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Abstract: Background: The underlying pathophysiology of irritable bowel syndrome (IBS) is still
unclear. Our aim was to investigate the pathophysiological mechanisms of diarrhea, constipation, and
antigen uptake in mixed-type IBS (IBS-M). Methods: Colonoscopic biopsies were obtained from IBS-
M patients. Epithelial transport and barrier function of colonic mucosae were characterized in Ussing
chambers using impedance spectroscopy. Mucosal permeability to macromolecules was measured.
Western blotting for tight junction (T]) proteins was performed and their subcellular localization
was visualized by confocal microscopy. RNA-sequencing was performed for gene expression and
signaling pathway analysis. Results: In IBS-M, epithelial resistance and ENaC-dependent sodium
absorption were unchanged, while short-circuit current reflecting chloride secretion was reduced.
Concomitantly, epithelial permeability for fluorescein and FITC-dextran-4000 increased. TJ protein
expression of occludin decreased, whereas claudins were unaltered. Confocal microscopy revealed the
de-localization of tricellulin from tricellular TJs. Involved pathways were detected as proinflammatory
cytokine pathways, LPS, PGE2, NGF, and vitamin D. Conclusions: Decreased anion secretion explains
constipation in IBS-M, while ion permeability and sodium absorption were unaltered. Reduced
occludin expression resulted in the delocalization of tricellulin from the tricellular TJ, leading to
increased macromolecular permeability that contributes to antigen influx into the mucosa and
perpetuates a low-grade inflammatory process.

Keywords: irritable bowel syndrome; intestinal barrier function; tight junctions; tricellulin; occludin;
leaky gut; RNA-seq

1. Introduction

Irritable bowel syndrome (IBS) has a prevalence of 10-20% [1], and is a functional
disorder of the digestive system characterized by chronic abdominal pain and altered bowel
habits [2]. Four types of IBS are distinguished on the patient’s reported predominant bowel
habit: IBS-D with predominant diarrhea, IBS-C with predominant constipation, IBS-M
with mixed bowel habits, and unclassified IBS-U [3,4]. Although it is widespread in the
world population [5], its pathophysiology has not yet been fully understood. A growing
understanding of the underlying mechanisms will contribute to the search for a therapeutic
approach.

One aspect of intestinal function in IBS is an increased permeability to macromolecules,
for which a central role in pathophysiology is discussed. Increased permeability to macro-
molecules means that proteins or lipopolysaccharides (LPS), which represent luminal
antigens, can enter the organism more easily and can promote mucosal and/or systemic
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inflammatory responses. This concept of a barrier disturbance leading to inflammation
has been termed the leaky gut concept. Responsible for the increased intestinal perme-
ability for macromolecules is an impaired epithelial barrier function, which is a complex
result of various components including mucus, the epithelial cell layer with its cell-cell
junctions, and the innate immune system [6]. Antigens can cross the intestinal epithelium
either transcellularly (via transcytosis) or paracellularly (through disturbed tight junctions
(T1)). A multiprotein complex of claudins and tight junction-associated MARVEL proteins
(TAMPs) form the TJ strands [6]. These are highly dynamically regulated structures that
close the intercellular space (gate function) and thereby control the flow of molecules
through the epithelium. Moreover, the TJs maintain the polarity of the epithelial cells
by separating the apical from basolateral membrane compartments, thereby limiting the
lateral membrane diffusion of their membrane proteins (fence function). Functionally
important protein components of the TJ are occludin, tricellulin, and the claudin family
with 27 different claudins present in mammals [7] with either a barrier- or channel-forming
function. Most of the claudins are considered to have a tightening function as claudin-1,
claudin-3, claudin-4, claudin-5, or claudin-8, while others have a channel-forming function
as claudin-2 or claudin-15 [8-12]. Occludin is thought to have a tightening effect, but its
function is not essential for ionic permeability, since occludin-deficient mice showed no
measurable electrical resistance change of the intestinal epithelium. However, occludin is
more important for macromolecule permeability [13]. A specialized function is ensured
by tricellulin, which tightens the tricellular tight junctions (tTJs) against the passage of
macromolecules. Its disruption has functional relevance in inflammatory bowel disease
(IBD), being reduced in ulcerative colitis [14], and being dislocated due to the reduction of
angulin-1 in Crohn’s disease [15]. In general, it was proposed that the molecular correlate
of impaired barrier function is associated with a change in the composition of epithelial TJ
proteins. Moreover, it has been suggested that intestinal barrier dysfunction is associated
with visceral hypersensitivity in patients with IBS [16]. Mast cell activation gives an exam-
ple of how barrier dysfunction results in visceral hypersensitivity as a result of a disrupted
epithelial barrier [17]. A previous clinical study has shown that small bowel permeability
for >!Cr-EDTA (339 Da) is increased in IBS-D and post-infectious IBS when compared to
controls [18].

Up to now, however, little is known about intestinal barrier function in the IBS-M
subgroup and even less about the colonic transport and barrier function in these patients.
Moreover, the expression pattern of T] proteins in IBS-M has so far not been elucidated. In
IBS-M patients, constipation as the predominant phase is interrupted by diarrheal episodes.
This IBS-pattern represents the most abundant subtype, reported in over 30% of IBS patients
fulfilling Rome III criteria [19].

We expect that IBS-M could have a uniform phenotype. According to our observations,
patients with IBS-M have long periods of constipation, which are interrupted from time to
time by episodes of diarrhea (“liquid stool overflow”, see discussion).

Therefore, in IBS-M we aimed to characterize (i) paracellular macromolecule perme-
ability in colonic biopsies, (ii) ion permeability as measured with impedance spectroscopy,
(iii) the expression pattern of T] proteins, and (iv) the subcellular localization of barrier rele-
vant TJ proteins using confocal microscopy and super-resolution microscopy. Furthermore,
(v) RNA-sequencing (RNA-seq) with bioinformatics pathway analysis was carried out to
gain insights into the involved signaling mechanisms in IBS-M.

2. Materials and Methods
2.1. Subjects

Sigmoid colon biopsies were taken from seven patients with IBS-M (six female, one
male) and eleven controls (seven females, four male). IBS-M was diagnosed according to
the Rome III criteria, the following diagnostic criteria had to be fulfilled:

Recurrent abdominal pain or discomfort at least 3 days/month in last 3 months
associated with two or more of criteria:
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Improvement with defecation
Onset associated with a change in stool frequency
Onset associated with a change in stool form (appearance)

In all IBS-M patients, no gross lesions were seen macroscopically or microscopically.
None of the patients was on medication at the time of the biopsy. The average age was
30 &+ 1 years (controls: 49 & 3 years).

In control patients, colonoscopy was performed, e.g., for prevention of colon cancer.
All biopsies were taken 30 cm ab ano. Specimens were inserted into miniaturized Ussing
chambers (exposed tissue area 0.049 cm?) as described previously [20]. The time between
taking the biopsy and mounting it into the Ussing chamber was about 30 min.

2.2. Ethics

For the use of human material, this study adhered to the Declaration of Helsinki. The
study was approved by the institutional review board of “The Ethics Committee of the
Charité” under the approval number EA4/015/13, and written informed consent was
obtained from each patient.

2.3. Impedance Spectroscopy

Impedance spectroscopy was performed as described earlier to discriminate epithelial
(R°Pi) and subepithelial (RUP) resistance contribution to the transepithelial resistance (R") of
the colon specimens in Ussing-chamber experiments [21]. 48 discrete frequencies of a viable
sine-wave alternating current of 35 mA/cm? were applied ranging from 1.3 to 65 kHz.
The changes in tissue voltage were detected by phase-sensitive amplifiers. The calculated
values for the complex impedance were plotted in a Nyquist diagram after correction of
the resistance of the bathing solution and the frequency behavior of the measuring device
for each frequency. Results included the acquiring of Rt at low frequencies and RS at
high frequencies. R%P! = Rt — R%"P, where R®P! reflects the barrier function of net epithelial
resistance by TJs.

The bathing solution for Ussing chamber experiments comprised of (in mmol/L):
140.0 Na*, 123.8 CI~, 5.4 K*, 1.2 Ca?*, 1.2 Mg?*, 2.4 HPO4%~, 0.6 H,PO4~, 21.0 HCO;3 ™,
10.0 D(+)-glucose, 10.0 D(+)-mannose, 2.5 glutamine, 0.5 3-OH-butyrate, and the antibiotics
piperacillin (50 mg/L) and imipenem (4 mg/L) for bacterial growth control during the
Ussing experiment. The solution was equilibrated at 37 °C with carbogen gas (95% O, and
5% CO5) to a pH of 7.4. The antibiotics did not affect resistance or short-circuit current (Isc).

Tissue viability was checked at the end of each Ussing experiment. For this pur-
pose, active electrogenic chloride secretion was maximally stimulated by prostaglandin E2
(PGE2, 10~® mol/L), theophylline (10~2 mol/L), and carbachol (10~ mol/L). At the end,
bumetanide (107> mol/L) was serosally added to quantify rheogenic chloride secretion.

2.4. Fluorescein and FITC-Dextran-4000 Flux Studies

The permeability for the paracellular flux marker fluorescein was determined from
tracer flux measurements, which were performed in Ussing chambers under voltage-
clamped conditions. Fluorescein (fluorescein sodium salt; Sigma-Aldrich, Darmstadt,
Germany) was added apically at 100 uM concentration. Samples were collected baso-
laterally after 15, 30, 45, and 60 min. In parallel experiments, 0.4 mM of the dialyzed
FITC-labeled dextran-4000 (FITC-dextran with 4 kDa) was added to the apical side and
unlabeled 4 kDa dextran was added to the basal compartment, and then samples were col-
lected every 30 min from the basal side. Analysis of fluorescence was made in duplicate in
a plate reader at 535 nm (Tecan SpectroPhotometer, Tecan Infinite M200, Tecan, Médnnedorf,
Switzerland) using calibration of fluorescence from defined dilutions. Permeability for
fluorescein or FITC-dextran was calculated from P = J/Ac with P = permeability (cm/s),
] = flux (mol-h~'-em~2), and ¢ = concentration (mol/L).
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2.5. Western Blot Analysis

Western blot analysis was performed on colonic biopsies. A lysis buffer with 20 mM
Tris (pH 7.4), 5 mM MgCl,, 1 mM EDTA, 0.3 mM EGTA, and complete protease inhibitor
mixture (Roche AG, Basel, Switzerland) facilitated protein extraction and homogenization
by passing through a needle (27.5 G). The extract centrifugation for the removal of insoluble
material occurred at 200x g for 5 min at 4 °C, the supernatant was then centrifuged at
43,000x g for 30 min at 4 °C. The pellet (membrane fraction) was resuspended in lysate
buffer. Separation of 20 ug protein was performed with polyacrylamide gel electrophoresis
and transfer to a PDVF membrane (Perkin Elmer, Rodgau, Germany). The development
of blots involved the use of primary rabbit (rb) polyclonal IgG antibodies against claudin-
1, -2, -3, -5, -8, tricellulin, and occludin (rb claudin-1 #519000, rb claudin-2 #516100, rb
claudin-3 #341700, rb claudin-5 #341600, rb claudin-8 #710222, rb tricellulin #700191, rb
occludin #711500; all: Invitrogen, Karlsruhe, Germany) and the primary mouse monoclonal
IgG antibodies against claudin-4 and B-actin (Sigma-Aldrich). Protein expression was
quantified by densitometry with luminescent imaging (LAS-1000, Fuji Film, Tokyo, Japan)
using AIDA software (Raytest, Berlin, Germany).

2.6. Immunohistochemistry and Confocal Laser-Scanning Microscopy (LSM)

Immunofluorescence microscopy is used to precisely visualize structures in tissues and
cells using antibodies. In this work, the subcellular localization of TJ proteins in the sigmoid
colon was analyzed by immunofluorescence. First, sigmoid biopsies were fixed in 1%
paraformaldehyde for 60 min at room temperature. They were then rinsed in PBS+Ca/Mg
and incubated in 25 mM glycine for five minutes. After they were washed a second time in
PBS+Ca/Mg, the biopsies were successively dehydrated by an increasing sucrose series
(10%, 20%, and 30%). For this purpose, the tissue was incubated for 60 min each at room
temperature. To prepare the cryoblocks, the biopsies were frozen in methylbutane chilled
with liquid nitrogen, then placed in TissueTek (Sakura Finetek, Europe B.V, Umkirch,
Germany) and subsequently stored at —80 °C. Tissue sections of 5 um thickness were
prepared by a cryostat (Leica CM 1950, Leica, Wetzlar, Germany). These were frozen on
coated slides at —20 °C for 12-24 h prior to staining. The tissue sections were permeabilized
with the 0.5% Triton-X solution for 10 min at room temperature. Subsequently, unspecific
binding was blocked with blocking solution for 60 min (1% Goat serum, 5% BSA, 0.05%
Triton X- 100). Finally, overnight incubation took place with the primary antibody (occludin
#711500/#331500, or tricellulin #700191; each 1:100, Invitrogen, Karlsruhe, Germany) at
4 °C. After the first incubation step, three washing steps followed and then incubation
was performed with the fluorescent secondary antibody Alexa Fluor-488 goat anti-rabbit
(#A32731) and Alexa Fluor-594 goat anti-mouse (#A32742, 1:500, Invitrogen) for 120 min at
37 °C. After each incubation, a rinse with blocking solution was performed. To visualize
the nuclei, tissue sections were stained with 4’-d-diamidino-2-phenylidole dihydrochloride
(DAPI, 1:1000, Roche AG) and then washed with PBS+Ca/Mg. After nuclei staining, the
tissue sections were washed with Aqua bidest. and ethanol. Then, they were finally
mounted with Pro Tags Mount Fluor (Biocyc GmbH & Co KG, Potsdam, Germany) on
glass slides.

Confocal laser-scanning microscopy (Zeiss LSM 780, Zeiss, Jena, Germany) was used
on fluorescence-labeled tissue sections to localize the subcellular distribution of the TJ
proteins. According to the secondary antibodies, the excitation wavelengths 594 nm (red)
and 488 nm (green) as well as 358 nm (blue for DAPI) were used. Images were obtained
with 40x and 63 x NA 1.4 plan apochromat plan neofluor objectives. LSM imaging software
was used to evaluate and record the stainings (Zeiss, Jena, Germany). To visualize and
determine the main localization of tricellulin, we performed an intensity plot analysis with
the ZEN blue 2.5 lite software and the embedded software tool “profiles” (Zeiss LSM ZEN
software, Carl Zeiss Microscopy GmbH, Jena, Germany). The intensity of tricellulin was
measured in the tT] and was put into relation to the intensity of tricellulin in the bicellular
tight junction (bT]) at a distance of 2 um away from the measure point of three cells in
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the tT]. The measurements were performed on 3 controls in comparison to 3 patients with
IBS-M. Measurements were taken 3 times in each of 3-7 sections for each patient.

For stimulated emission depletion (STED) microscopy, the primary antibodies against
occludin and tricellulin above mentioned were used in colonic tissue slides as described
accordingly and then stained with secondary antibodies Aberrior STAR RED and Aberrior
STAR ORANGE (1:200; Abberior GmbH, Géttingen, Germany) for 100 min at 37 °C. After
incubation, the tissue slides were washed (3x PBS, 1x Aqua dest.) and mounted with
Mounting medium (25 pL, Abberior GmbH, Géttingen, Germany). A STED-compatible
cover slide (Carl Zeiss, Jena, Germany) was placed on each slide. T] protein localization
was visualized using a STED microscope (STED Abberior Facility Line, Abberior GmbH,
Gottingen, Germany).

2.7. Morphometry of the Mucosal Surface Area

Since transport and barrier parameters depend on mucosal architecture, mucosal
surface area was calculated in IBS-M and control. For these measurements, the tissues
were fixed with 4% formalin directly after Ussing experiments and were then embedded
in paraffin at the same degree of stretch as in the electrophysiological experiments. H-
and E-sections (hematoxylin & eosin) were prepared and examined by light microscopy in
low-power fields (10x magnification). Morphometry was performed on digitally stored
light micrographs with Image ] software. Morphometry was used to determine the inner
crypt diameter in cross sections of the tissues, crypt length, and the number of crypts per
serosal area.

2.8. Apoptosis Staining

Morphological evaluations were performed on biopsies fixed in 4% formalin. Paraffin-
embedded specimens were serially sectioned. Terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL, In Situ Cell Death Detec-
tion Kit, Fluorescein, Roche AG) stained cellular DNA fragments. Apoptotic nuclei and all
DAPI-positive nuclei were counted to determine the apoptosis rate.

2.9. Next-Generation Sequencing

For differential gene expression analysis, we used the technique of RNA-seq followed
by bioinformatics pathway analysis. Total RNA was obtained from the sigmoid biop-
sies using the mirVanaTM RNA isolation kit (Ambion, Life Technologies, Carlsbad, CA,
USA). RNA sequencing was performed using the TrueSeq Stranded Total RNA method
on an Illumina NovaSeq 6000 sequencing system with RNA quality values of >80%. RNA
sequences obtained from RNA-Seq were mapped against the human genome GRCh38
release 97 and sorted using STAR aligner version 2.7.1a in a two-pass mode. In first-pass
read mapping, coordinates from Ensembl Annotation Release 97 were used as frames.
In the second-pass mapping, splice sites found in the first pass were added. Gene-
count tables with gene-read coverages were created using the Counts Function of the
Bioconductor package Rsubread with coordinates from the Ensembl annotation mentioned
above and default parameters. The Bioconductor package DESeq2 was used to quantify
the differential expressions of genes between two states in terms of log2-fold changes
with their corresponding p values. Pathway analysis and upstream regulator analysis
were performed using Ingenuity Pathway Analysis software (IPA, Qiagen Silicon Val-
ley, Redwood, CA, USA). Fastq files containing the raw unprocessed sequencing data
and a raw data matrix table are deposited on the European Genome-Phenome Archive
(EGA) database under record number EGAD00001006646, accessed on 8 March 2021 (https:
/ /ega-archive.org/datasets/EGAD00001006646) accessed on 8 March 2021.

2.10. Statistical Analysis

For statistical analysis, GraphPad Prism software, version 7.0 (GraphPad Software Inc.,
San Diego, CA, USA) was used. All values represent mean and SD (standard deviation).
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Student’s t-test was used to calculate significances. The significant level of p < 0.05 was
used and denoted as: n.s. = not significant, * = p < 0.05, * = p < 0.01, *** = p < 0.001.

3. Results
3.1. Active Chloride Secretion Is Diminished in the Colon of IBS-M Patients

Mucosal biopsy specimens from the distal colon were studied in Ussing chambers for
transport and barrier function. In controls, short-circuit current (Isc) amounted to 138 tA-cm—?2
indicating a significant ongoing active electrogenic transport activity (Figure 1). In the large
intestine under baseline conditions, active anion secretion is the source of this Isc, i.e.,
active electrogenic secretion of chloride and/or bicarbonate [22]. In contrast to the control,
Isc in IBS-M was only 74 uA-cm’2 with a reduction in active chloride secretion, which
becomes evident when chloride secretion was quantified by inhibition with bumetanide
(Figure 1), reflecting the constipation condition of IBS-M [23]. In parallel to these functional
measurements, we found molecular evidence for a dysfunction of active chloride trans-
port in RNA-sequencing (RNA-seq) data, which revealed a reduced mRNA expression of
transporters involved in active chloride secretion as NKCC1, CLCA1, and CFIR (Table 1).

150

-

(=}

o
|

Alsc (uAlcm?)

(3,
o
|

T

0 |
control IBS-M

Figure 1. Active electrogenic chloride secretion is diminished in IBS-M. Short-circuit current (Isc,
in pA-cm~2) of sigmoid colon mucosa from controls and patients with irritable bowel syndrome
(IBS-M). Baseline Isc represents the basal Isc at the beginning of the experiment and was 138 & 75
(n = 10) in control and 74 £ 35 (n = 6) in IBS-M (p = 0.0839). Bumetanide (10 uM) was added to
the serosal side of the chamber to block the Na-K-ClI cotransporter (NKCC1). Alsc represents the
difference between the maximum Isc before and the Isc 20 min after addition of bumetanide. Data
represent means £ SD with the number of patients as n, n.s. = not significantly different from control,
*p < 0.05. p-Value = 0.0216.

Table 1. Chloride secretion-related genes in RNA-seq datasets of IBS-M colon.

Expression
Gene Name (Fold Change) p-Value
SLC12A2 (basolateral Na-K-Cl
cotransporter, NKCC1) —18log2 0.0005
CLCA1 (calcium-activated chloride ~191og2 0.002
channel regulator 1)
CFTR (cystic fibrosis transmembrane “141og2 0.003

conductance regulator)

Sequencing data are deposited at the European Genome-Phenome Archive (EGA) database under record number
EGAD00001006646.
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3.2. Unaltered Epithelial Sodium Channel Transport Function in IBS-M

Since sodium malabsorption in the colon is a possible diarrheal mechanism or, con-
versely, increased sodium absorption would contribute to constipation, we examined the
activity of the epithelial sodium channel (ENaC), which is the rate-limiting transport pro-
tein of sodium uptake in the distal colon and rectum. Biopsy samples from IBS-M patients
and controls were examined in Ussing chambers during 6-8 h stimulation with 3 nM
aldosterone. Electrogenic sodium absorption (Jn,) was quantified as a decrease in Isc after
the addition of 10~* mol /L amiloride (Figure 2A). Results were presented as mean 4 SD of
eight controls and seven IBS-M patients, respectively. However, no difference was observed
between controls and patients with IBS-M (Figure 2B). Thus, the ENaC-dependent uptake
of sodium in the distal colon of IBS-M patients was not affected. Consistent with the
functional finding shown in Figure 2B, there were no changes in gene expression (Table 2)
in our RNA-seq data from colonic mucosae of IBS-M patients and controls in the ENaC
subunits «, 3, and y (SCNN1A, SCNN1B, SCNNIG, all not significant; sequencing data
are deposited under EGAD00001006646).

B
A 500
amiloride
600 - control 400 —
-= |IBS-M -
T E
g 400- g 300+ T
< Alsc 2:
= breg -
] <
100
0 1 1 ] 1
'~° P @ ® 0
T

e L control IBS-M

Figure 2. Electrophysiological measurements in the colon mucosa from IBS-M patients. (A) Electro-
genic Na* absorption in IBS-M. Sodium transport Jn, after stimulation by aldosterone was determined
as the decrease in short-circuit current Isc after adding amiloride, a selective ENaC channel blocker.
Representative data from two separate experiments, squares represent values from a patient with
IBS-M and circles from a healthy control. (B) Colon biopsies of 8 controls and 7 patients with IBS-M
were measured for ENaC-dependent electrogenic Na* transport in miniaturized Ussing chambers,
with no statistical significance between the groups in Student’s ¢-test. Data represent mean + SD.

Table 2. Gene expression of ENaC subunits in RN A-seq datasets of IBS-M colon.

Expression
Gene Name (Fold Change) p-Value
SCNNI1A («x-ENaC) 0.3 log2 0.906
SCNNI1B (3-ENaC) 0.4 log?2 0.898
SCNNI1G (y-ENaC) 0.2 log?2 0.954

The sequencing data are deposited at the European Genome-Phenome Archive (EGA).

3.3. Unaltered lon Permeability in IBS-M Patients in Impedance Spectroscopy

Ion permeability or conductance (the reciprocal of the electrical resistance) of the colon
mucosa was characterized, since it can influence stool consistency with an increase of ion
permeability leading to diarrhea (along a leak flux mechanism) and vice versa. Impedance
spectroscopy was used to characterize pure epithelial resistance in biopsy specimens in the
Ussing chamber, even if additional submucosal series resistances were present and altered
in IBS. However, epithelial resistance (R°P') turned out to be unchanged in IBS-M when
compared to the control (Figure 3A). That R°P! was not reduced in IBS-M fits well with the
constipation of these patients.
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Figure 3. Epithelial resistance and colonic permeability for macromolecules in IBS-M. (A) Epithelial
barrier function. In miniaturized impedance Ussing chamber for measuring small endoscopic colon
biopsies, transmural electrical resistance, subepithelial resistance, and epithelial resistance (Repi) were
discriminated by alternate current impedance spectroscopy. R°P! was not reduced in patients with
IBS-M. Controls: n = 11; IBS-M: n = 7; n.s. (B) For IBS-M (n =7; * p < 0.05), 332 Da fluorescein showed
increased permeability compared with control (n = 10). (C) FITC-dextran-4000 (4 kDa), IBS-M (n = §;
** p < 0.01) showed increased permeability compared with control (n = 8). Statistical comparison was
performed using Student’s t-test for unpaired samples. Data represent mean + SD.

3.4. Increased Macromolecule Permeability in IBS-M Patients

In contrast to ion permeability, tracer flux measurements revealed a 4-fold increase
in permeability for 332 Da fluorescein (Figure 3B) and a 3-fold increased macromolecular
permeability for 4 kDa FITC-dextran in IBS-M colon biopsies (Figure 3C). This is direct
evidence for the opening of a leak pathway in IBS-M patients allowing the entry of antigens
into the colon mucosa.

3.5. Tight Junction Protein Expression: Occludin Is Reduced in IBS-M

In order to identify the structural correlate of the increase in macromolecule perme-
ability in IBS-M, we studied the expression of strand-forming TJ proteins in Western blots.
Occludin, claudin-1, claudin-2, claudin-3, claudin-4 claudin-5, claudin-8, tricellulin, and
Z0O-1 were examined. However, the quantity of most of the T] proteins was unaltered in
IBS-M. In Figure 4A,B, Western blots are presented, the densitometry of which is depicted
in Figure 4C. As the only change occludin expression was found to be decreased in IBS-M,
while all other T] proteins showed an unaltered expression (Figure 4C).

3.6. Redistribution of Tricellulin off the Tricellular Tight Junction in IBS-M

In addition to the quantitative determination of TJ proteins in the Western blot, we
determined the subcellular localization of strand-forming TJ proteins to identify whether
a change in distribution with a consequent loss of a TJ protein from the TJ strands could
contribute to the epithelial barrier impairment. Therefore, immune-stained tissue sections
were examined by confocal laser-scanning microscopy. Interestingly, a significant alteration
in tricellulin localization was detected as the most important finding, namely a redistri-
bution off the tT] (Figure 5A), where it is important for tightening against a passage of
macromolecules. This is supported by intensity plots comparing tricellulin immunoflu-
orescence in tricellular and bicellular epithelial TJs (Figure 5A,B). Furthermore, confocal
microscopy analysis of tricellulin and ZO-1 showed less co-localization in IBS-M compared
to the control. In addition, a decrease in microscopic occludin fluorescence intensity signal
was observed in IBS-M compared to the control, corresponding to the reduced expression
of occludin in Western blots. With super-resolution STED microscopy, it was possible to
visualize the delocalization of tricellulin away from the tT] in IBS-M (Figure 5C).
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Figure 4. Western blotting and densitometry of T] proteins. (A) Protein expression in colon mucosae
by Western blot for occludin (five controls and four IBS-M patients). The five unlabeled lanes in the
middle of the Western blot belong to a different inflammatory control group and can be ignored for
the present IBS-M study. (B) Western blots for tricellulin, claudin -1, -2, -3, -4, -5, and -8 (n = 6 each
group). (C) Densitometric analysis of Western blots from control subjects (n = 5-6) and patients with
IBS-M (n = 4-6). The expression of proteins from control subjects was set to 100%. * p < 0.05 when
comparing control and IBS-M in Student’s t-test. Data represent mean =+ SD.
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control IBS-M

tricellulin

Figure 5. Inmunofluorescence detection of tight junction proteins in IBS-M patients with confocal
microscopy and super-resolution microscopy. (A) Shown are colonic crypts from a control biopsy and
IBS-M biopsy. Tricellulin is stained green, ZO-1 is stained red, and the co-localization of tricellulin and
Z0O-1 appears yellow (merge). Overall, tricellulin staining in the T] appears to be attenuated in IBS-M
compared to control (red signals predominate in IBS-M). The red circle (right) indicates a sorting
out from the tricellular tight junction (tTJ). Distance-intensity plots visualize the de-localization of
tricellulin away from tT]s. In control, tricellulin (green) shows defined signal peaks at the tricellular
meeting points of the TJ as indicated by the blue arrows (marked are length and direction of the pixel
intensity measurement along the TJ). In contrast, the intensity plot in IBS-M shows no peak but rather
disseminated signals, indicating redistribution of tricellulin from the tricellular to the bicellular TJ.
(B) The intensity of tricellulin was measured in the tT] in relation to the intensity in the bicellular
tight junction (bTJ) at a distance of 2 pm from the measuring point in the tTJ. A low-intensity ratio
(tT]/bT]J) indicates that tricellulin is sorted out of the tT] which was more pronounced in IBS-M
patients than in controls (each n = 3 patients; * p < 0.05). (C) Super-resolution stimulated emission
depletion (STED) microscopy of occludin (red) and tricellulin (green) in patients’ colon mucosa crypts.
In controls, tricellulin is restricted to tT]Js (bar = 500 nm). In contrast in IBS-M, the tricellulin signal
was redistributed into the bT]. Data represent mean + SD.

3.7. RNA-Seq Analysis of IBS-M

To follow up on changes that might play a role in epithelial transport and barrier
function of the colon in IBS-M, RNA-seq data from patients’ colonic biopsies were analyzed.
First, mRNA expression of various TJ proteins was considered but not found to be altered:
for claudin-1, claudin-3, claudin-4, claudin-5, claudin-7, and claudin-8 (Table 3). No change
in RNA expression was detected for tricellulin and occludin either (Table 3). That the
decrease in protein expression of occludin was not paralleled by a decrease in mRNA level
indicates post-transcriptional regulation and/or accelerated protein degradation.

3.8. Ingenuity Pathway Analysis of IBS-M

RNA-seq data were further analyzed by bioinformatics pathway analysis tool (In-
genuity Pathway Analysis IPA software), which predicts activated or inhibited signaling
pathways based on the mRNA expression pattern of pathway-related genes (upstream
regulator analysis). This indicated cytokines and lipopolysaccharides (LPS) as outlined
in Table 4 to be effectors in IBS-M with the most activated signaling along their down-
stream target genes. This points to a mucosal immune response and has to be assumed to
contribute to the functional defects in IBS-M.
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Table 3. Expression of tight junction genes in RNA-seq datasets of IBS-M colon.

Gene Name (F}(E))l(glz;?r?;e) p-Value
CLDN1 (claudin-1) 0.8 log2 0.826
CLDNS3 (claudin-3) 0.6 log2 0.583
CLDN4 (claudin-4) 2.11og2 0.053
CLDNS5 (claudin-5) —0.7 log2 0.804
CLDNY7 (claudin-7) 1.2log 2 0.286
CLDNS (claudin-8) 0.7 log2 0.908
OCLN (occludin) 1.2 1log2 0.401
MARVELD?2 (tricellulin) 0.4 log?2 0.832

Sequencing data are deposited at the European Genome-Phenome Archive (EGA).

Table 4. Upstream regulator analysis. Top upstream regulators in immune function.

Upstream Regulator p-Value of Overlap Activation z-Score Target Molecules
csF2 48t 2668 “CUBLAUR, PEPIRISA RHOV, SLC2AT
ADM, CEL2D COi74 CDRNIA DI
S CCL COTL DN R
IL-1p 56207 2877 ADM, CCL20, CD274, CDKN1A, CYP3AS5,

DDIT3, DUSP5, ERRFI1, IRF7, MUC5B

Upstream effectors lipopolysaccharides (LPS) and top proinflammatory cytokines (CSF, colony-stimulating factor;
IFN, interferon TNF, tumor necrosis factor; IL, interleukin) with significant activation of their downstream targets
in colon specimens from patients with IBS-M (n = 3 patients and n = 4 healthy controls). Column 1; Gene name of
the upstream regulator. Column 2; p-Value of the overlap of the downstream target gene set and the pathway
gene set. Column 3; Activation z-score. Column 4; Names of genes with expression changes. Sequencing data are
deposited on the European Genome-Phenome Archive (EGA) database under record number EGAD00001006646.
RNA-seq data were analyzed with Ingenuity Pathway Analysis (IPA) software. The complete list of genes
differentially expressed in patients with IBS-M and controls, which are downstream targets of the upstream
regulator is provided in the Supplement (Supplementary Table S1). The overlap p-Value measures whether
there is a statistically significant overlap between the data set genes and the genes that are regulated by an
upstream transcriptional regulator. It is calculated using Fisher’s exact test, and significance is generally attributed
to p-Values < 0.01. A statistical approach defines a quantity (z-score) that determines whether an upstream
transcription regulator has significantly more “activated” predictions than “inhibited” predictions (z > 0) or vice
versa (z < 0).

Beyond cytokine signaling in Table 4, further pathways were found to be affected in the IPA
data point to changes in epithelial transport function and visceral hypersensitivity in the mucosa
as e.g., prostaglandin E2 (PGE2) (z-score = 0.59, p-Value of overlap = 2.70-e~>) and nerve growth
factor (NGF) (z-score = 1.89, p-Value of overlap = 3.51-e ) (see Supplemental Table S1).

Other signaling pathways related to micronutrients and functional food components
such as curcumin and quercetin were also affected (curcumin: z-score = 0.06, p-Value of
overlap 4.75-e72%; quercetin: z-score = 0.76, p-Value of overlap = 1.49-e3). This means
that such diet components could achieve beneficial regulatory effects. In addition, cal-
citriol (active vitamin D)-dependent regulation was activated (z-score = 1.03, p-Value of
overlap = 1.81-e~%) (Supplemental Table S1). This might be of importance for IBS patients
with an imbalance in vitamin D status. However, these kinds of bioinformatics predictions
provide only a hint and the predictions need to be confirmed experimentally as performed
in the present paper for barrier function.
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3.9. Epithelial Architecture and Apoptotic Rate Remained Unchanged in IBS-M

Epithelial resistance /conductance and transepithelial tracer fluxes are usually referred
to impaired epithelial TJs but can also be altered by changes in mucosal architecture
(e.g., more TJ area is exposed in the chamber when the mucosal surface area is increased).
Furthermore, an increase in the rate of epithelial apoptosis or epithelial gross lesions can
affect barrier function. However, no erosions or ulcers were detected in conventional
histology in our IBS-M mucosae (data not shown). Morphological analysis did not show
any difference in the surface area of the mucosa in IBS-M patients either (ratio of mucosal
surface area to serosal area was 4.57 + 0.58 in control, and 4.97 + 0.70 in IBS-M (n = 5 each;
n.s.) (Figure 6). Finally, in TUNEL-stained sections epithelial apoptotic ratio was unaltered
in IBS-M with an epithelial apoptotic rate of 1.1% =+ 0.6% compared to 1.0% =£ 0.7% in
control (n =5 each; n.s.)

control

lumen

Figure 6. Histological analysis of the sigmoid colon of patients with IBS-M. Representative sections
of biopsy specimens from the sigmoid colon of (A) controls and (B) IBS-M, stained with H&E and
visualized with a 20x microscope objective. No differences were seen between controls and IBS-M
regarding epithelial architecture.

4. Discussion

In the present study, we aimed for a deeper characterization of the barrier properties
and TJs in IBS-M. This is important because such pathological changes can explain altered
bowel habits, such as diarrhea (along a leak flux diarrhea mechanism) or constipation. On
the other hand, they could also explain the route of antigen entry into the mucosa that
perpetuates IBS by triggering immune reactions in the mucosa. Since IBS patients are a
fairly heterogeneous group with potentially different barrier pathologies, we defined our
study group as precisely as possible and included only mixed-type IBS patients (IBS-M)
outside of a diarrheal episode. IBS-M patients often present with constipation on the
first presentation, but others also present with meteorism and/or abdominal pain. The
constipation phase, which dominates in IBS-M, can last up to several weeks. According
to our observations, the constipation is interrupted by phases of diarrhea in the sense of
a “liquid stool overflow”, which occurs when hard stool clumps together and cannot be
easily removed.

We found a decrease in active anion secretion indicated by less bumetanide-sensitive
rheogenic transport in the IBS-M colon samples, consistent with the constipation phase
of these IBS-M patients. In our accompanying mRNA-seq analysis of these IBS-M biopsy
samples, this decrease in active anion secretion in the Ussing chamber was accompanied by
a lower expression of components of the active chloride secretion system, namely NKCC1
and CFTR, supporting and in part explaining the finding of a functional downregulation of
active anion secretion in the colon of our patients. In contrast, active sodium absorption
via the ENaC was not affected. Furthermore, ionic barrier function, measured as electrical
resistance of the epithelium, RePi was found to be intact, which is important for the
ability of an epithelium to absorb sodium against steep gradients and to concentrate the
feces in the distal colon. At this point, it should be mentioned that the constipation in
our IBS-M patients is occasionally interrupted by episodes of diarrhea, which could be
interpreted as a purging event to prevent intestinal obstruction. During these diarrheal
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phases, active chloride secretion may be transiently activated, but this was not examined in
the present study. In addition, other mechanisms that contribute to IBS symptomatology
must also be assumed. For example, the PGE2 pathway was found to be activated in our
IPA pathway analysis. On the one hand, this could be a mechanism that leads to episodes
of diarrhea in IBS-M patients via anion secretion [24,25]. On the other hand, PGE2 plays a
central role in the visceral hypersensitivity of IBS patients [26]. Visceral hypersensitivity
is also an important criterion for the diagnosis of IBS and in the focus of research on
the pathophysiology of IBS. With NGF another mediator of visceral hypersensitivity was
identified in our IPA analysis, which additionally revealed vitamin D deficiency as a factor
in susceptibility to IBS-M and proposed curcumin and quercetin as potential functional
foods for IBS-M patients.

As an important finding of our study, barrier function was disturbed for macro-
molecules in IBS-M. Having the unchanged electrical resistance of the epithelium in mind,
this may be surprising at first view. A possible explanation is that macromolecule channels,
which are much less frequent than permeability sites for ions, become more abundant in
IBS-M. This significantly affects macromolecule fluxes but causes only a tendency for the
electrical resistance to decrease. A similar explanation had been proposed for differentially
altered lactulose over monosaccharide permeability ratios in celiac disease [27,28]. How
important the careful definition of the IBS subgroup criteria in such types of analyses is,
becomes apparent from a study, in which 4 kDa FITC-dextran permeability of the duode-
num and colon was found to be unaltered in female IBS-C patients [23]. That a barrier
defect for macromolecules with low-grade immune activation exists in IBS-patients with
diarrheal episodes but is absent in permanent constipation (IBS-C) is exciting, since it could
be an important surrogate marker and a different pathomechanism and thus needs further
attention and experimental confirmation. An increase in macromolecule permeability is
assumed to promote mucosal inflammation. Disruption of the epithelial barrier function
allows antigens to enter the mucosa, leading to an immunological response in the subep-
ithelium. Thus, endotoxins such as lipopolysaccharides or lipooligosaccharides (LPS or
LOS) as macromolecules could play a role in the immunologic response in IBS-M. This
immune response, in turn, can compromise the integrity of the mucosa, leading to epithelial
leakage, which in turn facilitates antigen penetration. This creates a vicious cycle.

In recent years, our understanding of the importance of intestinal barrier function and
epithelial TJ alterations for the pathogenesis of barrier disorders considerably increased,
e.g., with a reduced expression of occludin and claudin-4 in collagenous colitis [29], and of
claudin-5 and claudin-8 in Crohn’s disease, as well as an increase in the channel-forming TJ
protein claudin-2 in ulcerative colitis [30]. As an important regulatory mechanism in these
inflammatory conditions as well as in many infectious intestinal diseases, a strong mucosal
cytokine release has been identified to influence barrier function and T] integrity, which
in turn allows antigens to enter the mucosa as a trigger for the immune system (leaky gut
phenomenon) [20,31-33].

In the present study, the T] protein expression of several claudins present in the large
intestine was checked and found to be unchanged in IBS-M, which fits with the unaltered
epithelial resistance. In contrast, the expression of occludin was decreased, a T] protein
discussed to be involved in the tightening of the epithelial TJ against macromolecules [34].
Furthermore, the subcellular localization of tricellulin was detected to be changed in confo-
cal microscopy, and in super-resolution microscopy, namely, tricellulin was segregated from
the tT] into the bT]. This is another explanation for the increase in macromolecule perme-
ability since reduced tricellulin expression and/or subcellular redistribution of tricellulin
off the tT] has been directly shown to increase macromolecule permeability [14,35]. In sup-
port of our interpretation, Ikenouchi and co-workers reported that occludin knock-down
causes mislocalization of tricellulin to bTJs, implying that occludin supports tricellular
localization of tricellulin by excluding tricellulin from bTJs [36]. As a consequence of the
higher uptake of 332 Da fluorescein (9 A) and 4 kDa dextran (14 A), a subclinical low-grade
inflammation has to be assumed. Indeed, we directly found activation of cytokine path-
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ways of TNFq, IL-1§3, IFNy, and other cytokines by RNA-seq and IPA pathway analysis in
our IBS-M patients. Previous studies also detected higher cytokine release as e.g., IL-1p in
colorectal specimens of IBS patients [37,38]. Thus, it may be reasonable to conclude that
the subclinical cytokine release within the mucosa leads to altered TJ protein expression
and/or localization with barrier impairment. In previous studies of our group, low-dose
cytokine cocktails (TNFe, IL-13, IFNy, and IL-13) affected barrier function in HT-29/B6
cells and colon biopsies [33,39]. Furthermore, our group showed a reduction of occludin in
response to TNFa in the HT-29/B6 colon cell model [40]. Thus, most of the interactions
between immune cells and epithelial cells seem to be mediated by cytokines and more and
more pathways have been discovered that target T] proteins.

In the IPA upstream regulator analysis based on the RNA-seq data, we identified
mediators of visceral hypersensitivity including TNFc, which is consistent with previous
descriptions [41]. We also identified activated pathways of cytokines (interleukins and
interferons) and the main inductor of these pro-inflammatory pathways was LPS. The
activation pattern of pro-inflammatory cytokines and LPS pathways resembles the picture
of IPA data from colonic specimens of acutely infected C. jejuni patients [33], although to a
much lower extent (with slighter changes of z-scores and overlap p-Values), which reflects
the character of a subclinical low-grade immune response in IBS. This low-grade cytokine
release might be sufficient to induce the observed barrier effects during chronification of
the symptoms. Especially, they might be sufficient to induce the changes in tricellulin local-
ization via occludin expression reduction in IBS-M. Thus taken together, with the tricellulin
delocalization, we have presented a mechanistic model for the subclinical inflammatory
response of IBS-M patients. The challenge of future approaches to the role of leaky gut
phenomena in IBS will be the chicken-and-egg issue. On the one hand, a weakened barrier
might enable antigen influx and cytokine release and on the other hand, cytokine release
might weaken barrier function. Therefore, further systemic inputs have to be assumed as
initial input into the system like dietary metabolites or the microbiota and/or previous
infectious events with prolonged low-grade inflammatory responses on the background of
a genetic predisposition [42].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells12020236/s1, Table S1: Upstream regulators in IBS-M. Entire
list of activated and inactivated pathways in Upstream regulator analysis (IPA software). To expand
the list with the affected pathways, chose the filter button in Predicted Activation State tab and
Select All.
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IL-13 Interleukin-1 beta
Isc Short-circuit current
NKCC1 Na-K-ClI cotransporter 1
NGF Nerve growth factor
LPS Lipopolysaccharides
PBS Phosphate-buffered saline
PDVF Polyvinylidene fluoride
PGE2 Prostaglandin E2
rb rabbit
Repi Epithelial resistance
RSwP Subepithelial resistance
Rt Transmural resistance
SD Standard deviation
STED Stimulated Emission Depletion
TAMPs  Tight junction-associated MARVEL proteins
TJ Tight Junction
TNF- Tumor necrosis factor-alpha
tT] Tricellular tight junction
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References
1. Lovell, RM.; Ford, A.C. Global prevalence of and risk factors for irritable bowel syndrome: A meta-analysis. Clin. Gastroenterol.
Hepatol. 2012, 10, 712-721. [CrossRef] [PubMed]
2. Drossman, D.A. The functional gastrointestinal disorders and the Rome III process. Gastroenterology 2006, 130, 1377-1390.
[CrossRef] [PubMed]
3. Choung, R.S.; Locke, G.R., 3rd. Epidemiology of IBS. Gastroenterol. Clin. N. Am. 2011, 40, 1-10. [CrossRef] [PubMed]
4. Longstreth, G.E; Thompson, W.G.; Chey, W.D.; Houghton, L.A.; Mearin, F.; Spiller, R.C. Functional bowel disorders. Gastroenterol-
ogy 2006, 130, 1480-1491. [CrossRef] [PubMed]
5. Oka, P; Parr, H.; Barberio, B.; Black, C.J.; Savarino, E.V.; Ford, A.C. Global prevalence of irritable bowel syndrome according to

Rome IIT or IV criteria: A systematic review and meta-analysis. Lancet Gastroenterol. Hepatol. 2020, 5, 908-917. [CrossRef]


https://ega-archive.org/datasets/EGAD00001006646
https://ega-archive.org/datasets/EGAD00001006646
http://doi.org/10.1016/j.cgh.2012.02.029
http://www.ncbi.nlm.nih.gov/pubmed/22426087
http://doi.org/10.1053/j.gastro.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16678553
http://doi.org/10.1016/j.gtc.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21333897
http://doi.org/10.1053/j.gastro.2005.11.061
http://www.ncbi.nlm.nih.gov/pubmed/16678561
http://doi.org/10.1016/S2468-1253(20)30217-X

Cells 2023, 12, 236 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Schulzke, J.D.; Giinzel, D.; John, L.J.; Fromm, M. Perspectives on tight junction research. Ann. N. Y. Acad. Sci. 2012, 1257, 1-19.
[CrossRef]

Tsukita, S.; Tanaka, H.; Tamura, A. The Claudins: From Tight Junctions to Biological Systems. Trends Biochem. Sci. 2019, 44,
141-152. [CrossRef]

Sonoda, N.; Furuse, M.; Sasaki, H.; Yonemura, S.; Katahira, J.; Horiguchi, Y.; Tsukita, S. Clostridium perfringens enterotoxin
fragment removes specific claudins from tight junction strands: Evidence for direct involvement of claudins in tight junction
barrier. J. Cell Biol. 1999, 147, 195-204. [CrossRef]

Van Itallie, C.; Rahner, C.; Anderson, ].M. Regulated expression of claudin-4 decreases paracellular conductance through a
selective decrease in sodium permeability. J. Clin. Investig. 2001, 107, 1319-1327. [CrossRef]

Amasheh, S.; Meiri, N.; Gitter, A.H.; Schoneberg, T.; Mankertz, J.; Schulzke, ].D.; Fromm, M. Claudin-2 expression induces
cation-selective channels in tight junctions of epithelial cells. J. Cell Sci. 2002, 115 Pt 24, 4969-4976. [CrossRef]

Tsukita, S.; Furuse, M. Claudin-based barrier in simple and stratified cellular sheets. Curr. Opin. Cell Biol. 2002, 14, 531-536.
[CrossRef] [PubMed]

Wen, H.; Watry, D.D.; Marcondes, M.C.; Fox, H.S. Selective decrease in paracellular conductance of tight junctions: Role of the
first extracellular domain of claudin-5. Mol. Cell. Biol. 2004, 24, 8408-8417. [CrossRef] [PubMed]

Matter, K.; Balda, M.S. Occludin and the functions of tight junctions. Int. Rev. Cytol. 1999, 186, 117-146. [PubMed]

Krug, S.M.; Bojarski, C.; Fromm, A.; Lee, LM.; Dames, P,; Richter, J.F.; Fromm, M.; Schulzke, ].D. Tricellulin is regulated via
interleukin-13-receptor «2, affects macromolecule uptake, and is decreased in ulcerative colitis. Mucosal Immunol. 2018, 11,
345-356. [CrossRef] [PubMed]

Hu, ].E.; Bojarski, C.; Branchi, F.; Fromm, M.; Krug, S. Leptin Downregulates Angulin-1 in Active Crohn’s Disease via STAT3. Int.
J. Mol. Sci. 2020, 21, 7824. [CrossRef]

Tsukita, S.; Furuse, M.; Itoh, M. Structural and signalling molecules come together at tight junctions. Curr. Opin. Cell Biol. 1999,
11, 628-633. [CrossRef]

Hasler, W.L.; Grabauskas, G.; Singh, P.; Owyang, C. Mast cell mediation of visceral sensation and permeability in IBS. Neurogas-
troenterol. Motil. 2022, 34, €14339. [CrossRef]

Piche, T. Tight junctions and IBS—the link between epithelial permeability, low-grade inflammation, and symptom generation?
Neurogastroenterol. Motil. 2014, 26, 296-302. [CrossRef]

Dunlop, S.P.; Hebden, J.; Campbell, E.; Naesdal, J.; Olbe, L.; Perkins, A.; Spiller, R.C. Abnormal intestinal permeability in
subgroups of diarrhea-predominant irritable bowel syndromes. Am. J. Gastroenterol. 2006, 101, 1288-1294. [CrossRef]
Barmeyer, C.; Erko, I.; Awad, K.; Fromm, A.; Bojarski, C.; Meissner, S.; Loddenkemper, C.; Kerick, M.; Siegmund, B.; Fromm,
M.; et al. Epithelial barrier dysfunction in lymphocytic colitis through cytokine-dependent internalization of claudin-5 and -8. J.
Gastroenterol. 2017, 52, 1090-1100. [CrossRef]

Fromm, M.; Krug, S.M.; Zeissig, S.; Richter, J.F.,; Rosenthal, R.; Giinzel, R.; Schulzke, ]J.-D. High-resolution analysis of barrier
function. Ann. N. Y. Acad. Sci. 2009, 1165, 74-81. [CrossRef] [PubMed]

Tai, Y.H.; Tai, C.Y. The conventional short-circuiting technique under-short-circuits most epithelia. . Membr. Biol. 1981, 59,
173-177. [CrossRef] [PubMed]

Peters, S.A.; Edogawa, S.; Sundt, WJ.; Dyer, R.B.; Dalenberg, D.A.; Mazzone, A.; Singh, R.J.; Moses, N.; Smyrk, T.C,;
Weber, C.; et al. Constipation-Predominant Irritable Bowel Syndrome Females Have Normal Colonic Barrier and Secretory
Function. Am. J. Gastroenterol. 2017, 112, 913-923. [CrossRef] [PubMed]

Schulzke, ].D.; Fromm, M.; Hegel, U.; Riecken, E.-O. Ion transport and enteric nervous system (ENS) in rat rectal colon: Mechanical
stretch causes electrogenic Cl-secretion via plexus Meissner and amiloride-sensitive electrogenic Na-absorption is not affected by
intramural neurons. Pflugers Arch. 1989, 414, 216-221. [CrossRef] [PubMed]

Schmitz, H.; Fromm, M.; Bode, H.; Scholz, P.; Riecken, E.O.; Schulzke, ]J.D. Tumor necrosis factor-alpha induces CI- and K+
secretion in human distal colon driven by prostaglandin E2. Am. ]. Physiol. 1996, 271 Pt 1, G669-G674. [CrossRef]

Grabauskas, G.; Wu, X.; Gao, J.; Li, ].-Y.; Turgeon, D.K.; Owyang, C. Prostaglandin E2, Produced by Mast Cells in Colon Tissues
from Patients with Irritable Bowel Syndrome, Contributes to Visceral Hypersensitivity in Mice. Gastroenterology 2020, 158,
2195-2207.e6. [CrossRef]

Menzies, 1.S.; Laker, M.F.,; Pounder, R.; Heyer, S.; Bull, J.; Wheeler, P.; Creamer, B. Abnormal intestinal permeability to sugars in
villous atrophy. Lancet 1979, 2, 1107-1109. [CrossRef]

Wheeler, P.G.; Menzies, 1.S.; Creamer, B. Effect of hyperosmolar stimuli and coeliac disease on the permeability of the human
gastrointestinal tract. Clin. Sci. Mol. Med. 1978, 54, 495-501. [CrossRef]

Biirgel, N.; Bojarski, C.; Mankertz, J.; Zeitz, M.; Fromm, M.; Schulzke, ]. Mechanisms of diarrhea in collagenous colitis. Gastroen-
terology 2002, 123, 433—443. [CrossRef]

Heller, E; Florian, P; Bojarski, C.; Richter, J.; Christ, M.; Hillenbrand, B.; Mankertz, ].; Gitter, A.H.; Biirgel, N.; Fromm, M.; et al. Interleukin-
13 is the key effector Th2 cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution.
Gastroenterology 2005, 129, 550-564. [CrossRef]

Biicker, R.; Schulz, E.; Giinzel, D.; Bojarski, C.; Lee, LEM.; John, L.J.; Wiegand, S.; Janflen, T.; Wieler, L.; Dobrindt, U.; et al.
a-Haemolysin of Escherichia coli in IBD: A potentiator of inflammatory activity in the colon. Gut 2014, 63, 1893-1901. [CrossRef]
[PubMed]


http://doi.org/10.1111/j.1749-6632.2012.06485.x
http://doi.org/10.1016/j.tibs.2018.09.008
http://doi.org/10.1083/jcb.147.1.195
http://doi.org/10.1172/JCI12464
http://doi.org/10.1242/jcs.00165
http://doi.org/10.1016/S0955-0674(02)00362-9
http://www.ncbi.nlm.nih.gov/pubmed/12231346
http://doi.org/10.1128/MCB.24.19.8408-8417.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367662
http://www.ncbi.nlm.nih.gov/pubmed/9770298
http://doi.org/10.1038/mi.2017.52
http://www.ncbi.nlm.nih.gov/pubmed/28612843
http://doi.org/10.3390/ijms21217824
http://doi.org/10.1016/S0955-0674(99)00016-2
http://doi.org/10.1111/nmo.14339
http://doi.org/10.1111/nmo.12315
http://doi.org/10.1111/j.1572-0241.2006.00672.x
http://doi.org/10.1007/s00535-017-1309-2
http://doi.org/10.1111/j.1749-6632.2009.04047.x
http://www.ncbi.nlm.nih.gov/pubmed/19538291
http://doi.org/10.1007/BF01875423
http://www.ncbi.nlm.nih.gov/pubmed/7241580
http://doi.org/10.1038/ajg.2017.48
http://www.ncbi.nlm.nih.gov/pubmed/28323272
http://doi.org/10.1007/BF00580966
http://www.ncbi.nlm.nih.gov/pubmed/2755775
http://doi.org/10.1152/ajpgi.1996.271.4.G669
http://doi.org/10.1053/j.gastro.2020.02.022
http://doi.org/10.1016/S0140-6736(79)92507-8
http://doi.org/10.1042/cs0540495
http://doi.org/10.1053/gast.2002.34784
http://doi.org/10.1016/j.gastro.2005.05.002
http://doi.org/10.1136/gutjnl-2013-306099
http://www.ncbi.nlm.nih.gov/pubmed/24534723

Cells 2023, 12, 236 17 of 17

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Schulz, E.; Schumann, M.; Schneemann, M.; Dony, V.; Fromm, A.; Nagel, O.; Schulzke, J.-D.; Biicker, R. Escherichia coli Alpha-
Hemolysin HlyA Induces Host Cell Polarity Changes, Epithelial Barrier Dysfunction and Cell Detachment in Human Colon
Carcinoma Caco-2 Cell Model via PTEN-Dependent Dysregulation of Cell Junctions. Toxins 2021, 13, 520. [CrossRef] [PubMed]
Biicker, R.; Krug, S.M.; Moos, V.; Bojarski, C.; Schweiger, M.R.; Kerick, M.; Fromm, A; Janen, S.; Fromm, M.; Hering, N.; et al.
Campylobacter jejuni impairs sodium transport and epithelial barrier function via cytokine release in human colon. Mucosal
Immunol. 2018, 11, 474-485. [CrossRef] [PubMed]

Buschmann, M.M.; Shen, L.; Rajapakse, H.; Raleigh, D.R.; Wang, Y.; Wang, Y.; Lingaraju, A.; Zha, J.; Abbott, E.; McAuley, E.; et al.
Occludin OCEL-domain interactions are required for maintenance and regulation of the tight junction barrier to macromolecular
flux. Mol. Biol. Cell 2013, 24, 3056-3068. [CrossRef] [PubMed]

Krug, S.M.; Amasheh, S; Richter, ].E,; Milatz, S.; Giinzel, D.; Westphal, ].K.; Huber, O.; Schulzke, ].D.; Fromm, M. Tricellulin forms
a barrier to macromolecules in tricellular tight junctions without affecting ion permeability. Mol. Biol. Cell 2009, 20, 3713-3724.
[CrossRef] [PubMed]

Ikenouchi, J.; Sasaki, H.; Tsukita, S.; Furuse, M.; Tsukita, S. Loss of occludin affects tricellular localization of tricellulin. Mol. Biol.
Cell 2008, 19, 4687-4693. [CrossRef] [PubMed]

Gwee, K.A; Collins, S.M.; Read, N.W.; Rajnakova, A.; Deng, Y.; Graham, J.C.; McKendrick, M.W.; Moochhala, S.M. Increased
rectal mucosal expression of interleukin 1beta in recently acquired post-infectious irritable bowel syndrome. Gut 2003, 52, 523-526.
[CrossRef] [PubMed]

Macsharry, J.; O’'Mahony, L.; Fanning, A.; Bairead, E.; Sherlock, G.; Tiesman, J.; Fulmer, A.; Kiely, B.; Dinan, T.G,;
Shanahan, F; et al. Mucosal cytokine imbalance in irritable bowel syndrome. Scand. ]. Gastroenterol. 2008, 43, 1467-1476.
[CrossRef] [PubMed]

Lobo de S4, ED.; Heimesaat, M.M.; Bereswill, S.; Nattramilarasu, PK.; Schulzke, ].D.; Biicker, R. Resveratrol Prevents Campy-
lobacter jejuni-Induced Leaky gut by Restoring Occludin and Claudin-5 in the Paracellular Leak Pathway. Front. Pharmacol. 2021,
12, 640572. [CrossRef]

Mankertz, J.; Tavalali, S.; Schmitz, H.; Mankertz, A.; Riecken, E.O.; Fromm, M.; Schulzke, J.D. Expression from the human
occludin promoter is affected by tumor necrosis factor alpha and interferon gamma. J. Cell Sci. 2000, 113 Pt 11, 2085-2090.
[CrossRef]

Hughes, P.A.; Harrington, A.M.; Castro, J.; Liebregts, T.; Adam, B.; Grasby, D.J.; Isaacs, N.J.; Maldeniya, L.; Martin, C.M,;
Persson, ].; et al. Sensory neuro-immune interactions differ between irritable bowel syndrome subtypes. Gut 2013, 62, 1456-1465.
[CrossRef] [PubMed]

Miryan, M.; Soleimani, D.; Alavinejad, P.; Abbaspour, M.; Ostadrahimi, A. Effects of propolis supplementation on irritable bowel
syndrome with constipation (IBS-C) and mixed (IBS-M) stool pattern: A randomized, double-blind clinical trial. Food Sci. Nutr.
2022, 10, 1899-1907. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/toxins13080520
http://www.ncbi.nlm.nih.gov/pubmed/34437391
http://doi.org/10.1038/mi.2017.66
http://www.ncbi.nlm.nih.gov/pubmed/28766554
http://doi.org/10.1091/mbc.e12-09-0688
http://www.ncbi.nlm.nih.gov/pubmed/23924897
http://doi.org/10.1091/mbc.e09-01-0080
http://www.ncbi.nlm.nih.gov/pubmed/19535456
http://doi.org/10.1091/mbc.e08-05-0530
http://www.ncbi.nlm.nih.gov/pubmed/18768749
http://doi.org/10.1136/gut.52.4.523
http://www.ncbi.nlm.nih.gov/pubmed/12631663
http://doi.org/10.1080/00365520802276127
http://www.ncbi.nlm.nih.gov/pubmed/18752146
http://doi.org/10.3389/fphar.2021.640572
http://doi.org/10.1242/jcs.113.11.2085
http://doi.org/10.1136/gutjnl-2011-301856
http://www.ncbi.nlm.nih.gov/pubmed/22767422
http://doi.org/10.1002/fsn3.2806
http://www.ncbi.nlm.nih.gov/pubmed/35702280

	Introduction 
	Materials and Methods 
	Subjects 
	Ethics 
	Impedance Spectroscopy 
	Fluorescein and FITC-Dextran-4000 Flux Studies 
	Western Blot Analysis 
	Immunohistochemistry and Confocal Laser-Scanning Microscopy (LSM) 
	Morphometry of the Mucosal Surface Area 
	Apoptosis Staining 
	Next-Generation Sequencing 
	Statistical Analysis 

	Results 
	Active Chloride Secretion Is Diminished in the Colon of IBS-M Patients 
	Unaltered Epithelial Sodium Channel Transport Function in IBS-M 
	Unaltered Ion Permeability in IBS-M Patients in Impedance Spectroscopy 
	Increased Macromolecule Permeability in IBS-M Patients 
	Tight Junction Protein Expression: Occludin Is Reduced in IBS-M 
	Redistribution of Tricellulin off the Tricellular Tight Junction in IBS-M 
	RNA-Seq Analysis of IBS-M 
	Ingenuity Pathway Analysis of IBS-M 
	Epithelial Architecture and Apoptotic Rate Remained Unchanged in IBS-M 

	Discussion 
	References

