healthy state. Anthocyanin supplementation reduced the
effects of an HFD on the gut barrier in a mouse model, as shown
by lower plasma endotoxin levels, increased GLP-2 levels (with
upregulation of occludin, ZO-1, and claudin-1 TJ protein
expression), microbiota composition, and MUC2 (gene coding
for Mucin-2 protein) expression. In addition, in Caco-2 mono-
layers, anthocyanin reduced intestinal permeability measured
with FITC-dextran flux and TEER (43). In another cell model
(15) of the intestinal barrier with inflammation consisting of
cocultured Caco-2 and HT29-MTX cells, as well as activated
macrophages, procyanidin B-2 prevented the decrease in occlu-
din expression and markedly increased claudin-7 expression
(Figs. 1 and 2). Daily consumption of New Zealand black cur-
rant anthocyanin-rich extract for 5 wk promoted beneficial/pro-
tective antioxidant/anti-inflammatory cellular events that
facilitated recovery from exercise-mediated oxidative stress, as
well as increased plasma IL-10, salivary B-defensin 2 and secre-
tory IgA (75).

Probiotics

Probiotics are live microorganisms available in dietary sour-
ces and may exert beneficial effects on the host (144), such as
maintaining homeostasis (86) in gut mucosa by enhancing in-
tegrity of gut barrier, increasing the production of butyrate, and
strengthening the TJ proteins (such as occludin and claudin 3)
by strains of Lactobacillus reuteri (138).

Disease state. Several studies in animals have shown
increased TJ proteins and attenuated effects of LPS on intestinal
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barrier after probiotic administration (86). Some Saccharomy-
ces species are probiotic yeasts that have a beneficial effect on
intestinal barrier in animal models (138, 164). Specific exam-
ples are S. boulardii reduction in intestinal permeability (manni-
tol flux) when colitis was induced by Citrobacter rodentium
strain DBS100 in mice (189), and partial restoration of claudin-
1 expression and barrier integrity in T-84-polarized cell mono-
layers (colonic cells from humans) apically infected with
Shigella flexneri (120).

In a randomized, double-blind, placebo-controlled, parallel-
arm clinical trial in obese humans (98), different strains of
Bifidobacterium probiotics and the prebiotic galactooligosac-
charide (GOS) reduced postaspirin excretion of sucralose: lactu-
lose ratios or sucralose alone with no effects on circulating
endotoxins. In another placebo-controlled trial in healthy human
volunteers (119), Lactobacillus plantarum TIFN101 induced
specific gene transcription of barrier proteins that are involved
in repair processes in the intestine damaged by indomethacin.
For example, the reduced claudin-5 observed may conceivably
enhance the intestinal barrier, given that increased claudin-5
expression is associated with a decrease in alveolar epithelial
barrier function (146).

The effects of a combination probiotic, Ecologic 641, have
been tested in a trial (177) of 13 male patients with primary scle-
rosing cholangitis and IBD. Patients who received probiotics
showed no significant improvement in liver function indices.
Another combination probiotic, VSL#3, reduced barrier disrup-
tion by IFN-v in polarized monolayers of T84 intestinal epithe-
lial cells, as measured by TEER and FITC-dextran permeability
(97). This beneficial effect of VSL#3 was confirmed in an in
vivo model of DSS-induced acute colitis in mice. Thus, VSL#3
protects the epithelial barrier by preventing decreased TJ protein
expression (occludin, ZO-1, and several claudins) and prevent-
ing the increased apoptotic ratio (115).

Synbiotics

Synbiotics consist of a combination of specific probiotic
strain(s) with the prebiotics that feed them (147).

Healthy state. In a study in humans (183), healthy males par-
ticipating in physical activity took either a synbiotic supplement
consisting of multiple probiotic organisms, including several
Lactobacillus and Bifidobacterium species, two prebiotics, bo-
vine whey-derived lactoferrin and immunoglobulins with acacia
gum, or a prebiotic (acacia gum) for 3 wk. No significant
changes in intestinal permeability measured by L/M ratio were
documented in either group. In a double-blind, controlled,
randomized, parallel design study (186) in 20 adults, who were
administered indomethacin to increase intestinal permeability,
participants received either synbiotic (1.5 x 10" CFU Ecologic
825 + 10 g FOS per day) or control supplements for two weeks.
There was increased stool frequency, but no significant altera-
tion of intestinal permeability.

Disease state. Another trial (57) showed beneficial effects
of the synbiotic supplementation on hepatic steatosis and an-
thropometric parameters, but not on intestinal permeability
(by L/M urinary ratio or serum LPS) in a population with
NASH.

As summarized above, probiotic Bifidobacterium strains and
GOS improved intestinal barrier function in obese adults, but
showed no synergism when used together as synbiotics (98).
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Nevertheless, salmosan, a [-galactomannan-rich product, in
combination with Lactobacillus Plantarum, restored intestinal
epithelial barrier function measured by TEER in monolayers of
intestinal epithelial cells primed with either infectious agents or
inflammatory cells (25).

Prebiotics

These are nondigestible dietary components that have benefi-
cial effects for the host through affecting the colonic bacterial
activity (113).

Disease states. Prebiotics have been used in animal models
of disease to assess whether the underlying disease is altered in
association with changes in intestinal permeability. For exam-
ple, effects of xylo-oligosaccharides (XOS) on pancreatic islet
and salivary gland inflammation were investigated in nonobese
diabetic (NOD) mice; XOS reduced intestinal permeability
markers (serum FITC-dextran and zonulin) in the small and
large intestine and inflammatory markers locally and systemi-
cally (69). Another study of XOS in rats showed changes in
microbiota, but not in intestinal integrity (37). Bovine milk oli-
gosaccharides reduced Western diet-induced increase in intesti-
nal permeability in mice, as measured by markers of
paracellular and transcellular flux (FITC-dextran and horserad-
ish peroxidase) in mucosa studies in vitro (21). In a study on
severe acute pancreatitis in rats (200), prebiotic GOS added to
enteral nutrition decreased bacterial translocation and epithelial
apoptosis and, thus, improved disrupted intestinal permeability.
It was proposed that the improved growth of epithelial cells may
be due to the GOS metabolite, butyrate.

In human studies, the prebiotic GOS reduced postaspirin
excretion of sucralose:lactulose ratios or sucralose (98). Only
marginal effects were noted in intestinal permeability of chil-
dren with Type 1 diabetes mellitus (72), and there were no sig-
nificant effects of enteral supplementation of a prebiotic mixture
to decrease intestinal permeability in preterm infants who were
being fed breast milk or mixed breast milk/formula feeding in
the first week of life (184). Prebiotic ingestion did not improve
gastrointestinal barrier function (measured by L/M ratio) in
burn patients (126).

Arabinoxylans

Arabinoxylans are nondigestible carbohydrates that are read-
ily available in wheat. They are metabolized in the colon by
bacteria (122) and are gradually fermented in the colon (143). A
randomized, controlled trial in healthy volunteers with BMI of
28-35 kg/m2 showed that, compared with lean controls, intesti-
nal permeability was increased in overweight or obese individu-
als. After 6 wk of arabinoxylans therapy, the fermentation
profile was improved, but the intestinal permeability did not
change (143). There is a need for more studies to investigate the
effects of arabinoxylans on intestinal permeability.

EFFECTS OF MACRONUTRIENTS
Protein

Dietary protein is derived from animal or plant-based sour-
ces. Protein from sources such as eggs, meat, fish, dairy prod-
ucts (milk and cheese), and nuts is enzymatically
metabolized to amino acids and peptides, and products are
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subsequently fermented to hydrogen sulfide (H,S) by gut
microbiota.

Disease state. In a study (11) in broiler chickens with leaky
gut induced by dexamethasone (DEX), intestinal permeability
was measured by FITC-dextran, and TJ protein expression was
measured by PCR. The study compared standard diet, reduced
protein diet, or reduced protein diet supplemented by amino
acids, glutamine, glycine, or arginine. There were inconsistent
effects on TJ protein expression in jejunum and ileum; the most
consistent finding was that arginine supplementation to a
reduced protein diet showed benefits on permeability, including
increased claudin-3 expression. These results need to be further
assessed in human subjects.

Protein intake in patients with IBD has been evaluated in sev-
eral retrospective and cohort studies. There was no consensus
about the association between protein consumption and IBD in
the studies, which are compromised by potential recall bias in
filling out questionnaires about diet. An epidemiological study
(78) in >67,500 middle-aged women followed for >705,000
patient-years in France reported increased risk of IBD associ-
ated with consumption of meat and fish; this was not reported
for eggs or dairy products. Nevertheless, the relationship
between protein intake and alterations in intestinal permeability
has not been demonstrated in healthy humans or patients with
IBD, in contrast to the significant effects of other dietary com-
ponents, such as high-fat diets in IBD, discussed below.
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Gluten

Gluten proteins can be divided into two main fractions,
according to their solubility in aqueous alcohols: the soluble
gliadins and the insoluble glutenins. Both fractions consist of
numerous partially closely related protein components charac-
terized by high glutamine and proline contents. Gliadins are
mainly monomeric proteins with molecular weights (MWs)
around 28,000-55,000 and can be classified according to their
different primary structures (185) (Fig. 3). Gluten is clearly
implicated in the damaged barrier in celiac disease; several stud-
ies have reported altered TJ proteins in active celiac disease that
were partly reversed with a gluten-free diet (31). This discussion
will consider effects of gluten on the intestinal barrier in noncel-
iac disease patients or disease models.

Disease state. In mice with DSS-induced colitis, those fed
with gluten had elevated intestinal permeability, translocation of
bacteria, and worsening of colitis that resulted from gluten
impairing the desmosomes and adherent junctions and damaging
the colonic mucosa (117). In another study, increased permeabil-
ity in intestinal epithelial cell lines from mice and human biopsies
was associated with gliadin binding to CXCR3 (chemokine
receptors in intestinal epithelia) and increasing zonulin release
(103).

Two other studies investigated intestinal permeability in non-
celiac gluten sensitivity. Sapone et al. (145) showed no increase
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in intestinal permeability in the small bowel of nonceliac glu-
ten-sensitive individuals (n = 13) using the L/M ratio test
compared with dyspeptic controls (n = 14) at baseline; how-
ever, in response to gluten withdrawal, the permeability was
significantly decreased, and claudin-4 expression was
increased in jejunal biopsies of gluten-sensitive patients
compared with the dyspeptic controls. Another study docu-
mented permeability of duodenal biopsies ex vivo after expo-
sure to gliadin; the permeability was higher in biopsies from
patients with active celiac disease, but not in biopsies from
nonceliac gluten-sensitive subjects compared with biopsies
from healthy controls (73).

The celiac disease-permissive human leukocyte antigen
(HLA) genotype is associated with abnormal barrier function
(increased small intestinal permeability, and reduced mRNA
expression of TJ proteins) in irritable bowel syndrome with diar-
rhea (IBS-D) relative to health. This may be, in part, related to
immunogenotype, given that reduced ZO-1 protein expression
in rectosigmoid mucosa was observed in HLA-DQ2/8-positive,
relative to HLA-DQ?2/8-negative, patients (174). In a clinical
trial of nonceliac disease patients with IBS-D, a gluten-free diet
(GFD) demonstrated symptomatic improvement relative to glu-
ten-containing diet (GCD), and this was associated with reduced
small intestinal permeability (173). Diet-induced changes
were assessed and correlated with urinary mannitol excretion
(after oral administration). In the small intestine, epithelial
myosin light-chain (MLC) phosphorylation was increased and
decreased by GCD and GFD, respectively, and this correlated
with increased intestinal permeability. Colonocytes expression
of the paracellular Na* channel claudin-15 was also markedly
augmented following GCD challenge. Conversely, colonic
claudin-2 expression correlated with reduced intestinal perme-
ability. These data show that alterations in barrier protein
expression are associated with gluten-induced symptomatol-
ogy and intestinal permeability changes in IBS-D (188).

Sulfur-Containing Amino Acids: Cysteine and Methionine

Cysteine is a semiessential amino acid that can be produced
from methionine or serine in the body. Cysteine is required to
produce glutathione (GSH) in the body. GSH, a tripeptide com-
posed of y-glutamic acid, cysteine, and glycine, is a potent anti-
oxidant in epithelial cells of the gastrointestinal tract, and it
serves as a reservoir of cysteine and as a means for transporting
cysteine to extrahepatic tissues (156). Cystine is formed from
the oxidation of two cysteine molecules, which results in the
formation of a disulfide bond.

Disease state. In a study performed in rats infected with
Salmonella enteritidis (169), a control diet was compared with a
diet supplemented with cysteine as a precursor of GSH, or
buthionine sulfoximine, which inhibits GSH. Intestinal perme-
ability was assessed by *'Cr-labeled EDTA, and the cysteine-
treated group showed restoration of the intestinal permeability
that was impaired after the Salmonella infection without altering
inflammatory markers. Damage to epithelial barrier function
has been investigated in models of ischemia-reperfusion injury
in rats; the severity of reperfusion injury in the intestinal, endo-
thelial, and epithelial barrier seems to correlate with the period
of ischemia, the pathway of cell damage and death, together
with proteinase-antiproteinase imbalance (159). N-acetyl-L-cys-
teine pretreatment resulted in improved endothelial and
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epithelial barrier integrity, and a decrease in protease inhibitor
consumption (158).

Methionine (Met) is an essential amino acid that is used in
several important methylation pathways in the body (61).

Healthy state. In a study done in mice, the effects of Met
restriction plus an HFD on the intestinal permeability were
assessed (193). There were three groups: normal diet, HFD, and
Met-restricted HFD. HFD-induced gut microbiota dysbiosis,
reduced SCFA production, and increased intestinal permeabil-
ity. Met-restricted HFD improved intestinal barrier function,
and it was reported that Met-restricted HFD reduced LPS levels
in the plasma and induced the mRNA expression of TJ proteins,
including occludin, ZO-1, and claudin-3 both in ileal and colo-
nic samples. Met-restricted HFD altered the gut microbiota in
favor of increased production of SCFAs and decreased proin-
flammatory bacteria.

Glutamine

Glutamine is a conditionally essential amino acid because its
consumption increases during adverse conditions. Glutamine is
a significant source of energy for intestinal mucosa, for both
enterocytes and immune cells. Deprivation of exogenous and
endogenous glutamine in a Caco-2 monolayer cell model
decreased TEER, increased the paracellular permeability to
mannitol, and downregulated and redistributed the TJ proteins,
claudin-1, occludin, and ZO-1 (105, 106). Glutamine enhances
intestinal epithelial proliferation, as it is a source of adenosine
triphosphate (ATP) for the cells and a substrate for the meta-
bolic pathways to produce nucleotides and GSH. It also controls
cell proliferation via signaling pathways, such as extracellular
signal-regulated protein kinase 1/2 and JNK, and interacts with
growth factors, such as epithelial growth factor (EGF), trans-
forming growth factor (TGF), and insulin-like growth factor-1
(180). An extensive review in the literature (180) appraised vari-
ous roles of glutamine in the gastrointestinal tract, which
included enhancing the cellular growth, prevention of epithelial
atrophy in catabolic states, enhancing the cellular morphology
and immune response, and improving the barrier function by
regulating the expression of TJ. Glutamine improved histologi-
cal scores and inflammation, and increased intestinal permeabil-
ity of 4-kDa dextran in everted sacs of ileum of a preclinical
model of ischemia-reperfusion (IR) injury induced by superior
mesenteric artery occlusion (133) (Fig. 3).

Disease state. The effects of acetaldehyde and interleukin-13
(IL-13), which damage the intestinal barrier in a Caco-2 epithelial
model in vitro, were reversed in the presence of glutamine (149)
(104). Glutamine also reduced the production of proinflammatory
IL-6 and IL-8, enhanced anti-inflammatory IL-10 level in T- and
B-lymphocytes and epithelial cells (40), and is required for T cell
activation. In an in vitro study (12) on colonic mucosal biopsies
from human subjects, EGF and glutamine prevented the negative
effects of acetaldehyde on adherens junction and TJ proteins. In a
study done in mice (101), activity-based anorexia was induced.
The effects of supplementation with glutamine versus branched-
chain amino acids (BCAA) were assessed. BCAA included leu-
cine, isoleucine, and valine. The activity-based anorexia was
associated with an alteration of intestinal barrier in previous stud-
ies (81). Intestinal permeability was assessed by FITC-dextran in
Ussing chambers. Glutamine, but not BCAA, restored permeabil-
ity to the level of the control group.
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Another study (108) comparing glutamine supplement with
standard formula for 10 days in malnourished children showed
that the L/M ratio decreased significantly in the glutamine-
treated group compared with the same standard formula plus
glycine, demonstrating an improvement in gut permeability. A
randomized, controlled trial (14) showed that glutamine
improved intestinal permeability, assessed by the L/M ratio test,
and morphology in patients with Crohn’s disease; however, the
control group receiving whey protein (to match net protein
intake) had similar results. In patients with postinfectious IBS-D
(201), glutamine supplementation for 8 wk was evaluated and
compared with placebo. Elevated intestinal permeability, as
shown by high urinary L/M ratio, was restored toward normal in
the glutamine-treated group compared with no change in the
control group. There were reduced symptoms, frequency of def-
ecation, and improved consistency of stools in the glutamine-
treated group. Peng et al. (132) studied effects of oral glutamine
administered to patients with burns; urinary L/M ratios were
lower compared with burn patients who did not receive gluta-
mine, suggesting that glutamine supplements reversed the intes-
tinal barrier disruption (132). In addition, the glutamine-treated
group had a shorter hospital course. In a randomized, controlled
trial (9), in patients with acute pancreatitis, enteral glutamine
added to the standard nutrition was compared with the standard
nutrition alone. Permeability was assessed by plasma PEG lev-
els. Glutamine treatment was associated with significant decline
in plasma PEG compared with levels in the beginning of the
study. In-hospital mortality or infected necrosis outcomes did
not change with glutamine treatment.

L-Tryptophan

95% of L-tryptophan (Trp) in the body enters the kynurenine
pathway in immune cells and epithelial cells of the gastrointesti-
nal tract; the remaining Trp is metabolized by the enzyme, tryp-
tophanase, in many gut microbiota, producing tryptamine and
other indole derivatives, including 3-indole propionic acid
(IPA), and a small percentage enters the serotonin pathway in
enterochromaffin cells (161). Trp can affect gut permeability
through the action of nuclear receptors, including aryl hydrocar-
bon receptor (AHR) and PXR (27) discussed below (Fig. 3). Trp
improved colitis in wild-type mice (77).

Arginine

Arginine (Arg) is a semiessential amino acid and a substrate
for different enzymes, such as arginases and nitric oxide syn-
thases (NOS). It can enter pathways to be metabolized by host
enzymes, or it may be consumed by gut bacteria (2). The consti-
tutive form of NOS (c-NOS) produces the small amounts of ni-
tric oxide (NO) necessary for specific physiological cell
functions, including maintenance of normal epithelial barrier in
the intestine (3). Dietary Arg supplementation can also affect
the innate immune system by increasing production of proin-
flammatory cytokines, IL-1f, IFN-y, and TNF-a, secretory IgA,
mucin-2, mucin-4, and Paneth cell antimicrobial secretions in
the small intestine of mice (139) (Fig. 3).

Disease states. Only a few studies have shown that Arg sup-
plementation protects the intestinal epithelial integrity against
different damaging conditions in different epithelial cell and
animal models of disease:
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Heat-stress: Pretreatment with 4 mM of L-Arg partially reverted
the drop on TEER and the increase in Lucifer yellow (457.25
Da, estimated diameter 11A°) paracellular permeability induced
by heat stress conditions (171). L-Arg improved the jejunal mor-
phology in a rodent model of heat stress-induced intestinal dam-
age. This amelioration was associated with the upregulation of
Z0-1 at mRNA and protein levels (190).
Hypoxia: Arg also prevents reduction of TEER and increases
inulin paracellular permeability that is induced by hypoxia in
jejunal intestinal epithelial J2 cells monolayers. These func-
tional changes are associated with a downregulation of the TJ
protein, ZO-1 (33).
Ischemia-reperfusion: In a study in rats with mucosal injury due
to ischemia-reperfusion (157), treatment with oral Arg improved
cell proliferation and recovery from mucosal injury.
Colitis: Arg-treated mice with colitis showed a reduction in my-
eloperoxidase-positive neutrophils and of colonic paracellular
permeability. In this model, these effects were exerted through
inducible NOS (iNOS)-NO system, as the KO mice for iNOS
did not show the benefits of Arg therapy (39). In a DSS-induced
colitis model (7) in mice, Arg was administered before or during
the induction of colitis. Both groups showed decreased intestinal
permeability and bacterial translocation compared with the con-
trol group. In another study (95), Arg was given to rats that had
intestinal mucosal injuries due to methotrexate, resembling the
effects of chemotherapy. Arg decreased epithelial cell apoptosis
and mucosal injury.

Steatohepatitis: Arg supplementation mitigated the decreased

TJ protein expression of occludin and ZO-1 in the small intes-

tine and promoted levels of bacterial endotoxin in plasma in a

rodent model of non-alcoholic steatohepatitis (148).

Intestinal obstruction: Arg supplementation reduced intestinal

paracellular permeability of a molecule of 400 Da and bacterial

translocation, assessed by gavaging with E. coli, in a model of

intestinal obstruction (176).

Although there is potential benefit for the use of Arg in the
treatment of patients with an altered mucosal barrier, based on
the studies in epithelial cell models and preclinical models
described above, to the best of our knowledge, no clinical trials
have been reported.

Glucose and Fructose

A high-glucose diet and a high-fructose diet were both
associated with increased intestinal permeability and altered
TJ proteins in mice; these effects were also associated with
a change in gut microbiota and fat deposition in the liver
(50) (Fig. 4).

Intestinal glucose absorption occurs mainly via the Na*/glu-
cose cotransporter (SGLT-1) on intestinal epithelia. Another
pathway for absorption of high concentrations of luminal glucose
occurs via a paracellular pathway between epithelial cells (10), or
via the carrier protein, GLUT-2, in the apical membranes (89).
As monosaccharide absorption is completed 100% in the 100 cm
of proximal jejunum, it is not clear whether any glucose reaches
the distal parts of the gastrointestinal system to affect intestinal
barrier function (20).

In a mouse model (165), elevated serum glucose levels, in the
absence of obesity, were associated with dysfunction of adherens
junction protein between intestinal epithelial cells, rendering the
mice more susceptible to intestinal pathogens and the appearance
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Fig. 4. Effects of sugars, ethanol, bile acids, and emulsifiers on the intestinal barrier. Note the effects of glucose on AJ proteins and bacteria, fructose reduces the intra-
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of bacterial products in the circulation. Hyperglycemia increases
intestinal cell transcription of apical GLUT-2, thereby, increasing
glucose absorption, whereas treatment of hyperglycemia restores
barrier function and further metabolism of glucose. In 27 healthy
individuals (165), hemoglobin A1C levels had the strongest asso-
ciation with microbial pattern recognition receptor ligands in the
serum. This association was not seen in association with BMI,
showing a direct independent effect of hyperglycemia on intesti-
nal barrier dysfunction.

In patients with diabetes, there was encroachment of bacteria
in the dense inner layer of mucus close to the epithelium, whereas
in nonobese, nondiabetic controls, bacteria were only present in
the outer layers of mucus. This encroachment of bacteria was in-
dependent of BMI and obesity, suggesting the effect was related
to a cellular effect of glucose on barrier function (35).

Fructose is found in fruits, honey, and table sugar (sucrose)
(80); it is also added to many food products such as soft
drinks in the form of high-fructose corn syrup (HFCS). With
the increase in the use of HFCS (23), it is crucial to investi-
gate the possible effects of fructose on barrier function.
Fructose is absorbed via GLUT-5 in the intestinal brush bor-
der and transported to the portal bloodstream via basolateral
GLUT-2 (197). In the liver, fructose is metabolized by the
enzyme, fructokinase-c, for which there is no negative feed-
back control. Thus, the delivery of fructose leads to further
metabolism, depletion of ATP, generation of uric acid, media-
tors of inflammation and oxidative stress, and ultimately the dis-
ruption of protein production. Fructokinase-C is also present in
the small intestine where unchecked fructose metabolism ulti-
mately leads to ATP depletion and decreased expression of TJ
proteins, leading to increased permeability and endotoxemia.

These principles were confirmed in fructokinase-C gene KO
mice (84).

Disease states. Fructose consumption is associated with
inflammation and liver disease. An increased level of inflamma-
tory cytokines in patients after fructose consumption may cause
barrier dysfunction and allow endotoxins to enter the blood-
stream, leading to mitochondrial dysfunction, inducing insulin
resistance and oxidative stress that, in turn, leads to an inflam-
matory response (197).

In liver disease, it is proposed that fructose may cause similar
effects as ethanol intake (153); fructose causes increased perme-
ability which leads to translocation of endotoxins in the portal
circulation that eventually activates Kupffer cells in the liver
and leads to NAFLD. Endotoxins can further trigger oxidative
stress in the liver and lead to a progression from NAFLD to
NASH and cirrhosis (55). A study by Thuy et al. (167) in
patients with NAFLD and a control group reported that higher
dietary intake of fructose was associated with NAFLD, higher
markers of intestinal permeability, and plasma endotoxins, and
higher expression of endotoxin receptor, TLR4, on hepatocytes
(167). In a randomized, controlled trial (82) in adolescents with
NAFLD, consumption of fructose compared with glucose for 4
wk led to increased endotoxins in the blood. In adults (41) with
NASH, there was significant liver ATP depletion after intrave-
nous fructose in comparison to healthy controls. Similarly, in
healthy adult men, oral fructose also caused ATP depletion in
the liver (13).

Fat

Fat is an essential macronutrient source of energy and is impor-
tant for the structure of cellular lipid membranes (87). Fat can
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induce changes in intestinal permeability via altering barrier
structure and/or the gut microbiota. HFD altered TJ proteins and
microbiota and induced inflammation in the gut in a study in rats
(44), all of these leading to increased intestinal permeability as
documented by the appearance of FITC-dextran in plasma and
the translocation of occludin into the cytoplasm of ileal epithelial
cells after 10 wk of the diet. Another manifestation of HFD or
chronic metabolic syndrome is the well-documented endotox-
emia induced in mice (28). A high-fat diet is associated with
changes in the microbiota, such as increases in sulfur-reducing
bacteria (SRB), with increased production of H,S leading to
decreased butyrate oxidation (30) or reduced Bifidobacteria with
increased inflammation and barrier dysfunction (196) (Fig. 4).

The type of fat in the diet may exert different effects on micro-
biota and permeability, as shown by Devkota et al. (47); thus, a
diet high in saturated fat (milk) exerted different effects on micro-
biota compared with a diet high in polyunsaturated fat (safflower
oil). A high-milk fat diet promoted an increase in Bilophila wad-
sworthia, a sulfite-reducing bacterium, producing H,S. These
changes were mediated in part by an increase in taurocholic acid
in bile, which is a nutritional source for B. wadsworthia to reduce
sulfur and produce H,S, thereby disrupting barrier function.
Abulizi et al. (1) reported effects of different sources of fats in
mice; from the perspective of barrier function, the most relevant
effects were observed with corn oil [a source of omega-6-polyun-
saturated fatty acids (PUFA)], which decreased integrin-linked ki-
nase, which is indispensable for barrier function and was
associated with decreased expression of several TJ proteins of the
intestinal barrier.

Healthy state. A prospective interventional study (128) in
healthy normal-weight men, who received 1,000 kcal/day
(added as whipping cream) above their calculated energy need
for 7 days, showed no effects on intestinal permeability, meas-
ured using sugar and PEG absorption tests, and plasma zonulin.

Disease state. A prospective epidemiological human study
(70) conducted in >260,000 European men and women sought
associations between ulcerative colitis and diet, and none were
detected, apart from a possible increased risk with a higher total
PUFA intake.

Changes in permeability were compared in two groups of
patients with NAFLD taking a Mediterranean diet or a low-fat
diet (16). Permeability was assessed by >'Cr-labeled EDTA at
baseline and at the end of the diet. Although the Mediterranean
diet improved body weight and liver transaminases, there was
no significant change in permeability indices after the interven-
tion in any of the groups.

Di Palo et al. (48) studied pan-gastrointestinal permeability in
three groups based on BMI: normal, overweight, and obese.
Obesity and liver steatosis were associated with increased colonic
permeability, and there was a significant difference in colonic
permeability among the three BMI groups. Participants who
reported less compliance with the Mediterranean diet had signifi-
cantly increased small intestinal permeability compared with
those who were more adherently following the diet. It is, there-
fore, still unclear whether the Mediterranean diet significantly
impacts intestinal barrier function.

Alcohol (Ethanol)

Animal and human studies suggest alteration of small intesti-
nal barrier in both acute and chronic alcohol use (154) e.g., at
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dosages ranging from 6 g-kg '-day ' to 8 gkg '-day ' in ani-
mal studies. Ethanol concentrations in the gastrointestinal
tract reach the same level as blood levels after coming to
equilibrium, suggesting that ethanol must increase intestinal
permeability (53). Ethanol disrupts intestinal permeability by
directly damaging the cells and altering TJ structures, as pro-
posed below (Fig. 4).

Healthy state. Single oral intake of alcohol (1 g/kg) induced
altered histology in duodenum (65), and consumption of an ex-
cessive amount of alcohol led to a change in rectal mucosal cells
and inflammation (24).

Disease state. A study done (130) in men with chronic alco-
hol abuse and alcoholic liver disease compared with nonalco-
holic controls showed increased permeability to larger
molg:cules up to a molecular mass of 10,000 (estimated diameter
46 A) to mimic the structure of endotoxins. Endotoxins need a
molecular mass of >1,900 to maintain biological activity. PEG
10,000 was not found in the urine of controls, whereas it was
found in the urine of many alcoholics, and plasma endotoxin
was increased fivefold in the alcoholics in comparison to
control.

There was a significant correlation between PEG 4000 per-
meability measures and endotoxins in the plasma in the alco-
holic group. Keshavarzian et al. (91) assessed the role of
permeability in inducing alcoholic liver disease in chronic alco-
hol abusers. Interestingly, only alcoholics with chronic liver dis-
ease showed increased markers of permeability (L/M ratio in
urine) compared with alcoholics without liver disease or sub-
jects who had liver disease unrelated to alcohol abuse. These
data indicate increased intestinal permeability, which is related
to the alcohol rather than a nonspecific effect of liver disease. In
another study (18), chronic alcohol abuse was associated with
increased intestinal permeability, measured using °'Cr-labeled
EDTA. The increased permeability persisted even after 2 wk of
cessation. In mice (191), chronic alcohol administration led to
altered microbiota composition, intestinal bacterial overgrowth,
and bacterial translocation, compared with the control group.

INTRALUMINAL EMULSIFIERS

Endogenous Bile Acids

Bile acids are produced in the liver from cholesterol. These
steroid molecules act as mediators for fat digestion and absorp-
tion by having detergent properties, and they also act as signal-
ing molecules (59) (Fig. 4).

Direct action of bile acids. Some bile acids may exert direct
toxic effects on the intestinal epithelium through detergent prop-
erties of the primary bile acid, chenodeoxycholic acid and the
secondary bile acid, deoxycholic acid, which are both di-
a-hydroxy bile acids (124), or may induce cytotoxicity through
apoptosis, independent of their detergent effects (8). An in vitro
study showed that bile acids modify TJ proteins and, thus,
increased intestinal permeability (137).

Indirect action as signaling molecules. As signaling mole-
cules, bile acids exert their effects mainly through two receptors:
Takeda G protein-coupled receptor (a GPCR) and FXR (59). The
lack of Takeda G protein-coupled receptor 5 in knockout mice
led to altered mucous cells and disruption of TJs, leading to
increased intestinal permeability (38). FXR affects barrier func-
tion through two mechanisms: first, through anti-inflammatory
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effects and immunoregulation, leading to production of antibacte-
rial products in the gut, and, thus, indirectly affecting barrier func-
tion (49, 62); second, an FXR agonist prevents bacterial
overgrowth and mucosal injury to the ileum in a bile duct ligation
model (76) that disrupts barrier function, as shown by higher
numbers of bacteria in mesenteric lymph nodes and breaks in the
mucosal surface with bacteria moving into deeper parts of the
epithelium.

Dietary Emulsifiers and Surfactants

Emulsifiers, also called surfactants (71), are food additives
commonly used in the processed food industry. Emulsifiers
make noncompatible components of food, such as oil and water,
and blend smoothly rather than remaining separate. Two com-
mon emulsifiers are carboxymethylcellulose and polysorbate-80
(34). Administration of these two emulsifiers in mice changed
the microbiota composition to a more proinflammatory combi-
nation and increased intestinal permeability (34). Although a
change in permeability by surfactants is proposed, it is still
unclear whether, under physiological conditions and when com-
bined with other food and liquids, surfactants, in fact, affect per-
meability (27) (Fig. 4).

RECEPTORS ASSOCIATED WITH INTRALUMINAL FACTORS

Aryl Hydrocarbon Receptor

Aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor that integrates environmental, dietary, micro-
bial, and metabolic cues to control complex transcriptional
programs in a ligand-specific, cell-type-specific, and context-
specific manner. Kynurenines, tryptamine, and some indole de-
rivative are AHR ligands that enhance the production of IL-22,
an anti-inflammatory molecule, in the gastrointestinal tract.
Microbiota metabolites affect AHR and, in return, AHR affects
survival of gut microbiota populations via alterations of the
immune system (64).

Pregnane X Receptor

Pregnane X receptor (PXR) is a ligand-activated nuclear re-
ceptor whose primary function is to sense the presence of for-
eign toxic substances and, in response, to upregulate the
proteins involved in detoxification and clearance of these sub-
stances from the body. Interaction of indole propionic acid
(IPA) produced by specific gut microbiota with PXR upregu-
lates the production of junctional proteins, thus reducing intesti-
nal permeability (175). In addition, there is a role for IPA in
immune responses (51).

Disease state. In mice models, modified gut microbiota caus-
ing impaired metabolism of Trp to ligands that bind AHR
reduce the levels of IL-22 in the gut and predispose to IBD
(102). In DSS-induced colitis in mice, Trp improved colitis in
wild-type mice, but not in AHR KO mice (77). In a cross-sec-
tional study (112), patients with metabolic syndrome and obe-
sity had elevated KYN/Trp ratio, possibly from increased
conversion of Trp to KYN. Obese subjects with Type 2 diabetes
had lower serum IPA in comparison to lean subjects (79). I[PA
levels were reversed after Roux-en-Y gastric bypass surgery
(RYGB) (79). Obesity is associated with inflammation and en-
dotoxemia, which is attributed to increased permeability, all of
which are decreased after RYGB (168); there is also evidence
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of TJ protein upregulation and decreased paracellular perme-
ability in the small intestine (32). In postweaning piglets, Trp
supplementation was compared with a control diet; Trp changed
microbiota diversity in the small intestine and increased the
expression of TJ proteins, ZO-1 and ZO-3, and claudin-1 in the
jejunum and duodenum, as well as occludin in the duodenum
(107).

CONCLUSION

Individual items in alteration of the diet may impact one or
more elements of the intestinal barrier. It should be emphasized
that various dietary factors may also alter the functions of other
structures of the gastrointestinal tract, including the smooth
muscle or the ENS and the immune apparatus and, therefore,
the overall effect of the dietary factor. Hence, it should be noted
that nutrients or other dietary factors may have only limited or
no effect on health or reversal of disease, even mucosal diseases.
Further research is needed to elucidate which dietary factors are
most beneficial and cost-effective for dietary interventions of
gastrointestinal or systemic diseases that alter intestinal barrier
function. Similarly, it is important to continue to examine the
mechanisms of barrier dysfunction in health and disease states.
Further research of those mechanisms has the potential to clarify
the role of dietary intervention in treating diverse pathological
states.
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