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Abstract

Purpose of Review: The purpose of this review is to provide an update regarding the gut barrier
and its involvement with chronic diseases, as well as to review biomarkers for identification of gut
barrier integrity. This review is timely and relevant as our knowledge is increasing regarding the
role of the gut microbiome and the gut barrier in health and disease.

Recent findings: This review provides an overview of: the gut barrier, which is complex

and comprised of the mucus layer and the intestinal apical junctional protein complex; the gut
microbiome in its relation to regulating the integrity of the gut barrier; select acute and chronic
conditions that are known to be associated with gut dysbiosis and impaired gut integrity or “leaky
gut”; and current means for identifying loss in gut barrier integrity.

Summary: Many chronic conditions are associated with gut dysbiosis and systemic
inflammation. Identifying whether the gut barrier is compromised in these conditions could help
to inform potential therapeutics as a means to correct losses in gut barrier integrity and mitigate
associated medical conditions.
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Introduction:

There is emerging knowledge regarding the interrelationship between the gut microbiome,
gut barrier and many acute and chronic diseases. The gut microbiome and the host intestinal
cells communicate with each other in order to maintain homeostasis, which includes
supporting an intact gut barrier. Many chronic diseases are associated with gut dysbiosis
and systemic inflammation. Systemic inflammation that is associated with gut dysbiosis is
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presumed to stem from gut microbial byproducts entering into systemic circulation as a
consequence of a compromise in the integrity of the intestine. Identifying individuals that
may be at risk for gut permeability utilizing specific biomarkers is of high interest as this
may assist to inform potential therapeutics which could correct gut barrier disruption and
mitigate disease. The aim of this review is to provide an overview of the gut barrier and
potential biomarkers used to identify its compromise.

Overview of the Gut Barrier

The physical gut barrier is comprised of a mucus layer and a single layer of intestinal
epithelial cells (IEC). (Fig 1) On the apical surface of the epithelium lies a single layer

of mucus in the small intestine and a double layer in the colon. Produced by the goblet
cells, the mucus is composed primarily of water and glycosylated mucins which form a
gel-like substance overlaying the epithelium.[1] Other secretory cells of the epithelium
release various molecules into the mucus layer including anti-microbial peptides, trefoil
factor 3, and others that regulate the immune response and promote epithelial repair.[2—
4] Beneath the mucus, the IECs are adhered to one another via the apical junctional
complex forming another physical barrier of the epithelium. Sealing the paracellular space,
the junctional protein complex includes tight junctional proteins (e.g., zonula occludens,
claudins, occludin), adherens junctions (e.g., zonula adherens), and desmosomes (e.g.,
macula adherens).[5] The apical junctional complex is also regulated by a peri-junctional
actomyosin ring associated with myosin light chain kinase (MLCK). Overall, the tight
junctional proteins regulate the permeability of the epithelium and upon their disassembly,
pathogen and pathogenic byproducts can translocate from the gut lumen into systemic
circulation.[6]

The Gut Microbiome and Gut Barrier

Within the gut lumen resides trillions of microbes including bacteria, fungi/yeasts, viruses,
and protozoa. Microbial densities increase from the proximal to distal gut where the
numbers of microbes can reach 1012 colony forming units (CFU) in the colon. The host and
the microbiome have a mutualistic relationship in that each party benefits from the presence
of the other in healthy conditions. The host supplies the microbiome a safe niche to reside
and a steady food supply. The gut microbiome supports the host in digestion, fermentation,
and synthesis of important vitamins, enzymes, and other metabolites, as well as provides
protection against pathogens through multiple mechanisms.[7]

In the absence of disease, the gut microbiome supports the gut barrier through many
mechanisms, one of which is the development and support of the mucus layer. Studies

in germ-free mice support that in the absence of microbes, mucin-generating goblet cells
are reduced and release of the mucus layer from the goblet cells is compromised.[8]

Mucus detachment, an important step for small intestinal homeostasis, requires the enzyme
meprinp, and this enzyme is dependent upon the gut microbiome for its activation.[9] The
thickness and permeability of the mucus layer is also regulated by the gut microbiome.[10]
Through its production of beneficial metabolites, the gut microbiome also supports the
tight junctional proteins in the intestinal epithelium. In particular, the short-chain fatty

Curr Opin Clin Nutr Metab Care. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Santilli et al.

Page 3

acid (SCFA) butyrate, which is generated by gut microbial fermentation of dietary fibers,
has been shown to regulate the intestinal tight junctional proteins and intestinal mucus
production. In vitro studies demonstrate butyrate protects the functional integrity of the
epithelium as demonstrated by mitigating the losses in trans epithelial resistance (TER) and
permeability to fluorescein-isothiocyanate (FITC)-dextran induced by endotoxin or ethanol
exposure.[11] Multiple mechanistic effects of butyrate on the intestinal epithelial barrier
have been demonstrated including induction of AMP-activated protein kinase activity,
reduced activation of NLRP3 inflammasome and autophagy due to butyrate’s histone
deacetylase activity.[12] The hypoxia-inducible factor (HIF), a transcription factor that
coordinates barrier function, was shown to be dependent upon microbial-generated butyrate.
[13]

Diseases with Associated Gut Barrier Disruption and Gut Dysbiosis

About 2500 years ago Hippocrates hypothesized that “all disease begins in the gut”. Though
this idea has not come fully to fruition, our understanding of the role the gut barrier

plays in a variety of diseases is rapidly expanding. Technological advancements such as
genome wide association studies and next generation sequencing are revolutionizing our
understanding of both the genetic and environmental factors that underlay the pathology of
many diseases related to the intestinal barrier. Interactions between the gut microbiome
and IEC are incredibly dynamic. Thus, the causes and consequences of gut dysbiosis

are broad-ranging and often not fully elucidated. There are diseases in which breakdown
of the intestinal barrier, or “leaky gut” is a primary pathology such as in gastric ulcers

or inflammatory bowel disease (IBD). There are also diseases in which changes of the
intestinal barrier occurs secondarily to other pathology such as intestinal ischemia from
hypotension or thromboembolism.

Various medical therapies and conditions can result in gut dysbiosis. Antibiotic therapy not
only targets pathogenic microbes but also gut commensals which allow for the overgrowth
of opportunistic pathogens, such as Clostridioides difficile. Surgical intestinal resection that
removes the ileocecal valve, results in short bowel syndrome, or manipulates architecture of
the intestine (e.g., gastric bypass surgery) can promote small intestinal bacterial overgrowth.
Moreover, there are many non-gastrointestinal diseases that have associated evidence of gut
dyshiosis in which it is not yet known to be the cause or effect of the disease. Included are
autoimmune diseases (e.g., ankylosing spondylitis (AS), rheumatoid arthritis), metabolic
diseases (obesity, type 2 diabetes mellitus), cardiovascular disease, cancers, neurologic
diseases (e.g., autism, attention deficit hyperactivity disorder, multiple sclerosis), and hepatic
diseases (non-alcoholic steatohepatitis (NASH), non-alcoholic fatty liver disease (NAFLD)).
The variety of diseases involving gut barrier disruption is truly vast and beyond the scope of
a single manuscript, however we highlight some clinically relevant topics below.

IBD is the result of complex interactions between genetic, immune, and environmental
variables that culminate in a breakdown of the mutualistic relationship between the gut
microbiome and barrier that begins at the mucus layer.[6, 14] The mucus layer in patients
with IBD is characterized to have a reduction in beneficial butyrate-producing microbes,
such as Faecalibacterium praunnitzii, and expansion in pathogenic Escherichia coli species,
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some of which can then invade the IEC intracellularly causing subsequent cell death.

[15, 16] Butyrate, along with other SCFAS, has various beneficial anti-inflammatory and
immunomodulating effects.[17] SCFAs serve as an energy source for colonocytes, and
importantly exert action on the host through G-protein coupled receptors and inhibition of
histone deacetylase activity which results in epigenetic changes.[17] Indeed, patients with
AS have reduced levels of butyrate metabolism.[18] Interestingly, the relationship between
IBD with rheumatoid arthritis and ankylosing spondylitis has been known for over 100
years to the extent that they were once considered a single disease.[19] Patients with AS
also exhibit an increased abundance of Proteobacteria, Bacteroidetes, Enterobacteriaceae,
and Prevotella and a decrease in SCFA-producing £ prausnitzii and Eubacterium halli]18,
20-23] This relationship with the microbiome though is not fully explained. Other research
has shown that mice with increased human leukocyte antigen (HLA)-B27 fail to develop
spondyloarthritis when in a sterile environment, however this changes when commensal
bacteria are introduced into their microbiome.[24] Beyond arthritis, IBD is associated with
a variety of other autoimmune diseases including primary sclerosing cholangitis, type 1
diabetes (T1D), and even multiple sclerosis, all of which exhibit their own microbial
alterations.[25-29]

Patients with T1D have an increased abundance of Bacteroides species and reduced
abundance of beneficial SCFA-producing bacteria.[30] Testing NOD mouse models that
develop spontaneous autoimmune T1D, it has been suggested that gut barrier disruption
accelerates development of T1D by increasing activation of pancreatic draining lymph
diabetogenic CD8* T cells.[31] In patients with obesity, gut microbial diversity shifts to
increase the abundance of Firmicutes at the expense of Bacteroidetes.[32] Gut dysbiosis
has been proposed as a possible cause of obesity. A study in which the gut microbiota

of human identical twins discordant for obesity was transplanted into germ-free mice
found that mice only gained increased body mass if they received the microbiota from

the obese twin.[33] Interestingly, when mice transplanted with the obese twin’s microbiota
cohabited with the lean mice, this prevented the obese phenotype from developing as a
result of invasion with Bacteroidetes from the lean mice microbiome.[33] NAFLD and
NASH often co-present with obesity in humans and exhibit similar dysbiotic trends. Both
obesity and NASH microbiomes are heavily represented by Prevotella species as compared
to healthy individuals.[34] Patients with NAFLD and NASH are also more likely to have
increased intestinal permeability via disruption of tight junction proteins that occurs after
initial hepatic injury.[35] Interestingly, intestinal permeability through direct exposure of
endotoxemia from lipopolysaccharide of gram negative microbes has also been suggested as
playing role in the pathogenesis of NASH.[36]

Biomarkers for the Appearance and Progression of Gut Barrier

Compromise

In the context of this review, biomarkers for failure of the gut barrier are considered to be the
detection of or changes in a biological product or process that are indicative of an increase in
gut permeability. Additionally, we sought to highlight biomarkers that are associated directly
with the gut barrier structure or function. While a variety of other biological activities are
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under investigation for their use in monitoring gut function, the ones highlighted in the
following sections are most reliable in identifying changes in gut barrier function. Markers
can be host-derived or produced by opportunistic pathogenic microbes, and will be discussed
in three categories:

. Primary — Changes in the production of junctional protein components, or their
assembly into functional exclusionary junctions, leading to increased intestinal
permeability.

. Secondary — Detection of or changes in a biological component or process

that would only be present if gut integrity has already been compromised. For
example elevated levels of an endotoxin in the circulatory entering by way of a
compromised gut barrier.

. Increased Risk — Changes in a biological process or component that would
increase the likelihood of cell junctional failure in the immediate future.

Together these three categories could be thought of as a manner to track the progression
of intestinal permeability, from initial risk factors to the pathological end results of such a
condition. Individually each marker provides an indication that failure of the gut barrier
may have occurred, but multiple markers, either from the same category or multiple,

may be necessary to confidently identify intestinal permeability as the primary cause for
their appearance. Table 1 shows the various metabolic functions and products that will be
discussed for each category.

Primary Indicators

As multiple junctional proteins maintain intestinal integrity to prevent the translocation

of pathogenic material across the epithelial barrier, the loss of one or several of

these components can compromise barrier function. In this capacity, these proteins may
serve as direct markers for gut barrier disruption. Several molecular biology techniques

can be utilized to identify epithelial barrier integrity. Histological analyses employing
immunostaining for antigens against epithelial barrier proteins in intestinal tissue, obtained
either surgically or endoscopically, allows for visual analysis of the epithelial barrier
proteins. (Fig 2) Additionally, intestinal tissue samples can be quantitatively analyzed for
messenger RNA (mRNA) and protein levels of junctional proteins by real-time polymerase
chain reaction (RT-PCR) or immunoblotting, respectively. Zonulin, a human analogue of
zonula occludens toxin produced by Vibrio cholorae, is a protein secreted by intestinal
epithelial cells in in response to the presence of certain bacteria and environmental triggers.
When bound to the epithelial cells, this inflammatory protein causes various components
of tight junctions to disassemble, leading to a loss in their function. Zonulin protein

can be assessed in both serum and stool samples. While these characteristics allow for
elevated levels of zonulin protein to potentially act as a biomarker of such diseases, recent
studies have called in to question whether or not changes in zonulin protein concentration
consistently equates with barrier loss. Thus, while these techniques may assist in identifying
potential loss in the intestinal barrier integrity, they do not indicate whether the barrier
function is altered.
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Use of the “differential sugar” method can inform whether there is a functional loss in the
epithelial barrier.[37-39] In this research method, a mixture of sugars that are absorbed from
different regions of the gastrointestinal tract are ingested orally, then excreted in the urine
unchanged. For example:lactulose, a non-absorbable disaccharide comprised of galactose
and fructose, has limited ability to passively diffuse across an intact intestinal mucosa due
to its large molecular size, and is metabolized in the colon by the gut microbiota into
monosaccharides and then volatile fatty acids. Undigested mannitol, a sugar alcohol, is
capable of crossing an intact intestinal mucosa, entering into circulation and being excreted
in urine unchanged. Thus, lactulose and mannitol are markers of intestinal permeability via
paracellular and transcellular pathways, respectively making the lactulose to mannitol ratio
a marker of small bowel permeability. Therefore, an intact intestinal barrier will exhibit

a lower lactulose:mannitol ratio, while a compromised intestinal barrier will allow for the
passage of lactulose, and thus have a higher lactulose:mannitol ratio. While lactulose and
mannitol are commonly used, a variety of other sugars may be used as both the absorbable
and non-absorbable saccharide, such as L- rhamnose and sucralose respectively.

Secondary Indicators

Secondary indicators can be considered biomarkers that appear afterthe loss of gut barrier
function, and may serve as a signal that primary indicators may also be present. An example
of this is the appearance of endotoxin or other pathogenic compound derived from a gut
microbe in circulation (e.g., endotoxemia). This event would occur as a consequence of gut
permeability allowing the endotoxin to translocate from the intestinal lumen into the blood
stream. Endotoxins, mostly lipopolysaccharides (LPS) derived from the outer membrane

of gram negative bacteria, have been associated with the onset of various disease states.[40—
42] Endotoxin levels can be measured using the Limulus Amebocyte Lysate assay (LAL),
though there is currently and effort to replace it with the Recombinant Factor C test due

to LAL potentially harming the horseshoe crab population since their blood is a primary
reagent in the assay. Host immune responses to increased gut permeability may also be used
as a marker for gut permeability. For instance, LPS binding protein captures and delivers
LPS to cluster of differentiation 14 (CD14) positive immune cells which then secrete CD14
as part of the immune response. These functions allow the elevated presence to LPS binding
protein and secretory CD14 to serve as secondary indicators for LPS translocation due to
increased intestinal permeability.[40, 43-48] Finally, intestinal fatty acid binding protein has
been suggested as another biomarker due to its release in the circulatory system in response
to intestinal tissue damage, and its presence can be detected and quantified in plasma using
ELISA.

Markers of Increased Risk

The final biomarker category are those that indicate a patient is at an increased risk

of gut barrier disruption. While these markers are not directly indicative of increased

gut permeability, they may serve as a signal that a potential problem and prophylactic
intervention may be indicated. The most commonly discussed marker in this category

is butyrate levels. As butyrate is known to regulate the intestinal barrier via multiple
mechanisms, depleted luminal butyrate levels coincide with impaired intestinal integrity.[11,
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49] Therefore, butyrate levels could be thought of as a biomarker, with reduced levels
signaling conditions favoring an increased likelihood of gut permeability. In a broader sense,
the composition of the microbiome as a whole could be seen as a biomarker. For instance a
reduction in Firmicutes, one of the primary phyla in the gut, could be seen as a marker for
gut health with a higher presence of Firmicutes generally being suggested as favorable due
to a majority of butyrate-producing bacteria belonging to this phyla.[50-52] Unfortunately,
a definitive “healthy” microbiome has not been firmly established since composition can be
affected by a wide variety of factors.[53-55]

Gut permeability could be considered a biomarker itself for other conditions. For example,
Clostridioides difficile infection leads to tissue destruction by way of toxins produced

by the pathogen.[56-59] Consequential damage to the intestinal lining may present with
increased intestinal permeability. While interesting, most gastrointestinal infections have
superior diagnostic markers, such as presence of the inciting pathogen in the stool by culture
or PCR, or detection of characteristic compounds such as toxins or fecal calprotectin.

Conclusion

As knowledge regarding the relationship between the gut barrier and its disassembly with
various disease states continues to emerge, it is important to understand and recognize
indicators of gut barrier disruption. While current biomarkers of gut barrier disruption are

in their infancy, rapid technological development futuristically will expand our knowledge
regarding direct and indirect biomarkers that originate from the gut microbiome and its
metabolome for early detection of gut barrier integrity. These findings will assist in early
identification of an impaired gut barrier. Additionally, targeted investigations may expand
our knowledge to potential mechanisms of an impaired gut barrier. Thus, this will help
identify new biomarkers of gut function, as well as inform new therapeutics to target the gut
barrier and mitigate disease.
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Key points:

. There is crosstalk between the gut microbiome and the host intestine that
maintains homeostasis including an intact gut barrier.

. The physical gut barrier is comprised of a mucus layer and apical junctional
complex which seals the paracellular space between intestinal epithelial cells.

. Many acute and chronic conditions are associated with a breakdown of the
intestinal barrier, often termed “leaky gut”.

. Currently there are several methods used to identify gut integrity, but these
have many limitations and better biomarkers are needed.
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Figure 1: The Intestinal Barrier
The intestinal barrier is comprised of a physical barrier which includes a mucus layer and

intestinal epithelial cells. The intestinal epithelial cells are joined together by the apical
junctional complex which seals the paracellular space and prevents intestinal permeability.
The gut microbiome regulates both the mucus layer and the apical junctional complex.
Illustration by David Schumick, BS, CMI. Reprinted with the permission of the Cleveland
Clinic Center for Medical Art & Photography © 2021. All Rights Reserved
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Figure 2: Immunostaining of Tight Junctional Proteins in Normal Mouse Proximal Colon
Proximal colon was dissected from a C57BL/6 mouse and immunostained for antibodies

against the tight junctional proteins: p-catenin, zonulen occludin-1 (ZO-1), JAM-A, and
Claudin-3.
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Table 1:
Summary of Biomarkers for Gut Barrier Integrity
Category Biomarker Advantages Disadvantages
. . IHC allows visualization of barrier
roteh?ég;ﬁ?ﬁ;‘%?:& dins disruption Disagreement over which proteins are diagnostic and
P occludin. etc ) ' Can be quantified by western blot what concentration constitutes loss of function
Primary or RT-PCR
. . Need for multiple urine time point collections.
Differential Sugar Method Direct measufrfrr:;zirz)tnof gut barrier Different time points needed to asses small intestine
permeability vs entire intestine
Endotoxin in circulatory _— : : Most widely accepted test (LAL) is currently being
system Quantitative analysis available phased out
Presence of LPS Binding Direct evidence of antigen No consistent protocol has been established for
Secondary clinicians

Protein and CD14

translocation

Presence of Intestinal Fatty
Acid Binding Protein

Measurement of tissue destruction
that would indicate Gut failure

Can be present due to other causes of epithelial
damage and infection

Increased Risk

Decreased SCFA and
Butyrate Levels

Directly promotes the function of
gut barrier

Absence isn’t a definitive marker or loss of function

Microbiome Diversity

Associated with a wide variety of
diseases.

“Healthy” ratios have not been established.
Microbial populations fluctuate based on a number of
variables besides health
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